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Kurzfassung

Die OFDMA (Orthogonal Frequency Division Multiple Access)-Ubertragungstechnik
ist ein viel versprechender Kandidat fiir zukiinftige Mobilfunksysteme. Neben den
giinstigen Figenschaften beziiglich der Implementierung und der Bekdmpfung von
Mehrwegeausbreitungseffekten erméglicht OFDMA eine effiziente Anpassung an die
Kanalbedingungen durch adaptive Zuweisung der verschiedenen Ressourcen an die
verschiedenen Nutzer in Zeit und Frequenz. Im Falle der Abwértsstrecke ist hierfiir
sendeseitige Kanalkenntnis iiber die einzelnen Verbindungen zwischen dem Sender und
den Empféngern erforderlich, die in einem realistischen Szenario jedoch nicht als per-
fekt angenommen werden kann. Steht dem Sender perfekte Kenntnis iiber die Kanéle
samtlicher Nutzer zur Verfiigung, so erbringen adaptive OFDMA-Verfahren sehr gute
Performanzen durch die Ausnutzung von Mehrnutzerdiversitit und die Anpassung an
die momentanen Kanalbedingungen durch adaptive Wahl der Modulationsverfahren.
Steht dem Sender dagegen keine Kanalkenntnis zur Verfiigung, so ist die Verwendung
nicht-adaptiver Verfahren, die keine Kanalkenntnis benttigen, jedoch Zeit-, Frequenz-
oder rdumliche Diversitdt ausnutzen, die beste Strategie. Hybride OFDMA-Verfahren
ermoglichen es, beide Ubertragungsstrategien zu nutzen. Hierbei stellt sich die Frage,
welcher Nutzer adaptiv bzw. nicht-adaptiv bedient und welche Ressource welchem Nut-
zer zugewiesen werden soll, insbesondere dann, wenn die Giite der Kanalkenntnis fiir
verschiedene Nutzer unterschiedlich ist, d.h. wenn fiir manche Nutzer die Kanalkennt-
nis nur geringfiigig fehlerbehaftet ist, wiahrend sie fiir andere Nutzer vollig verfalscht
ist. Hierbei ist zu beachten, dass dieses Problem nicht fiir jeden Nutzer unabhéngig
von den anderen Nutzern gelost werden kann, da die Performanz eines jeden Nutzers
stark von der Mehrnutzerdiversitit und damit der Anzahl der adaptiv bedienten Nutzer
abhéngt. Als Ziel wird die Maximierung der Systemdatenrate bei gleichzeitiger Einhal-
tung einer gegebenen Bitfehlerrate und Mindestnutzerdatenrate angestrebt. Dies soll
fiir ein Mehrantennen-Einzellen-Szenario, bei dem Nutzer unterschiedliche Anforderun-
gen beziiglich der Anzahl zugewiesener Ressourcen haben, realisiert werden, wobei sich
auf Mehrantennen-Verfahren ohne raumliches Multiplexing beschréankt werden soll.

Hierzu werden zunéchst fiir ein hybrides OFDMA-System mit Hilfe eines Weighted Pro-
portional Fair Scheduling die unterschiedlichen Nutzeranforderungen fiir den adaptiven
Ubertragungsmodus realisiert. Als Kanalqualitétsinformation (CQI) am Sender wird
das Signal-zu-Rausch-Verhéltnis (SNR) verwendet, das entweder in kontinuierlicher
oder in quantisierter Form vorliegt. Dazu wird fiir die hier betrachteten Mehrantennen-
Verfahren Orthogonal Space Time Block Coding und Transmit Antenna Selection in
Kombination mit Maximum Ratio Combining am Empfanger die unterschiedliche Ge-
wichtung des WPF'S entsprechend der angeforderten Ressourcenanzahl bestimmt. Fiir
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den nicht-adaptiven Ubertragungsmodus des hybriden OFDMA-Systems, der mit Hil-
fe einer Discrete Fourier Transformation-Vorkodierung Frequenzdiversitat ausnutzt,
erfolgt die Ressourcenzuweisung iiber einen Round Robin Ansatz. Beziiglich der Rei-
henfolge, in der die Ressourcen den adaptiven und nicht-adaptiven Nutzern zugeteilt
werden, werden zwei unterschiedliche Ansétze betrachtet. Im ersten Verfahren werden
zunidchst die Ressourcen an die nicht-adaptiven Nutzer zugewiesen und anschliefend
werden die verbliebenen Ressourcen den adaptiven Nutzern zugeteilt. Im zweiten Ver-
fahren erfolgt die Ressourcenzuteilung in umgekehrter Reihenfolge.

Um den Einflul nicht perfekter Kanalkenntnis auf die Performanz des hybriden Systems
beriicksichtigen zu konnen, werden analytische Ausdriicke fiir die Nutzerdaten- und
Bitfehlerrate als Funktion der Anzahl der adaptiv bedienten Nutzer, der angeforderten
Ressourcenanzahl und der die Ungenauigkeit der Kanalkenntnis beschreibenden Para-
meter hergeleitet, wobei von vier in der Literatur bekannten Fehlerquellen fiir die CQI
ausgegangen wird: Veralterung, Schatzfehler, Quantisierung und ein fehlerbehafteter
Riickkanal. Hierbei werden alle Fehlerquellen gemeinsam und nicht, wie teilweise in der
Literatur, separat betrachtet. Das Problem der Systemdatenratenmaximierung unter
Einhaltung einer gegebenen Bitfehlerrate und Mindestnutzerdatenrate lésst sich nun in
zwei kleinere Probleme aufteilen: erstens die Bestimmung optimaler SNR-Schnellwerte
der angewandten Modulationsverfahren und zweitens die Bestimmung des passenden
Ubertragungsmodus, mit dem der jeweilige Nutzer bedient wird. Anhand der hergelei-
teten analytischen Ausdriicke lassen sich nun die SNR-Schwellwerte so anpassen, dass
eine geforderte Bitfehlerrate nicht {iberschritten wird und gleichzeitig die Nutzerdaten-
rate maximiert wird. Da hiermit fiir jede mogliche Kombination, Nutzer adaptiv oder
nicht-adaptiv zu bedienen, die maximal erzielbaren Nutzerdatenraten unter Einhaltung
der Bitfehlerraten-Anforderung bestimmbar sind, kann somit das kombinatorische Pro-
blem der Nutzerbedienung gelost werden, wobei sich zeigt, dass nicht alle méglichen
Bedienkombinationen ausprobiert werden miissen, um die beste Losung zu finden, was
durch eine Komplexitédtsanalyse der vorgeschlagenen Losungsalgorithmen veranschau-
licht wird.

Fiir eine realistische Performanzabschidtzung wird zusétzlich der in der Litera-
tur haufig vernachliassigte Aufwand beziiglich Pilotiibertragungen und Signalisie-
rungen beriicksichtigt, der in dem betrachteten hybriden System auftritt. Da die
fiir die Abwértsstrecke erforderlichen Signalisierungen und Pilotiibertragungen in
der Aufwirtsstrecke stattfinden und somit dort Ressourcen fiir die eigentliche Da-
teniibertragung belegen, wird eine effektive Systemdatenrate definiert, die sowohl
Abwiérts- als auch Aufwiértsstrecke berticksichtigt. Dazu wird eine Frame-Struktur fiir
ein hybrides OFDMA-System im Time Division und Frequency Division Duplex Modus
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erarbeitet, anhand dessen der Aufwand beziiglich Pilotiibertragungen und Signalisie-

rungen bestimmt wird.

SchlieBlich wird die Performanz des hybriden OFDMA-Systems in einem Szenario mit
nutzerabhéngiger nicht perfekter Kanalkenntnis evaluiert und mit der Performanz kon-
ventioneller rein adaptiver bzw. nicht-adaptiver OFDMA-Systeme verglichen. Hierbei
zeigt sich, dass die Performanz hybrider Systeme bei einer geringen bis mittleren Anzahl
an aktiven Nutzern in der Zelle der Performanz konventioneller Systeme fiir ein stei-
gendes Mass an CQI Ungenauigkeit iiberlegen ist, selbst wenn der Aufwand beziiglich
Pilotiibertragungen und Signalisierungen beriicksichtigt wird.






Abstract

The OFDMA (Orthogonal Frequency Division Multiple Access) transmission scheme is
a promising candidate for future mobile radio networks. Besides the beneficial proper-
ties concerning implementation and combating the negative effects of multipath prop-
agation, OFDMA provides an efficient adaptation towards the current channel con-
ditions by adaptively allocating the different resources to the different users in time
and frequency direction. In case of downlink transmission, transmitter sided channel
knowledge of the individual lines between the transmitter and the receivers is required
which cannot be assumed to be perfectly known in a realistic scenario. In case that
perfect channel knowledge is available at the transmitter, the application of adaptive
OFDMA schemes leads to very good performances by exploiting multiuser diversity
and by adaptively selecting the applied modulation schemes with respect to the cur-
rent channel conditions. In case that no channel knowledge is available at the trans-
mitter, the use of non-adaptive schemes which do not rely on instantaneous channel
knowledge but exploit frequency, time or spatial diversity is the best strategy. Hy-
brid OFDMA schemes offer the opportunity to use both transmission strategies. Using
hybrid schemes, the question arises which users shall be served adaptively or non-
adaptively and which resource shall be allocated to which user, especially in scenarios
where the quality of the channel knowledge differs form user to user, i.e., for some users
the transmitter has channel knowledge which is only slightly corrupted while for other
users, the transmitter has only totally erroneous channel knowledge. In this regard, it
has to be noted that the problem cannot be solved userwise independently from the
other users as the performance of each user strongly depends on the exploited multiuser
diversity and, thus, on the number of adaptively served users. The aim is to maximize
the system data rate while fulfilling a given target Bit Error Rate (BER) and mini-
mum user data rate requirement. This is accomplished in a single cell scenario with
multiple antennas where different users have different demands regarding the number
of allocated resources. Concerning multiple antenna schemes, only schemes without

spatial multiplexing shall be considered.

At first, the different user demands for the adaptive transmission mode of the hybrid
OFDMA system are realized by applying a Weighted Proportional Fair Scheduling. As
Channel Quality Information (CQI), the Signal-to-Noise-Ratio (SNR) is applied where
either continuous or quantized CQI values are assumed. To do so, the proper WPFS
weights for the considered multiple antenna schemes, namely Orthogonal Space Time
Block Coding and Transmit Antenna Selection in combination with Maximum Ratio
Combining at the receiver, are determined with respect to the demanded number of
resources. For the non-adaptive transmission mode which exploits frequency diversity
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with the help of a Discrete Fourier Transform precoding, the resource allocation is
done applying a round robin approach. Concerning the order of allocation in which
the resources are allocated to the adaptive and non-adaptive users, two approaches are
considered. Applying the first scheme, first the resources assigned for the non-adaptive
users are allocated. Subsequently, the remaining resources are allocated to the adaptive
users. Applying the second scheme, the order of allocation is vice-versa.

In order to take into account the impact of imperfect channel knowledge on the perfor-
mance of the hybrid system, analytical closed form expressions for the user data rate
and BER are derived as functions of the number of adaptively served users, the user
demands and the CQI impairment parameters where four different sources of error for
the CQI are assumed: time delays, estimation errors, quantization and an imperfect
feedback link. In contrast to many contributions in the literature where only one of
the sources of error is considered at the same time, all four sources of error are jointly
considered in this work. For the mentioned errors, a modelling is developed. The prob-
lem of maximizing the system data rate subject to the target BER and the minimum
rate requirement can be split up into two smaller problems: firstly, the determination
of optimal SNR thresholds for the applied modulation schemes and secondly, the se-
lection of the access scheme which serves a certain user . With the help of the derived
analytical expressions, the SNR thresholds can be adjusted such that the target BER
is fulfilled while the user data rate is maximized. Since the maximum achievable user
data rates with respect to the target BER can be defined for any possible user serving
combination, the combinatorial user serving problem can be solved. Furthermore, it
can be shown that it is not necessary to test all possible user serving combinations
to find the best solution. Moreover, a complexity analysis of the proposed solving
algorithms is presented.

For a realistic performance evaluation of practical systems, also the effort in terms of
pilot transmissions and signaling which occurs in the considered hybrid system and
which is mostly neglected in the literature is taken in account. Since the signaling and
the pilot transmissions, which are essential for the downlink, take place during uplink
and, thus, occupy resources for the actual data transmission, an effective system data
rate is defined which considers both up- and downlink. In order to identify the amount
of overhead in terms of signaling and pilot transmissions, a frame structure for the
hybrid OFDMA system is developed where both time division and frequency division
duplex are considered.

Finally, the performance of hybrid OFDMA systems in a scenario with user-dependent
imperfect CQI is evaluated and compared to the performance of conventional pure
adaptive or non-adaptive OFDMA systems. It is shown that for a low to medium
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number of active users in the cell, hybrid systems outperform the conventional ones for
increasing CQI inaccuracy even if the overhead due to pilot transmissions and signaling
is considered.
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Chapter 1

Introduction

1.1 Hybrid OFDMA systems

Orthogonal Frequency Division Multiple Access (OFDMA) [RTMG99] is regarded as a
promising candidate for future mobile radio systems. Applying OFDMA, the available
bandwidth is subdivided in overlapping but mutually orthogonal narrowband subcar-
riers which allows a spectrally efficient data transmission. The signal is transmitted in
consecutive and mutually independent blocks which are separated by a guard interval.
For this purpose, a Cyclic Prefix (CP) is typically used [WG00]. One advantageous
property of the block transmission with CP is the fact that the subcarriers remain
mutually orthogonal even for transmissions over frequency selective channels. This en-
ables the use of simple receiver structures even for high data rates. Another advantage
is the computationally efficient implementation of the OFDMA modulation and de-
modulation using the Fast Fourier Transform (FFT) algorithm [Ach78|. Furthermore,
multiple antenna techniques which can enhance the system performance by exploit-
ing spatial diversity to improve communication reliability and/or spatial multiplexing
to improve throughput [PRGO03| are applicable with OFDMA transmission schemes.
Thus, OFDMA can be considered as a high data rate enabling transmission scheme at
acceptable costs. Moreover, by assigning a variable number of subcarriers to a given
radio link, the system can provide services with different rate requirements [LLO5].

In general, one has to distinguish between downlink and uplink transmission. The
uplink denotes the transmission from the Mobile Stations (MSs) to the central Base
Station (BS) within a mobile radio cell which is connected to the communication net-
work. The downlink denotes the transmission from the BS to the MSs. Concerning
the multiple access scheme, there are different requirements for uplink and downlink,
e.g., in the uplink the power efficiency is more critical as in the downlink, as the power
supply of a MS is based on batteries.

Moreover, one has to distinguish between two scenarios concerning channel knowledge.
In the first scenario, knowledge about the current channel conditions is available at
the transmitter while in the second scenario, this is not the case. In case that reliable
channel knowledge is available at the transmitter, good performances for transmissions
can be accomplished by means of adaptation to the channel using, e.g., techniques like
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adaptive multi-user scheduling [MEV03], and adaptive power loading, modulation and
coding [GCI8|. However, the provision of accurate channel knowledge requires a con-
siderable amount of overhead. In the following, OFDMA schemes applying these tech-
niques are referred to as adaptive OFDMA. In case that no reliable channel knowledge
is available, the use of diversity exploiting transmission schemes is the preferred strat-
egy for provision of good performance [WINO5¢c]. In the following, OFDMA schemes
applying this strategy are referred to as non-adaptive OFDMA. For both adaptive and
non-adaptive OFDMA, different realizations for uplink and downlink are known in the

literature.

Adaptive OFDMA with an adaptive subcarrier allocation based on user specific channel
knowledge is intended as access scheme for adaptive downlink transmission in World-
wide interoperability for Microwave Access (WiMAX) [IEE04] as well as in Third Gen-
eration Partnership Project Long Term Evolution (3GPP LTE) [3GP08]. Moreover,
adaptive OFDMA is intended as access scheme for both adaptive downlink and up-
link in the European Wireless World Initiative New Radio (WINNER) system con-
cept [WINOG].

For non-adaptive transmissions in the downlink, an OFDMA scheme which is able
to exploit diversity shall be applied. In WiMAX and WINNER, OFDMA with an
equidistant subcarrier distribution over the available bandwidth to exploit frequency
diversity is considered, also known as Block Equidistant Frequency Division Multiple
Access (B-EFMDA) [IEE04], [3GP08], [WIN06], [WINO7].

For non-adaptive transmissions in the uplink, it is desirable to apply a multiple ac-
cess scheme which provides low fluctuations of the signal envelope as high fluctua-
tions require a power back-off that reduces the power efficiency of the power amplifer
[RACT03]. Since OFDMA is known to suffer from high envelope fluctuations [NP0O],
a more suitable multiple access scheme is desired. By introducing a Discrete Fourier
Transform (DFT) precoding of the data symbols, the OFDMA signal properties are
changed resulting in considerablely lower signal envelope fluctuations [XZG03]. Local-
ized Single Carrier Frequency Division Multiple Access (SC-FDMA) is an example of
a DFT precoded OFDMA scheme [3GP06], [3GP08]. Combining DFT precoding with
an equidistant subcarrier allocation leads to Interleaved Frequency Division Multiple
Access (IFDMA) [SBS97]. IFDMA provides low signal envelope fluctuations while
exploiting frequency diversity due to the spreading of the data over the whole band-
width [FralO]. As IFDMA is known to be sensitive to frequency offsets caused by
the Doppler effect or oscillator imperfections [DLF04], Block Interleaved Frequency
Division Multiple Access (B-IFDMA) is another promising scheme which overcomes
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this disadvantage of IFDMA. B-IFDMA is based on OFDMA with an equidistant dis-
tribution of blocks of adjacent subcarriers over the whole bandwidth in combination
with a DFT precoding of the data symbols [SFF+07], [Fral0], [Sohll] and is intended
for uplink transmissions in the WINNER system concept. Note that there are also
other access schemes which are intended for non-adaptive uplink that do accept the
low power efficiency and high cost of the power amplifier applying OFDMA. The de-
sired frequency diversity is either introduced by frequency hopping or an equidistant
subcarrier allocation [IEE04], [3GP08].

Summing up, adaptive OFDMA schemes require accurate channel knowledge at the
transmitter and a considerable amount of signaling which limits the range of appli-
cations to scenarios with rather slowly changing channels, e.g., slowly moving MSs.
In these scenarios, however, adaptive access scheme outperform non-adaptive access
schemes [WINO6]. Nevertheless, non-adaptive OFDMA schemes are more suitable in
scenarios with fast changing channels due to the use of diversity combining techniques
which do not need transmitter sided channel knowledge resulting in marginal overhead.
As in a realistic scenario, both situations are present, i.e., static up to semi-static users
and fast moving users exist, it is beneficial to combine both multiple access schemes in
a hybrid OFDMA scheme to serve all users with respect to the given conditions.

In general, there are three multiplexing strategies for the multiple access schemes
[WINO6]. Firstly, the adaptive and non-adaptive transmissions may be multiplexed
in time. In each time slot, all resources are either used for adaptive or non-adaptive
transmissions. The second possibility is to multiplex the adaptive and non-adaptive
transmissions in frequency. In this case, different resources in frequency direction are
either reserved for non-adaptive or adaptive transmission over several time slots. Fi-
nally, the adaptive and non-adaptive transmissions may be multiplexed in space. Note
that also combinations are possible. Fig. 1.1 illustrates the multiplexing in time and
frequency where each rectangle represents a resource in time and frequency.

Time multiplexing is beneficial for systems with access to a rather narrow bandwidth
where a reasonable frequency multiplexing is not applicable. Furthermore, time mul-
tiplexing offers the possibility to limit the power consumption of the mobile terminals
in the uplink by entering a sleep mode in times where the terminal has no data to
transmit. One drawback is the limited granularity compared to frequency multiplexing
and a larger time delay between hops [WINO0G].

Frequency multiplexing is beneficial for systems with access to a large bandwidth such
that each user can exploit enough frequency diversity for both multiple access schemes.
Also, low delay services can be supported. However, due to the high bandwidth, the
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Figure 1.1. Time and frequency multiplexing of resources for adaptive and non-adaptive
transmissions

time diversity between consecutive time slots is rather small decreasing coding gains

when coding over several time slots [WIN0G6].

The usefulness of spatial multiplexing in general Multiple Input Multiple Output
(MIMO) scenarios is less clear compared to time and frequency multiplexing as the
spatial channels may lose their orthogonality over time. However, in certain grid of
beams scenarios, spatial multiplexing may be applicable and useful [WIN06]. For ex-
ample, one beam could serve rather static users which are spatially close to each other
like in a stadium or a shopping mall while another beam serves the more dynamic
users which enter or leave the stadium or shopping mall, respectively. This, however,

requires specific environmental knowledge.

As future mobile radio systems are supposed to have access to a large bandwidth, a
hybrid OFDMA scheme applying frequency multiplexing is considered throughout this

work.

The key question concerning a hybrid OFDMA system is how to select the adequate
access scheme to serve the different users such that the system throughput is maxi-
mized while fulfilling certain quality of service requirements especially when taking into
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account different data rate requirements, imperfect transmitter sided channel knowl-
edge and the amount of signaling and pilot overhead which is needed by both access
schemes to operate efficiently.

1.2 State-of-the-art

This section presents a review of the state of the art with regard to the application of
hybrid OFDMA in the presence of imperfect channel knowledge.

Hybrid OFDMA systems which allow the co-existence or the switching between adap-
tive OFDMA transmission and non-adaptive OFDMA schemes, respectively, have al-
ready been introduced in the literature. In [DMOO09] and [WINO06], the co-existence
and adaptive selection of multiple access schemes in a hybrid OFDMA system with fre-
quency multiplexing of the resources for frequency adaptive and frequency non-adaptive
transmission schemes is discussed. As frequency adaptive scheme, adaptive chunk-
based Time Division Multiple Access (TDMA)/OFDMA is applied both in downlink
and uplink. As non-adaptive scheme in the downlink, Block Equidistant Frequency
Division Multiple Access (B-EFMDA) is applied, where the subcarriers of a given user
are blockwise equidistantly distributed over the bandwidth to exploit frequency diver-
sity. In the uplink, Block Interleaved Frequency Division Multiple Access (B-IFMDA)
is applied which is similar to B-EFMDA except for a Discrete Fourier Transform (DFT)
precoding of the data. This DFT-precoding leads to lower envelope fluctuations which
is beneficial for low cost amplifier in mobile terminals. Furthermore, additional fre-
quency diversity is introduced as the data is spread over the total bandwidth. Within
a so called super-frame, chunks of subcarriers are pre-allocated for the two modes.
Between super-frames, the allocation of the subcarrier can change. The preselection of
the applied access scheme mode for the different users is amongst others based on the
type of service, the channel quality of the downlink and the Signal-to-Interference-and-
Noise-Ratio (SINR). During operation, the access schemes can dynamically be changed
based on the switching criteria which are, e.g., the CQI quality and the terminal ve-

locity, i.e., a two step mechanism is applied.

Another OFDM-based hybrid multiple access scheme has been presented in [LLLB05].
Here, only the downlink was considered where adaptive OFDMA is employed as adap-
tive transmission and Frequency Hopping (FH)-OFDMA is employed as non-adaptive
scheme which exploits frequency diversity. To select the applied access scheme, three
classes are defined, namely the mobility class, the service class and the environment
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class. The mobility class are a) mobile users and b) nomadic users with a rather low ter-
minal velocity. Concerning service, real-time and non-real time services are considered.
The environment class are a) low and b) high intercell interference environments. Ac-
cording to the class affiliation of a given user, either adaptive OFDMA or FF-OFDMA
is applied as multiple access scheme.

In both works, the decision whether a user is served by an adaptive or non-adaptive
access scheme is not done based on analytical calculations. In [DMOO09], e.g., the de-
cision whether the CQI quality is good enough to apply the adaptive access scheme is
based on simulative curves which are only valid for a certain set of simulation param-
eters. In [LLLBO5], the expected throughput of either the adaptive or non-adaptive
access scheme is used as criterion without considering the impact of imperfect CQI.
Furthermore, concerning the mobility, only the coherence time of the channel of each
user which has to be smaller than a given threshold to apply the adaptive scheme is
used as criterion to select the access scheme. However, this approach totally disre-
gards the impact of the number of users applying the adaptive access scheme on the
multi-user diversity gains and, thus, the performance. Moreover, the determination
of the threshold value is rather heuristic since the actual achievable data rate is not
calculated.

From this, it follows that the proposed hybrid multiple access schemes cannot guarantee
that certain quality of service requirements of each user are actually fulfilled as the
multiple access scheme selection is not based on analytical calculations considering
imperfect channel knowledge, pilot and signaling overhead but on heuristic approaches,
especially concerning the terminal velocity which is the most crucial criterion assuming
equal service classes.

Dealing with imperfect channel knowledge has been mainly discussed for conventional
pure adaptive OFDM-based schemes in the literature. For the case of single user trans-
mission with imperfect or partial Channel State Information (CSI) at the transmitter,
OFDM transmission schemes have also been studied, see [YBCO06], [SS01], [LC98],
[RVGO04], [SP01], [SZG02], [SHO03], [YGO05], [LRWHO05], [MDGO06] and references therein.
In [YBCO06], adaptive OFDM with imperfect CSI for uncoded variable bit rates is stud-
ied, where the imperfect CSI arises from noisy channel estimates and the time delay of
getting the CSI to the transmitter. The authors propose the use of multiple estimates
to improve the performance. In [SS01], the impact of imperfect CSI is investigated
for an adaptive OFDM system using the bit and power loading algorithm of [FH96].
In [LCI8], a subchannel loading algorithm is proposed combating the negative effects
resulting from channel errors in coherent detection at the receiver. In [RVGO04], the
impact of imperfect one bit per subcarrier CSI feedback is studied. In [SP01], channel
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prediction is used to combat the impact of outdated CSI and in [SZGO02|, a statisti-
cal adaptive modulation scheme based on long-term statistics is proposed. In [SHO03],
the minimum feedback rate required to determine the set of active subchannels using
an on-off power allocation in a multicarrier transmission scheme is studied. Optimiz-
ing the activation threshold results in an achievable data rate which is shown to be
asymptotically equivalent to the channel capacity. In [YGO5], an optimal power loading
algorithm for OFDM based on average and outage capacity criteria is presented assum-
ing imperfect CSI at the transmitter. In [LRWHO5], a limited feedback OFDM power
loading algorithm is proposed using a codebook of power loading vectors. In [MDGO06],
a loading algorithm is presented which aims at minimizing transmit power under rate
and error probability constraints using quantized CSI. For single user OFDM systems
with multiple antennas, the use of imperfect or partial CSI has been also investigated,

e.g. in [XZG04] and [BM04].

All above mentioned references considered the single user case. For the case of multi-
user transmission, adaptive schemes exploiting multi-user diversity based on imperfect
or partial CSI have also been studied, for example, in [GA04], [HLO4], [MTO05], [VAHO05]
and [VAHO06]. In [GA04], selective multi-user diversity is introduced, where only chan-
nel gains are fed back which are above a given threshold. In [HLO4], the impact of
partial CSI is studied in an OFDMA system, where each user only feeds back the CSI
of the M best subcarriers. In [MTO05], multi-user diversity with outdated channel in-
formation is studied. In [VAH05], combinations of frequency and space based diversity
techniques for a multi-user scenario with limited feedback are discussed. In [VAHO6],
a multi-user scenario with either outdated or noisy CSI is analyzed.

Concerning the scheduling for adaptive OFDMA schemes, Proportional Fair Scheduling
(PFS) approaches provide a good trade-off between system throughput and fairness.
PFS in combination with OFDMA is well discussed in the literature, e.g., [MAQG]
and [RRSS05]. If, furthermore, different user priorities shall be considered, Weighted
Proportional Fair Scheduling (WPFS) approaches can be applied, which are discussed,
e.g., in [KKKO06], [KKHL02] and [FKWDO07]. These WPFES algorithms favor high
priority users to get channel access even if their channel gain is low which leads to a
degradation of the system throughput compared to PFS approaches. Both PFS and
WPEFS algorithms require channel knowledge at the transmitter. However, in a realistic
scenario with imperfect channel knowledge, the performance also degrades compared to
the case of perfect channel knowledge. The joint impact of imperfect channel knowledge
and different user priorities on the performance of an adaptive OFDMA system has
not been mentioned in the literature, especially not for a hybrid OFDMA system.

To the author’s knowledge, an analytical assessment of a hybrid OFDMA scheme with
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different user demands taking into account imperfect CQI as well as pilot and signaling
overhead has not been provided so far. Moreover, the problem of selecting the multiple
access schemes based on analytical performance calculations to fulfill certain quality of
service requirements as the target BER and minimum user data rates while maximizing
the overall system performance has not been considered in the literature.

1.3 Open issues

In this section, open issues coming from the review of existing literature regarding
hybrid OFDMA systems assuming imperfect channel knowledge are summarized.

Although pure adaptive OFDMA systems applying Weighted Proportional Fair
Scheduling based on CQI to allocate the resources to the users considering the dif-
ferent channel access demand of the users have been studied, the determination of
the weights to meet individual user demands has not been mentioned especially for
quantized CQI and for different multiple antenna techniques like OSTBC and TAS in
combination with MRC especially for hybrid OFDMA systems applying WPFS. Thus,
the following questions arise:

1. How does the probability of getting access to the channel in hybrid multi-user
OFDMA systems depend on the WPF'S weighting factors for the different antenna
techniques assuming continuous and quantized CQI?

2. How to adjust the weighting factors such that a given user demand in terms of
allocated resources is fulfilled?

Dealing with imperfect transmitter sided channel knowledge has only been discussed
in pure adaptive OFDM and OFDMA systems assuming outdated, noisy or quantized
CQI. However, for a hybrid OFDMA system applying multiple antenna techniques
such as OSTBC-MRC and TAS-MRC, an analytical description of the performance
concerning achievable data rate and BER taking into account imperfect CQI such
as outdated, noisy and quantized CQI with an imperfect feedback link has not been
mentioned in the literature so far. Hereby, the following questions have to be answered:

3. How does the distribution of the SNR values of allocated resources in hybrid
OFDMA systems look like taking into account the different user demands for
both OSTBC-MRC and TAS-MRC assuming continuous and quantized CQI?
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4. How to analytically determine the average user data rate and BER taking into
account an imperfect CQI due to time delays, estimation errors and imperfect
feedback link for both OSTBC-MRC and TAS-MRC assuming continuous and
quantized CQI?

5. How to adjust the SNR thresholds for the adaptive modulation scheme selection
such that a given target BER is met while maximizing the user data rate of each

user?

As an analytical assessment of hybrid OFDMA schemes assuming imperfect CQI has
not been discussed in the literature, also the multiple access scheme selection based
on analytical expressions taking into account the individual user-dependent channel
knowledge quality of the users is an open problem leading to the following questions:

6. How to decide in a hybrid OFDMA system whether a user shall be served adap-
tively or non-adaptively such that the total system data rate is maximized while

fulfilling a minimum rate requirement for each user taking into account user-

dependent CQI?

7. What is the complexity to solve this combinatorial problem?

Finally, an analytical consideration of signaling and pilot overhead has not been con-
sidered for hybrid OFDMA schemes so far, although the overhead is crucial when it
comes to an reasonable and meaningful system performance evaluation and comparison
with conventional pure adaptive or pure non-adaptive OFDMA systems resulting in
the following questions:

8. What are the efforts in terms of pilot transmissions and signaling which have to
be spent in a hybrid OFDMA system which operate either in a Time Division
Duplex (TDD) mode or in a Frequency Division Duplex (FDD) mode?

9. How does this overhead effect the actual effective system data rate of a hybrid
OFDMA system?

10. How does hybrid OFDMA systems perform compared to conventional pure adap-
tive or pure non-adaptive OFDMA systems in a scenario with user-dependent
imperfect CQI considering overhead?

11. Up to which number of active users in the cell does the use of adaptive transmis-
sions make sense in a hybrid OFDMA systems?
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1.4 Contributions and thesis overview

This section gives an overview of the thesis and summarizes the main contributions
addressing the open problems introduced in Section 1.3. In the following, the contents
along with the main contributions of each chapter are briefly described.

In Chapter 2, the OFDMA system model together with the channel model and sys-
tem assumptions is provided. Furthermore, the two transmission modes of the hybrid
scheme, namely adaptive and non-adaptive OFDMA, are introduced. Finally, the
modelling of imperfect channel knowledge is presented where four different sources of

CQI impairments are assumed: time delays, estimation errors, quantization and an
imperfect CQI feedback link.

In Chapter 3, the concept of a hybrid multi-user OFDMA system which is aware of
imperfect user-dependent CQI is proposed. Hereby, two hybrid schemes are developed
which differ in the resource allocation. Furthermore, the main problem formulation
is introduced which aims at maximizing the system data rate while fulfilling a given
BER and minimum data rate requirement for each user applying both the adaptive
and non-adaptive OFDMA transmission modes. In the following, this optimization
problem is solved by giving answers to the Questions 1 to 7 of the open issues by the

following contributions:

1. For both continuous and quantized CQI, analytical expressions of the channel
access probability for hybrid OFDMA systems applying either OSTBC or TAS
at the transmitter and MRC at the receiver are derived as a function of the
weighting factors used in the WPFS approach.

2. It is shown how to adjust the weighting factors of the WPFS to fulfill a certain
user demand in terms of allocated resources by solving a constrained nonlinear
optimization problem.

3. Analytical closed form expressions of the Probability Density Function (PDF)
and Cumulative Distribution Function (CDF) of the SNR of allocated resources
are derived for both continuous and quantized CQI in hybrid OFDMA systems
applying either OSTBC-MRC or TAS-MRC considering different user demand.

4. For both continuous and quantized CQI analytical closed form expressions of
the average user data rate and BER in hybrid OFDMA schemes applying either
OSTBC-MRC or TAS-MRC are derived as a function of the user demand and
the imperfect CQIL.
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5. For both continuous and quantized CQI, it is shown how to adjust the SNR
thresholds for the modulation scheme selection in order to fulfill a given target
BER while maximizing the user data rate.

6. For the combinatorial user serving problem, different algorithms are proposed
where it can be shown that it is not necessary to check all possible 2V user
serving combinations in order to find the best solution.

7. For the proposed algorithms, a complexity analysis is provided.

Chapter 4 addresses the overhead in terms of pilot transmissions and signaling which
occurs in hybrid OFDMA systems and gives answers to Questions 8 and 9 of the open

problems:

8. For both TDD and FDD hybrid OFDMA systems, the effort in terms of pilot

transmissions and signaling of side information is identified.

9. For both TDD and FDD hybrid OFDMA systems, the effective system data
rate is derived considering both downlink and uplink and the pilot and signaling
overhead involved. To do so, a time frame structure for the transmission in both

downlink and uplink direction is introduced.

Chapter 5 presents performance evaluations for hybrid OFDMA systems assuming a
scenario with user-dependent imperfect CQI and gives answers to Questions 10 and 11

of the open issues:

10. Performances evaluations for both TDD and FDD hybrid OFDMA systems are
carried out and the results are compared with conventional pure adaptive and
pure non-adaptive OFDMA systems in the presence of user-dependent imperfect
CQI taking into account pilot and signaling overhead.

11. The impact of the number of users in the cell on the overhead and, thus, on the

achievable system performance is investigated.

Finally, the main conclusions of the thesis are summarized in Chapter 6. Furthermore,
a short outlook for future works is provided.
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Chapter 2
OFDMA system model

2.1 Introduction

This chapter describes the system model for the considered multi-user OFDMA system.
Moreover, two different multi-user OFDMA transmission modes are introduced consid-
ering different user demands in terms of channel access. The two schemes pursue differ-
ent strategies. The first transmission scheme, referred to as non-adaptive transmission
scheme, does not consider any instantaneous channel knowledge at the transmitter.
The main objective is to increase the reliability of the transmission independent of
any transmitter-side channel knowledge by exploiting frequency and spatial diversity.
The second one, referred to as adaptive transmission scheme, uses transmitter-sided
channel knowledge to adaptively allocate the resource units to the different users based
on the channel quality of the different users. Thus, the transmission scheme is able
to adjust to the current channel conditions exploiting so called multi-user diversity at
the expense of requiring instantaneous channel knowledge to the transmitter [ORO05].
Finally, the modelling of imperfect channel knowledge is introduced.

This chapter is organized as follows. In Section 2.2, the scenario under consideration
in this thesis is presented. In Section 2.3, the minimum allocable resource unit in the
considered OFDMA system is defined. Section 2.4 introduces the models to describe
the mobile radio channel while Section 2.5 presents the two considered multiple antenna
techniques. Section 2.6 introduces the concept of different user demands in terms of
channel access. In Section 2.7, the non-adaptive multi-user OFDMA mode and in
Section 2.8, the adaptive multi-user OFDMA mode are introduced and analyzed with
regard to an analytical description of the resulting Signal to Noise Ratio (SNR) at the
receiver. Section 2.9 presents the modeling of imperfect channel knowledge considering
four different sources of errors.

2.2 Scenario Assumptions

In this section, the considered scenario is presented along with the main assumptions
made in this work.
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In this work, a single BS located in the middle of a hexagonal cell is considered with
U MSs inside the cell (see Fig. 2.1) which are uniformly distributed where the shape
of the cell is approximated by a circle.

) O-BS
® - MS

Figure 2.1. General scenario

The considered system shall work in a Time Division Duplex (TDD) scenario where
the Downlink (DL) and Uplink (UL) transmission share the same frequency band and
in a Frequency Division Duplex (FDD) scenario where the DL and UL transmission

are performed using different frequency bands.

It is assumed that the BS is equipped with nr transmit antennas and each MSs is
equipped with ngr receive antennas. In this thesis, the nr transmit antennas are used
for either performing Orthogonal Space-Time Block Coding (OSTBC) or Transmit
Antenna Selection (TAS) and the ng receive antennas at each MS are used to perform
Maximum Ratio Combining (MRC).

Further on, it is assumed that the BS has channel knowledge about the DL channels to
the MSs even though the channel knowledge is not assumed to be perfect. Moreover,
it is assumed that the BS and MSs have perfect Receive Channel State Information
(R-CSI) to equalize the data, i.e., imperfect channel knowledge is only considered for
the scheduling and modulation scheme selection. This assumption is reasonable con-
sidering the fact that the resource allocation and modulation scheme selection require
a certain amount of computation time, i.e., the instantaneous channel knowledge has
to be updated rapidly considering only a few pilot based channel estimations. For the
equalization of the receive data, the duration of the whole frame can be utilized, i.e.,
advanced channel tracking algorithms can be used leading to almost perfect R-CSI.
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Concerning the mobility of the MSs, there exist different models in the literature (see
INKKO02] and references within) considering different levels-of-detail such as traffic and
geographical information like streets maps. However, in order to keep the simulation
simple to implement, no traffic modeling or geographical information are assumed in
this work. Instead, it is assumed that each MS u with © = 1, .., U has a different velocity
vy = [vg,vy|T, where the x- and y-components of v, are independent of each other and
normally distributed with zero mean and variance o,. This approach is analogous to
the Maxwell-Boltzmann distribution describing the particle speeds in gases [Lau05].
From this, it follows that the velocity component v, in any direction with angle ¢ is
normally distributed with zero mean and variance o2. Hence, the radial component of
the velocity vyaq, of user u is also normally distributed with zero mean and variance
o2 (N(0,02)). The absolute value |vpaq.| is then half-normally distributed [Wei] with
the PDF given by

2 ‘Uraud,u‘2
Ploraa,ul (Urad,ul) = W-—Ug : _T‘g (2.1)

7= \/g .o, (2.2)

In the following, the dynamics of the MSs mobility inside the cell is expressed by this

and with expectation value

average velocity v.

Finally, it is assumed that the BS and each MS always has data to transmit, i.e., a
full-buffer traffic model is assumed.

Note that more specific assumptions directly related to the topics discussed in the next
sections will be introduced in the corresponding sections.

2.3 Resource Unit Definition

In this section, the resource units in time and frequency are defined.

The considered system employs OFDMA as multiple access scheme. In Fig. 2.2, the
definition of a resource unit is shown in the time and frequency direction.

The system bandwidth B is subdivided into N perfectly orthogonal subcarriers, i.e.,
there is no Inter Carrier Interference (ICI) present in the system. It is assumed that
N > U, meaning that channel access can be guaranteed for each user. The subcarrier
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Figure 2.2. Resource units in time and frequency

bandwidth A f is chosen such that the channel transfer function remains almost flat over
a frequency block of Qg1 adjacent subcarriers, i.e., the channel coherence bandwidth
Bc which denotes the bandwidth over which the channel transfer function remains
almost constant [Pro95] is assumed to be much larger than the subcarrier bandwidth

Af < Be.

In the time domain, a time frame consists of M7 OFDMA symbols with a symbol
duration Tg where perfect time synchronization is assumed. Moreover, a Guard Interval
(GI) of adequate length is introduced to eliminate Inter Symbol Interference (ISI).
As GI, a Cyclic Prefix (CP) is applied, i.e., a repetition of the end of the OFDMA
symbol is prefixed. Beside eliminating ISI, the use of CP also allows to model the
linear convolution as a circular convolution which enables the use of simple frequency
domain signal processing such as channel estimation and equalization [NP0O]. The
symbol duration Ty is chosen such that the channel transfer function over the whole
time frame is almost flat, i.e., the channel coherence time T which denotes the time
during which the channel transfer function remains almost constant [Pro95] is assumed

to be much larger than the symbol duration Ts < T¢.

In this thesis, a radio resource is described as time-frequency resource unit defined by
one frequency block and one time frame as shown in Fig. 2.2. This resource unit is the
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minimum allocable radio resource unit in the system. Thus, there are

Ny = { Q]Zl bJ (2.3)

available resource units in the system with [-] denoting the nearest integer smaller

than or equal to the argument. Note that in the literature there exist similar resource
unit definition such as chunks [WINO5b], slots [IEE04] or Physical Resource Blocks
(PRBs) [3GP06]. The main idea of employing such a Block OFDMA multiple access
is the reduction of signaling needed to inform the MSs about the allocated resources
compared to the case that each subcarrier in each OFDMA symbol could be allocated
to a different user. Further on, in case of a FDD system, also the amount of information
which has to be fed back from the MSs to the BS can be significantly reduced. Finally,
the computational complexity for the scheduling can be decreased which is crucial
especially for systems with large number of subcarriers and users.

2.4 Channel Model

In this section, the channel model applied in this thesis is presented. Note that in this
work, the whole system is considered in the equivalent baseband [Pro95].

It is assumed that the BS transmits with power Pr where the transmit power is equally
shared among the N subcarriers, i.e., the transmit power per subcarrier is given by

Pr
N

The assumption of subdividing the power equally over the subcarriers is justified by

PT,sub = (24)

the fact that the achievable gains applying optimal power allocation are negligible
compared to the increase in complexity as shown in [KHKO05]. Furthermore, optimal
power allocation requires accurate channel knowledge, i.e., optimal power allocation is
also prone to imperfect channel knowledge.

Due to free space pathloss and attenuation caused by buildings and other objects in
the environment, the receive power at each MS depends on the position of the MS. In
the following, the pathloss Lp in linear scale in modeled by

Ly = (fl_) (25)

with « denoting the pathloss exponent, d, the distance between the BS and the MS
of user u and dy the minimum distance between any MS and the BS [Rap02]. Let
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Ny denote the one-sided power spectral density of Additive White Gaussian Noise

(AWGN) in the system. Then, the average SNR 7, per subcarrier at the MS of user u

is given by

_ P ,sub * L P ,sub du -

T = — Dottt (2.6)
Af . NO o do

with 02 denoting the average noise power per subcarrier. If the signal power is nor-

malized to one, the noise variance 2, of user is given by

e i (2.7)

In case of an UL transmission from the MS of user u to the BS, an UL factor sy, is
introduced in (2.6) to account for the different transmission conditions in the UL such as
different transmit powers or different pathloss due to different frequency dependencies
in an FDD system. In this case, the average SNR 7yt per subcarrier at the BS in the
UL for subcarriers which are allocated to user u is given by

_ PT sub du -
PR L T 2.8
YUL, KuL 72 ( do) ( )

Beside the pathloss, a phenomena called fast fading has to be considered when describ-
ing the mobile radio channel. In general, the radio channel is typical characterized by a
large number of propagation paths due to scattering, reflections and diffractions which
is also called multi-path propagation. Thus, the complex receive signal is a noncoherent
superposition of different signals propagating on different paths each having a different
phase, Doppler shift and time delay. As a result, the signal strength variates on very
short distances in the region of half the wave length of the carrier frequency. Hence,
this phenomenon is called fast fading. A deterministic definition of the receive signal
and, thus, the channel transfer function would require precise knowledge about the
microstructure of the environment concerning geometry and the physical properties of
the materials which is not feasible. However, assuming a sufficiently large number of
uncorrelated paths also called uncorrelated scattering, it is possible to apply the central
limit theorem to statistically model the real part and imaginary part of the complex re-
ceive signal as statistical independent Gaussian distributed random variables [Mol05].
Assuming Non Line of Sight (NLOS), i.e., there exists no dominant path from the BS
to the MS, the random variables can be assumed to be zero-mean. From this, it follows
that the complex channel transfer function can be modeled as Gaussian distributed

random variable with zero mean and variance 2.

As presented in Section 2.3, it is assumed that the channel transfer function of a
frequency block n with n = 1,.., Ny, is flat. Moverover, it is assumed that the channel
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transfer factor of a frequency block n is uncorrelated to the channel transfer factor
of an adjacent frequency block, i.e., the coherence bandwidth Bg is smaller than the
bandwidth of two adjacent frequency blocks.

As stated in Section 2.3, the channel transfer function is assumed to be almost flat over
a time frame of My OFDMA symbols. Further on, it is assumed that channel transfer
function of the k time frame with k € N is temporally correlated to the previous time
frame k — 1, i.e., temporally correlated block fading is assumed.

For the spacing between the antennas it is assumed that the spacing is larger than half
the wavelength of the carrier frequency, i.e., the channels between the i-th transmit
antenna with ¢ = 1, .., nt and the j-th receive antenna with j = 1, .., ng can be assumed
to be uncorrelated.

From this, it follows that the complex channel transfer function J2A% )(n, k) of user u
with uw = 1,..,U on resource unit n with n = 1, .., N, in time frame k from transmit
antenna ¢ to receive antenna j is modeled as Gaussian distributed random variable
with zero mean. The variance of Hq(f’j)(n, k) is set to 0? = 1, i.e., the power of the
channel is normalized to one. The SNR at the receiver of user u on resource unit n in
time frame k from transmit antenna 7 to receive antenna j is then given by the

W n k) = 3 [HE (n k)P, (2.9)

i.e., the expectation value E{fyq(f’j)(n, k)} of the instantaneous SNR of user u is given
by
E{v"? (n,k)} = 3 - B{|HI) (0, k) P} = . (2.10)

2.5 Considered multiple antenna techniques

2.5.1 Introduction

Multiple Input Multiple Output (MIMO) techniques which perform spatial multiplex-
ing or beamforming require the complete Transmitter-sided Channel State Information
(T-CSI) at the BS which results in a significant amount of information which has to
fed back to the BS in case that channel reciprocity cannot be exploited. In case of
imperfect channel knowledge, not only the resource allocation is affected but also the
separation of the different data streams as the precoding relies on accurate CSI. Hence,
only multiple antenna techniques which do not use T-CSI to precode or weight the
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signal in order to perform spatial multiplexing or beamforming are considered. In this
thesis, the nt transmit antennas are used for either performing Orthogonal Space-Time
Block Coding (OSTBC) or Transmit Antenna Selection (TAS) and the ng receive an-
tennas at each MS are used to perform Maximum Ratio Combining (MRC). By doing
so, no multiplexing gain can be exploited. However, when applying TAS, selection di-
versity can be exploited. Further on, the application of OSTBC and MRC leads to an
exploitation of spatial diversity. Besides, applying MRC, array gains can be exploited.
Another advantage is the low feedback in case of an FDD system where the BS cannot
measure the DL channel exploiting the reciprocity of the DL and UL channel. In this
case, only the scalar SNR values have to be fed back which is much less information
compared to the complete T-CSI.

For a better comprehension, the principles of the two considered antenna techniques
are presented considering only one single carrier in one time frame. Hence, the user,
resource unit and time frame indices u, n and k are omitted in the notation of the
channels in Section 2.5.2 and 2.5.3. In the following, OSTBC is introduced in Section
2.5.2 followed by TAS introduced in Section 2.5.3.

2.5.2 Orthogonal Space-Time Block Coding in combination
with Maximum Ratio Combining (OSTBC-MRC)

In this section, the principle of OSTBC is presented together with the combination of
OSTBC with MRC at the receiver.

For simplicity, nt = 2 transmit antennas are assumed, i.e., the well-known Alamouti
STBC [Ala98] can be applied. Furthermore, one single receive antenna is assumed for
the beginning. A requirement for the application of the Alamouti STBC is that the
channel H® is invariant for ny = 2 consecutive time slots which is fulfilled by the
assumption made in Section 2.4. With the symbols s; and s, the Alamouti STBC

X(s) = % ( Z; _SE; ) . (2.11)

In the first time slot s; is transmitted over antenna 1 and ss over antenna 2. In the

matrix X (s) is given by

second time slot, the conjugate of sy is transmitted over antenna 1 and the negative

conjugate of s; over antenna 2. The factor % normalizes the total transmit power, i.e.,

the same transmit power is used compared to a single antenna case. Note that there
are also space-time block codes X (s) for nt > 2 following the same principles, i.e., the

elements of matrix X(s) are linear functions of the K complex variables s1,..,sx and
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their complex conjugates. Furthermore, for any arbitrary s, X (s)% - X(s) = ||s||*- I
must hold with I the identity matrix [GS05].

Applying the Alamouti STBC, the resulting receive signals r; in the first time slot and
ro in the second time slot are then given by

1 1
mn = E . H(1’1)81 + ﬁ : H(2’1)32 +ny (2'12>
and
1 1
ry = — -HOg - — . gCDg 4, (2.13)

V2 V2

with the AWGN values n; and ny with variance o2. Conjugating r, and using a matrix-
vector notation leads to

. 1 . 1 H(l’l) H(2’1) S1 n
r= < 7,5 ) - \/i < _H(2,1)* H(l’l)* So + n; : (214>
- ——

-

'
n

Multiplying the receive vector with A from the left leads to

z = Al (2.15)
— 1 H S1 H
= E.A .A.<82)+A ‘n
= Q. ( o ) + i
52
with the diagonal matrix
1 |H(1,1)|2 + |H(2,1)|2 0
Q= E : < 0 |[HOD|2 4 |HED2 (2.16)

and the noise vector i whose variance o2 is given by

o = E{i"i} = E{n"AA"n}
E {nHQn}
= Q- F {an}
= o (JHOVP 4 |HEVP). (2.17)

Due to the fact that €2 is diagonal, the two data symbols s; and s, are decoupled
resulting in two separated orthogonal data streams. On the basis of the diagonal
elements (|HY |24 |H®ZV|?) of ©, the principle of spatial diversity becomes apparent.
In this case, the data is transmitted over two spatially separated transmit antennas
providing two replicas at the receiver in the spatial domain which are combined in a
SNR maximizing way. Hence, the reliability of the transmission is increased, since the
probability that both channels are in bad condition is much smaller compared to the
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case with just one transmit antenna [Kam04].

In case that the receiver is equipped with ng receive antennas, MRC can be applied
in combination with STBC. In this case, there are ng different receive vectors r; with

1 HO) e 51
= V2 ( _gevs e | g ) T (2.18)

(.

[ =1,..,ng given by

Ay

Multiplying each receive vector r; with A; from the left results in

o~ A, (2.19)
- ( . ) + i
with 1 |[HOD2 + |H@D)2 0
Q - 7 < 0 |HOD2 4 D)2 ) (2.20)

and the noise vector n; with variance

o2 =02 (|HM)?2 +|1HED?). (2.21)

1

Applying MRC, a linear combination of the receive signals z; shall be built which
maximizes the SNR written as

nR nR nR
s _
y:E clzl:E Cl'Ql'<S;)+E ¢ -1 (2.22)
=1 =1 =1

with ¢; the MRC coefficients. Without loss of generality, only the first element of the
combined signal vector y is considered. Thus, (2.22) reduces to

nR 1 nR 3
p=> a Neh (HODP+ [HEOP) - sp 4> e (JHOP? 4+ [HEDP) 6y, (2.23)
=1 =1

As shown in [Kamo04], the MRC coefficient which maximizes the SNR when there are
different noise powers o7 is given by

H(l,l) 2 H(2’l) 2\*
o = WHOF + [HEOP) (2.24)

2

Inserting (2.21) in (2.24) leads to

(|H(1,l)|2 + |H(2’l)|2)*
c =

T 02 ([HW]2 1 [HEOR) (2.25)
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Since (|HID|? + |HZD|2) is always positive real-valued, ¢; is given by

1
a=— (2.26)
O-H
which means ¢; is always a constant factor. Without loss of generality, ¢; can be set to
¢; = 1 as a constant factor does not effect the SNR leading to

. < Z; ) + ;Ziﬁl (2.27)

nR

S

=1

QMRC IMRC
with
1 (O[22 0
_ =
QM‘@( S0 o (HOOR 4 o) ) (22

2

and the noise vector nyrc whose variance o7

is given by

UrglMRc =E {ﬁll\{/IRCﬁMRC}

Il
=
VR
INNgE
B
~__—
jus
VR
NgF
B
~__—

nR
= o2. Z(\HW)P + |H®D)?). (2.29)

=1

Analogue to the single receive antenna case, Qygrc is a diagonal matrix, i.e., the two
data symbols s; and sy are decoupled as well. For the more general case of an OSTBC
with nr transmit antennas, the diagonal elements Qyrc of Qyre are given by

nT NR

Omvre = — Z Z |HED)2 (2.30)
=1 =1
and the variance of the noise vector nygrc is given by
nT nNR
nMRC o Z Z |H Zl (2.31)
=1 =1

From (2.30), one can see that additional spatial diversity is exploited, since in total
nt - ng different replicas of the transmitted data symbols are provided to the receiver.
Further on, the receive energy of the ng different receive antennas is collected at the
combiner leading to a gain in SNR (also called array gain) compared to the case with

just one receive antenna.
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2.5.3 Transmit Antenna Selection in combination with Max-
imum Ratio Combining (TAS-MRC)

In this section, the principles of TAS in combination with MRC are presented. Having
nr transmit antennas, one selects the transmit antenna which provides the highest SNR
at the receiver for transmission. Hence, TAS requires information about the channel
quality of different transmit antennas. This channel quality can be either determined at
the transmitter side, e.g., in a TDD system exploiting the reciprocity of the channel, or
at the receiver side. In this case, the information has to be fed back to the transmitter
as in an FDD system where the channel reciprocity cannot be exploited. Note that
in case of a TDD system, the transmit antenna selection is performed at the BS by
selecting the best transmit antenna based on SNR values. In case of an FDD system,
there are two possibilities. In the first case, the MSs feed back the antenna index of
the best antenna in addition to the SNR value of the best antenna, i.e., the transmit
antenna selection is performed at the MSs. In the following, this TAS scheme is referred
to as Transmit Antenna Selection - Feedback Best (TAS-FB). In the second case, the
MSs feed back the SNR values for all transmit antennas so that the BS can select
the best transmit antenna referred to as Transmit Antenna Selection - Feedback All
(TAS-FA). Assuming that transmit antenna ¢* was chosen for transmission, the receive

signal r; at receive antenna [ with [ = 1, .., ng is given by
rp=HEY s 4y (2.32)

with s the transmitted data symbol and n; AWGN value with noise power o2. Accord-
ing to [Kam04], the MRC coefficient ¢; is then given by

o = HDr (2.33)

resulting in

nR

y = icl Ty = [Z |H(i+’l)\2
=1

=1

S+ Z HE D o, (2.34)
I=1

ng

with the noise n; whose variance o2 is given by

NR H nR
oi=E{n'm} = E (Z HO nl) : (Z H(i+’l)*-nl>
=1 =1

nR
= op- ) [HOP (2.35)
=1
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2.6 Different user channel access demands in multi-
user OFDMA schemes

In multi-user communication systems, not every user has the same requirement in
terms of data rate or channel access, respectively. There are users with high demands
for example for video conferencing, online gaming or other applications which require
high data rates and other users with only low data rate requirements such as voice
transmission. One could also think of a system where resources are allocated to the
different users according to their mobile phone contract, e.g., premium costumers which
pay more money have a higher priority concerning channel access. Hence, it is reason-
able to allocate the available resources according to the demands of the different users.
For that purpose, the channel access demand vector is introduced. Furthermore, the
number of supportable user demand realizations is analyzed. Note that in this work, it
is assumed that the delay requirements are fulfilled as the number of resource units is
much larger than the number of users, i.e., in each time frame k at least one resource
unit is allocated to each user.

In the following, it is assumed that each user v has an individual channel demand D,
with D, an integer number and D, > 1, i.e., at least one resource unit is allocated
to each user. From this, it follows that D, is upper bounded by D,,., with D, =
Nyy — (U — 1) assuming the extreme case where U — 1 resource units are allocated
U — 1 users while the remaining resource units are allocated to only one user. Hence,
the resulting demand vector is given by

D = [Dy, Dy, .., Dy] (2.36)
with 1 < D,, < D,,.x where
U
> Dy =Ny (2.37)
u=1

In case that the user demands exceed the available number of resource units, the BS
appoints the granted demand of each user such that (2.37) is fulfilled.

Users which have the same channel access demand D, are arranged into demand groups
G; with ¢« = 1,..,G where G denotes the number of demand groups. As shown in

Appendix A.3, G is upper bounded by

Gmaxzmin{U, E : (1+\/1+8-(Nru—U))J}. (2.38)

To clarify the definition of demand groups, a simple example is presented. Let’s assume
there are U = 5 users in a system with V., = 10 resource units. Hence, Gp.x = 3, i.e.,
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there exist no user demand vector which contains more than three different demand
values while fulfilling (2.37). In this example, the user demand vector shall be given
by

D=[4,221,1].

Thus, there are G = 3 different demand groups G; with ¢« = 1, .., 3 which are given by

g1 = {1}
g2 = {27 3}
g3 = {47 5}

Next, it is analyzed how many supportable realizations of D exist for a given number
N, of resource units and number U of users assuming a fully loaded system. This
number is important for the providers in order to design the system parameters such
that a variety of demand vectors is supportable in order to be flexible fulfilling different
user demands.

The number of possible demand vector realizations disregarding order is equivalent
to the number of partitions of the integer number N, into U positive non-zero sum-
mands. From number theory, it is known that the intermediate partition function
p(n, k) [Coh78] represents the number of partitions of 7 into x summands which can

only be written in recursive form
p(n,k) = pn—1k=1)+pn— -~ k) (2.39)
with p(0,0) =1,
p(n,k)=0fork =0, n>00rn <k

Hence, in a fully loaded system with V., resource units and U users, assuming that at
least one resource unit is allocated to each user, there exist

7 = p(Nw, U) (2.40)

possible demand vector realizations disregarding order with integer number of allocated

resources.

2.7 Non-adaptive multi-user OFDMA transmission
mode

2.7.1 Introduction

In the following, the non-adaptive multi-user OFDMA transmission mode is introduced.
The non-adaptive transmission modes is characterized by the fact that the transmitter
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does not require any instantaneous CSI. On that account, an optimal adaptation to
the current channel condition is not possible leading to inferior performances compared
to adaptive transmission modes [WINO06]. However, by exploiting frequency diversity
in combination with spatial diversity using multiple transmit and receive antennas,
the reliability of the transmission can be improved making non-adaptive transmission
schemes good candidates in systems without instantaneous T-CSI. In the following,
Discrete Fourier Transform (DFT)-precoded OFDMA applying OSTBC and MRC is
employed as non-adaptive transmission technique which exploits frequency and spatial
diversity [Fral0].

The non-adaptive transmission mode is introduced in Section 2.7.2. In order to analyt-
ically describe the performance of the non-adaptive transmission mode, the resulting
SNR at the receiver is derived in Section 2.7.3. Furthermore, the applied scheduling
and modulation of the non-adaptive transmission mode are described in Section 2.7.4
and 2.7.5.

For detailed information regarding the implementation of DFT-precoded OFDMA in
combination with OSTBC at the transmitter and MRC and the receiver, the reader is
referred to [FKCKO06] and [Fral0).

2.7.2 Transmission scheme

In general, applying the non-adaptive DFT-precoded OFDMA transmission mode, each
user is allocated to D, resource units according to the user demand vector D. In
contrast to conventional OFDMA, the data symbols of each user are DFT-precoded
before transmission. Thus, each subcarrier carries a DF'T element, i.e., a weighted sum
of all data symbols. Hence, the application of the non-adaptive transmission mode leads
to an averaging over the frequency variations of the channel, i.e., frequency diversity is
exploited [Fral0]. By doing so, the data of user u is spread over the bandwidth covered
by the D, resource units. In case of deep fading on one of the subcarriers the data
on this subcarrier is not necessarily lost but can possibly be recovered by the IDFT at
the receiver since all other subcarriers allocated to user u carry parts of the data. To
further improve the reliability of the transmission, OSTBC at the transmitter and MRC
at the receiver is performed leading to an additional exploitation of spatial diversity.
Note that also OSTBC does not require any instantaneous CSI at the transmitter.

Fig. 2.3 shows the transmission chain of the non-adaptive OFDMA transmission mode.
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D —* Scheduling

Figure 2.3. Transmission chain of non-adaptive OFDMA transmission mode

First, the binary data d](oﬁ of user u is mapped on data symbols d™. Further on, these
data symbols are DFT pre-coded before they are OFDM modulated according to the
scheduling and the channel access user demands D resulting in the time domain signal
s(")_ Finally, OSTBC is applied at the transmit antennas. At the receiver, MRC is
performed. Moreover, the impact of the channel is inverted as well as the Space-Time
Coding, the OFDM modulation and the DFT precoding. Performing data estimation
results in the estimated binary data (Ail(;fr)1 of user u.

2.7.3 Resulting SNR at the receiver

In this section, the derivation of the resulting SNR after the IDFT operation at the
receiver which inverts the DF'T precoding at the transmitter is presented. As derived
in Section 2.5, applying OSTBC with nt transmit antennas at the transmitter leads to
an averaging over the nt different SNR conditions of the subcarriers of a resource unit
allocated to a given user at each receive antenna. With the application of MRC with
ng receive antennas at the receiver, these resulting SNRs are then superimposed, i.e.,
the SNR at the output of the MRC is a superposition of the SNR values at each receive
antenna. Now, the effect of the IDFT operation performed at the receiver on the post-
MRC SNR is discussed. To simplify the derivation, only one user is considered, and
therefore, the user index u is omitted. Furthermore, these considerations are valid for
each time frame, i.e., also the time frame index k is omitted. Finally, it is assumed
that one resource unit consists of just one subcarrier in one OFDM symbol without
loss of generality, since the channel within one resource unit is assumed to be constant.
Thus, the channel transfer function of the channel from transmit antenna 7 to receive
antenna j of resource unit n is given by H®)(n). It is assumed that @ data symbols
form a data vector d. Applying DFT-precoded OFDM, data vector d is spread over )
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different resource units. With the @) x @) diagonally matrix

SIS HEWME 0 0
1 0 :
N : 0 ’
0 0 ... Z:L:T1 ;L:R1 |H(i’l)(Q)|2

the  x Q DFT matrix Fg and the colored noise vector v where the g-th element v,

(2.41)

of v with ¢ =1, .., @ has the variance

nt nNR

=> D HY QP -, (2.42)

i=1 [=1

it was shown in [Fral0] that the receive signal vector r for such a DFT-precoded OFDM
system which applies OSTBC in combination with MRC is given by

If Zero Forcing is applied for equalization, r is multiplied by the equalizer matrix
E = Q! followed by a multiplication with an IDF'T matrix Fg leading to the estimated
data vector

d = FI.E-r
= Fj-E-Q-Fyp-d+FJ-E-v

= d+FJ-v. (2.44)
N——

w

The variance of the noise vector v becomes
o =E{v'v} = E{v"EE"v} = [E]- E{v/v}. (2.45)
Thus, the variance of the ¢-th element of v is given by

nt mNR -2
d = | SN

=1 [=1

_ [ "ZTnZme ] (2.46)

=1 =1

inserting (2.42). To determine the variance of noise vector w, it is enough to consider
the ¢-th element w,. In the following, the IDFT operation of matrix Fg has to be
considered. With the definition of the IDFT

z(n) ¢_ ZX - exp(j2n(r — 1)(n -1)/Q) (2.47)

a/@ M
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and the IDFT coefficient a,,, w, can be written as a function of v given by

Q

Qg -

Wy = Z —= - Uy, (2.48)
k=1 Q

i.e., w, is a weighted sum of Gaussian distributed random variables. Hence, the variance
of w, is determined by

Q Q nt nR -1
Var{w,} — ZVM{%~@H} :ai~%-z [niz |H(“)(f-c)\2] (2.49)
k=1 T 3

Hence, according to (2.44), the resulting SNR ~ppr after the IDFT is calculated by

1

MDFT = g — (2.50)
g3 | SR
Un « — . _ ? q
Q = "7 oS
With 4 = & and ) (q) =5 - [H")(¢)[?, (2.50) can be written as
1
VIDFT = 0 1 (2.51)
DEDH ]
ra) o Y q
Q = L"T oS

Thus, the application of a DF'T precoding leads to an averaging over the () reciprocal
values of the resulting SNR values % ST SR 4D (g) with ¢ = 1,..,Q obtained
from OSTBC and MRC followed by an additional inversion. In general, the resulting
SNR viprr (k) of user u in time frame k whose data is spread over D, resource units
applying DFT-precoded OFDMA is given by

1

YiorT,u(k) = > p— - (2.52)
1 <1 y
D E [TL_T : E %(L )(q, k‘)]
U og=1 i'=1

with i = 1,..,np-ng and véi/)(q, k) = vec{%(f’j)(q, k)} where the operation vec{} stacks

the columns of a matrix on top of each other to form a vector.

2.7.4 Scheduling

Since the transmitter does not have any instantaneous information about the channel
conditions of different users, scheduling has to be done non-adaptively fulfilling the
channel access demands D of the different users. To do so, the scheduler follows a a
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round robin policy, i.e., the first D; resource units are allocated to user 1, the next
Dy resource units are allocated to user 2, and so on, as done in Localized Frequency
Division Multiple Access (LFDMA) which is also known under the name of localized
Single Carrier Frequency Division Multiple Access (SC-FDMA) [3GP06]. By doing
so, it can be guaranteed that each of the Z = p(N,y, U) possible user demand vectors
can be realized. In the literature, there also exists other allocation pattern, e.g., an
interleaved or block-interleaved resource allocation which equidistantly distributes the
subcarriers over the total bandwidth where D,, needs to be an integer divisor multiple
of the number N, of available subcarriers [FKCS05]. However, these allocation pat-
terns are characterized by a limited flexibility concerning possible user demand vector
realizations. Fig. 2.4 illustrates this for a system with N, = 8 available subcarriers
and U = 4 users.

Oj0|000|L| | = D =[5,1,1,1] No solution
f
O|O|OO|L|L]| &5 D, = [4,2,1,1] OUO|EOLO| =
f f
O|OOUEE| x| D3 = [3,3,1,1] No solution
f
OO0 x| | G Dy =[3,2,2,1] No solution
f
OO\ b || b | Ds = [2,2,2,2] O x| & |OL]| 0| &
f f
(a) (b)
O - Userl []- User 2 77 - User 3 [r - User 4

Figure 2.4. (a) Round robin subcarrier allocation and (b) interleaved subcarrier allo-
cation considering different user demand vectors D; with i =1,..,5

According to (2.40), there are Z = p(8,4) = 5 supportable user demand vectors D
disregarding order which are Dy = [5,1,1,1], Do = [4,2,1,1], D3 = [3,3,1,1], Dy =
3,2,2,1] and D5 = [2, 2, 2, 2] with the maximum possible number G, of different user
demand groups Gyax = min{4, [1(1+ v/33)]} = 3 in D, and Dy. For all user demand
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vectors, the resource allocation of the considered round robin scheduler are depicted
in Fig. 2.4(a). In case of an interleaved resource allocation with equidistant subcarrier
spacing for each user, the resource allocations of the supportable user demand vectors
are depicted in Fig. 2.4(b). As one can see, there are only two user demand vectors,
D, = [4,2,1,1] and D5 = [2,2, 2, 2], which fulfill the requirements.

2.7.5 Modulation

Assuming that the average SNR 7, of each user is known to the BS, one fixed mod-
ulation scheme is selected for all resource units of one user, i.e., all subcarriers are
allocated to one user apply the same modulation scheme. Thus, the modulation is
only adapted to the pathloss and not to the fast fading. In this work, uncoded M-ary
Quadrature Amplitude Modulation (M-QAM) and M-ary Phase Shift Keying (M-PSK)
are considered.

2.8 Adaptive multi-user OFDMA transmission
mode

2.8.1 Introduction

In the following section, the adaptive multi-user OFDMA transmission mode is intro-
duced which exploits multi-user diversity, i.e., the resource units are only allocated to
users which are in good channel conditions. Instead of combating the channel variations
by applying some sort of averaging transmission scheme to exploit diversity in the time,
frequency or spatial dimension, the variations in the channel of different users are capi-
talized to transmit data only on the strongest channels [OR05]. This leads to a superior
performance compared to non-adaptive OFDMA schemes. However, the exploitation
of multi-user diversity requires accurate channel knowledge at the transmitter to iden-
tify the channels of the best users. Because of this, adaptive transmission schemes
are prone to imperfect channel knowledge. Hence, the application of adaptive trans-
mission schemes is only reasonable in scenarios which allow the provision of accurate
channel knowledge with feasible effort, e.g., in scenarios with slowly changing channel
conditions. In the following, an adaptive multi-user transmission mode is introduced
where the resource units are adaptively allocated to the users taking into account the
current SNR conditions of the resource units and the different user demands applying
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a Weighted Proportional Fair Scheduling (WPFS) approach. As antenna techniques
either OSTBC or Transmit Antenna Selection (TAS) is performed at the transmitter
and MRC is performed at the receiver.

Section 2.8.2 presents an overview of the transmission chain of the adaptive scheme.
For both multiple antenna techniques, the resulting SNR at the output of the maximum
ratio combiner is derived in Section 2.8.3. Furthermore, Section 2.8.4 introduces WPFS
applying continuous and quantized SNR values. Finally, Section 2.8.5 introduces the
adaptive modulation.

2.8.2 Transmission scheme

Fig. 2.5 shows the transmission chain of the adaptive OFDMA transmission mode.

(u)

dbiﬂ > . |d®| orpMm s |Antenna . a(“)

Modulation Receiver |—Qy;,
|: Modulation Processing

SNR

Scheduling
D —>

Figure 2.5. Transmission chain of adaptive OFDMA transmission mode

First, the binary data d](;fr)l of user u is mapped on data symbols d® taking into
account the instantaneous SNR values of the resource units, i.e., depending on the
current channel conditions, the applied modulation scheme is adapted. The higher
the SNR, the higher the number of bits per data symbol. In contrast to the non-
adaptive scheme, these data symbols are directly OFDM modulated according to the
scheduling which depends on the channel access user demands D and the SNR values
resulting in the time domain signal s®. Finally, either OSTBC or TAS is applied
at the transmit antennas. Similar to the non-adaptive transmission scheme, MRC is
applied at the receiver followed by the inversion of the channel, the Space-Time Coding
and the OFDM modulation.

2.8.3 Resulting SNR at receiver

In the following, the resulting SNR at the output of the combiner at the receiver
is derived applying OSTBC-MRC and TAS-MRC. This resulting SNR can also be
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interpreted as the SNR of an equivalent Single Input Single Output (SISO) system.
First, OSTBC at the transmitter using nrt transmit antennas and MRC using ng
receive antennas at each receiver is considered. Without loss of generality, only the
first element of the receiving vector y is considered which according to (2.30) is given

by
nT nR
- () 259
i=1 =1
with o2 =02 (30 S0 |[H@D|?). Hence, the SNR 7 at the output of the combiner
is calculated by
1
L )
o (2.54)

(XI55 \H(” )

keeping in mind that the signal power is normahzed to one as stated in Section 2.4.
With 4 = % denoting the average SNR and 7)) = 5. |H@)|? as shown in Section 2.4,
v is given by

nT NR

ZZV (@.0) (2.55)

=1 [=1
Hence, the resulting SNR of the equivalent SISO system in time frame k of resource
unit n of user w is given by

nr nNR

(s ) Z S 6 (n (2.56)

Zl_]l

which can be simplified to

nT-NR

LN 0, k) (2.57)

nTll

with i = 1,..,nt - ng and %(fl)(n, k) = vec{%(f’j)(n, k)} where the operation vec{}
stacks the columns of a matrix on top of each other to form a vector.

Second, TAS in combination with MRC at each receiver is considered. According to
(2.34) and (2.35), the SNR v at the at the output of the combiner is given by

(S jeop)’
=1
(Z;Rl |H(i+7l)|2) 'Ui

when transmit antenna i" is used for transmission. (2.58) can be rewritten to

v = Zy(ﬁ’l). (2.59)

v= (2.58)
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Since the best transmit antenna shall be selected for transmission, the resulting SNR
of the equivalent SISO system applying TAS in time frame k of resource unit n of user
u is given by

Yu(n, k) = max Y "5 (n, k). (2.60)

2.8.4 Scheduling

2.8.4.1 Scheduling algorithms

In the literature, there exits several scheduling algorithms with different objectives
[Hah91, LBS99, CL01, Kol03, Hol01, LZ06, FKWDO06, FKWDO07, Fer10]. In general,
scheduling algorithms are methods to share the available resources among different
users. Depending on the scheduling algorithm, knowledge of the actual channel con-
ditions and/or the throughput of different users are required. Scheduling algorithms
always have to deal with a trade off between cell throughput and fairness. On the one
hand, serving the users with the best channel conditions maximizes the cell throughput.
On the other hand, each user wants to achieve at least a given minimum data rate.
In the literature, there are four major strategies of adaptive scheduling approaches
which are shortly summarized. The first strategy is so called Fair Resource Scheduling
(FRS). With FRS, the available resources are allocated in equal share to the users,
leading to a higher throughput for users in favorable channel conditions. One simple
example of FRS is the Round Robin Scheduler which allocates resource to the users
in a cyclic order without taking into account any channel knowledge [Hah91, LBS99].
The second strategy is so called Fair Throughput Scheduling (FTS) which aims at
giving all users the same amount of throughput [Fer10]. This aim is achieved by giving
more resources to users with bad channel conditions. Therefore, the scheduler requires
knowledge of the average achieved throughput for each user. The third strategy is so
called Proportional Fair Scheduling (PFS), which aims at increasing the cell through-
put by considering channel conditions of the users while preserving a certain amount
of fairness [Hol01, Kol03, FKWDO7|. There are two PFS approaches. With PFS-SNR,
a resource is allocated to the user with the highest ratio of current SNR to its average
SNR. With PFS-TP, a resource is allocated to the user with the highest ratio of current
achievable throughput to its average throughput. The first approach aims at scheduling
the user if the channel conditions are good compared to the average conditions, which
leads to a raise of the SNR in the cell since only users with good channel conditions are
scheduled. The second approach considers the average throughput but also the actual
achievable throughput, i.e., in contrast to the FTS algorithm, not the user with the
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lowest throughput is scheduled but the user with the best ratio between current and
average throughput. For both approaches, the actual channel conditions have to be
known by the scheduler. The last strategy is so called Max-SNR Scheduling which aims
at maximizing the cell throughput by scheduling the user with the highest SNR [LZ06].
Max SNR Scheduling provides the highest cell throughput at the expense of fairness
since users with bad SNR are hardly scheduled. In terms of throughput and fairness,
FRS, FTS, PFS-SNR and PFS-TP provide a good trade off compared to Max-SNR
Scheduling. Nevertheless, only PFS-SNR is employed as scheduling algorithm for the
considered adaptive transmission scheme due to the fact that it provides a comparable
throughput-fairness trade off as FRS, F'TS and PFS-TP while having a much simpler
resource-wise scheduling rule compared to the more complex FRS, FTS and PFS-TP
algorithms. This also facilitate the mathematical traceability for analytical investi-
gations. Further on, different user demands can easily be incorporated introducing a
weighting factor resulting in Weighted Proportional Fair Scheduling (WPFES).

2.8.4.2 Weighted Proportional Fair Scheduling

In this section, WPFS applying continuous SNR values like they appear in TDD sys-
tems is presented. As stated before, WPFS requires information about the actual
channel conditions, more precisely information about the SNR of the different resource
units of different users. In a TDD system, the reciprocity of the up- and downlink
channel can be exploited, i.e., the BS just has to measure the SNR fyq(f’j)(n, k) of the
channel from transmit antenna i to receive antenna j of user u in resource unit n in
time frame k£ during an initial pilot phase in the uplink to get the SNR values for the
downlink. With (2.57) and (2.60), the resulting SNR ~,(n, k) of the equivalent SISO
channel can be calculated. In order to incorporate different user demands, a user spe-
cific weighting factor p, with p, <1V w € {1,..,U} is introduced. Based on that, the
subcarriers of resource unit n in time frame k are allocated to the user u*(n, k) with
the highest ratio between the weighted instantaneous SNR and the average SNR #,,
leading to

u*(n, k) = arg max {]%(n,k‘)} . (2.61)
By doing so, each resource unit is allocated to one user exclusively. The weighting can
be interpreted as a virtual SNR boost, i.e., the higher the weighting factor, the higher
the probability of getting access to the channel. In case that p, =1V u € {1,..,U},

all user have the same channel access probability as with conventional PFS.
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2.8.4.3 Quantized Weighted Proportional Fair Scheduling

In this section, WPF'S applying quantized SNR values like they appear in FDD systems
is presented. In FDD systems, the uplink and downlink channels are different, i.e., it is
not possible for the BS to measure the downlink channel during uplink. To overcome
this problem, the MSs have to measure and calculate the resulting SNR ~,(n, k) of
the equivalent SISO channel during the downlink phase. Furthermore, the MSs have
to normalize the resulting SNR ~,(n, k) to the average SNR 7, and feed back the
normalized SNR w in the next uplink phase plus the additional antenna index

of the best transmit antenna in case of TAS-FB. The SNR values are quantized and
digitized with Ng bits to save uplink bandwidth, resulting in

T, k) = Qung {%(n ’ k>} (2.62)

Yu

where the operation Q, n, {7} returns the quantization level index of x. Now, instead of
having continuous SNR values as a TDD system, the signalled SNR values are discrete
numbers representing the index of the quantization interval of the measured SNR value
at the MS. Hence, the subcarriers of resource unit n in time frame £ are allocated to
user u*(n, k) with the highest weighted normalized and quantized SNR value resulting
in the following scheduling rule for Quantized Weighted Proportional Fair Scheduling
(QWPFS):

u*(n, k) = arg max {pu-vin,k)}. (2.63)

In case that several users have the same weighted SNR value, one user is randomly
selected.

In the literature, there exist approaches to obtain CSI of the downlink channel in the
BS based on CSI of the uplink channel in multiple antenna FDD systems [PW10] to
avoid CSI feedback which decreases the spectral efficiency.Note that in this work, only
FDD systems which apply CQI feedback are considered.

2.8.5 Adaptive modulation

In the adaptive OFDMA transmission scheme, the modulation scheme is selected for
each allocated resource unit based on the actual SNR values, i.e., for each subcarrier
inside one resource unit the same modulation scheme is applied where the same trans-
mit power per subcarrier is assumed. By doing so, the modulation is adapted to the
pathloss and to the fast fading. In this work, uncoded M-ary Quadrature Amplitude
Modulation (M-QAM) and M-ary Phase Shift Keying (M-PSK) are considered.
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2.9 Modelling imperfect channel knowledge

2.9.1 Channel Quality Information (CQI)

In this section, the modelling and the parameters describing imperfect channel knowl-

edge are introduced.

As seen in Section 2.8, adaptive transmission schemes require transmitter-sided channel
knowledge. In general, channel knowledge at the transmitter is expressed by T-CSI
which in the considered case denotes the complex channel transfer function H )(n, k)
of the channel from transmit antenna ¢ to receive antenna j of user u of resource unit
n in time frame k, i.e., amplitude and phase in the equivalent base band. Another
less complex metric is the so called Channel Quality Indicator or Channel Quality
Information (CQI). Here, the quality of the channel is indicated only by a scalar value,
for example the SNR. T-CSI is mainly required for Multiple Input Multiple Output
(MIMO) transmission schemes which perform a precoding to spatially separate the
signals intended for different users, so called spatial multiplexing. However, in this work
the channel knowledge at the transmitter is only applied for scheduling and modulation
scheme selection which can be done based on the instantaneous SNR values %(f"j )(n, k),
i.e., only CQI is used as channel knowledge. However, in a realistic scenario, the
provision of CQI values at the BS can not be assumed to be error-free. In the following,

four different sources of error for imperfect channel knowledge are considered:

Measured CQI values are only estimates with a certain estimation error.

The available CQI values are outdated due to time delays.

In case of an FDD system, the CQI values are quantized and digitized before
they are fed back to the BS over a feedback channel.

When detecting the feedback bits at the BS, errors may occur due to a imperfect
feedback link.

In the following sections 2.9.2 to 2.9.6, for each of the four sources of error, the model
and the parameters describing the CQI imperfectness are presented. It is assumed
that the BS is able to measure these parameters, i.e., the impairment parameters are
assumed to be perfectly known at the BS. Note that the resource unit and antenna
indices n, i and j are omitted for the sake of readability.
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2.9.2 Noisy CQI

In a realistic scenario, the channel transfer function has to be measured applying for
example Pilot Assisted Channel Estimation (PACE), i.e., the transmitter transmits a
sequence of Mp pilot symbols d,, = [dy1, .., dp )" with dffd, = Mp which are known
to the receiver. For user u in time frame k, the receive signal is given by

ro(k) = Hy(k) - d, + n,, (2.64)

with the additive white Gaussian noise vector n, of user u with variance o2, = ,_Yi
) u

Applying the Least Squares (LS) criterion given by

arg min |[r,(k) — H,(k) - d,||?, (2.65)
Hy (k)
the LS solution results in
H,(k) = (dfd,)™"-d -r (2.66)

which can be written as

H,(k) = (d,/dy)""-dy) - (Hu(k) - d, +ny)
= H,(k)+(d;d,)"" - d}} n,. (2.67)
N’

From this, it follows that the LS estimator is an unbiased linear estimator since the
expectation value of H,(k) is given by

E{H,(k)} = E{H.k)+a-n,}

0+ e Bl = B 268

The variance of H,(k) is calculated by
Var{H,(k)} = Var{H,(k)+a n,}

= Var{H,(k)} + Z ai - Var{n,}
= Var{H,(k)} + Uﬁ,u : ((dfdp)_1>H

2
Un,u

= Var{H,(k)} + M,

(2.69)

i.e., the estimator is consistent as the variance of the estimation error converges to
zero for increasing Mp [Han01]. With (2.68) and (2.69), the LS estimate H,(k) can be
modeled by

H,(k) = H,(k) + E,, (2.70)
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where the estimation error F, is a complex Gaussian distributed random variable with
zero mean and variance 0%, given by

o2 1

n,u

“ Mp o Au-Mp’

on (2.71)
Thus, assuming that the BS is able to perfectly measure the average SNR 7, of user
u, the error variance O’%lu can be perfectly determined as Mp is known to the BS.

2.9.3 Outdated CQI

Due to the time delay T between the time instant when measuring the SNR and
the actual time of data transmissions, the CQI is outdated. In the following, the
correlation coefficient p, between the realization of the actual channel and the outdated
channel is introduced as a figure of merit to determine the up-to-datedness of the CQI.
From literature, e.g. [WJ94], it is known when the angles of arrival for the different
propagation paths are assumed to be uniformly distributed and, thus, the distribution
of the Doppler shifts corresponds to a Jake’s spectrum, the correlation coefficient p,
only depends on the time delay 7" and the maximum Doppler shift fp,, of user u given
by

Pu = J0(27TfD7uT) (272)

with Jy(z) denoting the Oth-order Bessel function of the first kind. With the carrier
frequency fy and the speed of light ¢, fp,, is given by

_ fO . |Urad,u|
C

fDu (2.73)

with vpaq,, the radial component of the velocity of user u along a line from the user v to
the BS. From this, it follows that the correlation coefficient p, of the channel transfer
factor of user u is given by

pu=Jo (27 foTc™" - |vrad.ul) - (2.74)

To determine p,, the BS has to observe and compare the values of the channel transfer
function on subcarriers which are allocated to user u over a certain time span. With
these values, the covariance and, thus, the correlation coefficient p, can be determined

numerically. Also, the MSs could determine p, and then signal the information to the
BS.
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2.9.4 Outdated and noisy CQI

Since the effects of both time delays and noisy channel estimation are present in a real
scenario, a model which combines both effects is presented. To model outdated CQI,
a first order Markov model is applied. Thus, the channel H,(k — 1) of user u in time
frame k — 1 is given by

Ho(k—1) = a-H,(k) +vVI—a- X, (2.75)

where X is a complex Gaussian distributed random variable with zero mean and vari-
ance one and independent from H, (k). According to [Han01], the correlation coefficient
p(x,y) between two random variables x and y is defined by

cov{z,y}

B \/Var{x} - Var{y} ’

where couv(-) denotes the covariance of two random variables. Thus, the correlation
between H, (k) and H,(k — 1) is given by

p(@,y) (2.76)

cov{H,(k),H,(k —1)}
V/Var{H,(k)} - Var{H,(k — 1)}
_ Veltyl-a-0_ & (2.77)

a+(1—a)

In order to have a correlation coefficient as given in (2.74), the factor a in (2.75) has
to be set to

a=p. (2.78)

Combining (2.75) and (2.70), the relationship between the noisy and outdated channel

A

H,(k — 1) and the actual channel H,(k) is modeled by

H,(k—=1) = H,(k—1)+E,
= pu- Hy(k)+/1-p2- X + E, (2.79)

In the following, the conditional Probability Density Function (PDF)
pHu(k)mu(k_l)(Hu(k)\ﬁu(k — 1)) of the actual channel H,(k) on condition that
H,(k — 1) is measured is derived. Since the real part and imaginary part of H,(k)
and Iffu(k; — 1) are independent and have the same distribution, the derivation of the
PDF of H,(k)|H,(k — 1) is only done for the real part, i.e., the imaginary part of
H,(k)|H,(k — 1) has the same distribution as the real part. For a better readability,
the user and time frame indices u and k will be omitted keeping in mind that H



42 Chapter 2: OFDMA system model

denotes the noisy and outdated channel. The conditional PDF py 4 (H |H) can be
determined applying Bayes’ theorem [Han01] for probability densities given by

2 _pH,ﬁ(Hvﬁ)
pap(HIH) = o) (2.80)

As a first step, the joint PDF p, 5(H, H) is derived by rewriting (2.79) to

()20 (3)

G

where X is NV(0, 1) distributed as introduced in (2.75) and Y is N'(0, 2(0} + 1 — p?))
distributed as can be seen from (2.79. With the factor 3, the fact that only the real
part is considered is taken into account. The joint PDF p; 5 (H, H ) is then given by

Py (L H) = pxy (G—l - ( Z )) [ det(G)!|. (2.82)

Knowing that X and Y are independent and Gaussian distributed, the joint PDF
pr.a(H, H) is calculated by

. 1 _m? _#E—ph)?
() = s e e ¥
' 2mo, - 0y
2 2 2 £ 2
e A
1 ()
_ e 2\eF 2o} el (2.83)

2mo, - 0y

with 02 = 1 and 02 = 1(0%+1—p?). From (2.75), it is known that H is A" (0, 1(1 + 02))
distributed, i.e.,

R 1 s
pa(H) = ——=— ¢ 7 (2.84)

V2T - U}%
with o2 = (1 + ¢?). Inserting (2.83) and (2.84) in (2.80) leads to

A\ 2
N (- 5i3)
Py (H|H) = ————==oxp | == 55— | . (2.85)
\/27T' Ua(c)—_]gy 2 o}%

Considering both real and imaginary part, H,(k)|H,(k — 1) is a complex Gaussian
distributed random variable with mean value

Pu 2
w=—- H,(k—1 2.86
o = gtk =) (2:56)
and variance ) ) )
- Pu +o u
o2 — - Pul OB (2.87)

" 14og,
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For perfect CQI, i.e., p, = 1 and o2, = 0, (2.85) reduces to a Dirac function §(H — H)

meaning that the estimated channel H is equivalent to the actual channel H. For

totally outdated or totally noisy CQI, i.e., p, = 0 or U]%,u — 00, respectively, the mean

value of H |13[ becomes ;1 = 0 and the variance becomes aiu = 1 meaning that there

is no information about the actual channel H except that its real and imaginary part
1

are Gaussian distributed with zero mean and variance 3 resulting in a total variance

of one.

2.9.5 Quantized CQI

In case of an FDD system, the frequency band of the uplink and downlink channel are
different, i.e., it is not possible for the BS to measure the downlink channel during the
uplink frame as in TDD systems. Thus, the MSs have to feed back the SNR values
to the BS on a special feedback channel during the uplink. In order to decrease the
amount of feedback, the CQI of each resource unit n in each time frame k is digitized
at each MS u. In this case, the scheduler at the BS can not distinguish between the
channel qualities of different users as precisely as with continuous CQI values, since
there is only a limited numbers of CQI levels. The quantized CQI is formed in two
steps. First, each MS u quantizes the measured SNR value in L = 2@ quantization
levels with L + 1 quantization thresholds %f;f’)l with [ = 0, .., L, where N denotes the
number of quantization bits per resource unit. In general, the quantization thresholds
A — [%S;i)o, ..,vt(ﬁ,)L] for each user u can be selected arbitrarily following a certain
quantization function

i.e., according to the user index w and the number N of quantization bits, the quanti-
zation function returns a SNR threshold vector %(ff). For example, the SNR thresholds
could be equidistantly distributed over a given SNR range. Second, the quantized
CQI feedback is digitized according to a certain bit coding scheme. In this work, two
coding schemes are considered, namely binary coding and binary-reflected Gray cod-
ing [Wil89]. With binary coding, the integer quantization level index Xj, is translated
into its Ng bit binary representation Xy;,. The translation from a binary value Xy,
to the corresponding binary reflected Gray code Xgyay is given by

Xgray = Xbin S Xbin/2 (289)

where Xy, /2 denotes the 1-bit shifted version of Xy, to the right and & denotes the
exclusive OR (XOR) operation [Wil89].
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Both coding schemes can be characterized by an L x L Hamming distance matrix
B. This Hamming distance matrix is necessary to determine the probability of an
erroneous feedback bit detection in case of an imperfect feedback link. The (z,y)-th
element b, , of matrix B with z,y = 1, .., L contains the Hamming distance between the
bit coding of the x-th quantization level and the bit coding of the y-th quantization
level. As shown in Appendix A.4.1, the Hamming distance matrix By, for binary
encoded quantization levels applying Ng bits can be constructed iteratively according

By,-1 1+ By,
By, — @ @ 2.
we (W0, el ) (2:90)

with By = 0 and Ng > 1. For binary-reflected Gray encoded quantization levels, the

to

Hamming distance matrix By, applying Ng bits is given by

Bn,-1 2-Ig n,-1 + Bng-1
By = Q e Q 2.91
Na ( 2-1g ny-1+ Bng-1 Bn,1 (2:91)
with By = (1) (1] , No > 2 and the 2"e x 2@ block identity matrix I N, consisting
of two 2Ve~1 x 2Ne=1 one matrices and two 2Ve~1 x 2Ve~1 zero matrices given by

1 -~ 1.0 --- 0
1 -~ 1.0 --- 0

Ie g = 0O --- 0 1 --- 1 (2.92)
0 -0 1 1

as shown in Appendix A.4.2.

Note that the quantization of the CQI also has an impact on the modulation scheme
selection. For a TDD system with continuous CQI values where M different modulation
schemes are available, there are M +1 different SNR thresholds Vt(li)l for each user v with
[l =0,.., M, assuming that below the first threshold %(;ﬁ no transmission is performed.
However, in case of an FDD system with quantized CQI values, the SNR thresholds
are preset by the quantization thresholds, i.e., if the fedback SNR values are quantized
into L = 2V quantization levels at the MSs, then at most L different modulation
schemes can be applied for the L different quantization levels which leads to a loss in
flexibility adapting to the current channel conditions.

2.9.6 Imperfect feedback link

In a realistic scenario, the transmission of the digital CQI over the feedback channel
can not be assumed to be error-free. Depending on the quality of the feedback channel
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and the used modulation scheme, bit errors may occur when detecting the feedback
bits with a bit error rate p,. If an error occurs when detecting the feedback bits, an
SNR value, which was measured to be in the xz-th quantization level is now assumed
to be in the y-th quantization level. To determine the probability of this event, the
L x L error probability matrix E is introduced. The (z,y)-th element e, , of E with
x,y =1,---, L denotes the probability that an SNR value which was measured at the
MS to be in the y-th quantization level is assumed to be in the z-th quantization level
at the BS. Matrix E is calculated using the hamming distance matrix B according to

ery = (1— pb)NQ_b””’y -pzz’y, (2.93)

where (1—p,)Ve~b=v determines the probability that Ng—b, , bits are received correctly
and pzz’y determines the probability that b, , bits are received incorrectly. To determine
pp for the feedback channel, BER measurements can be done.
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Chapter 3

Combining adaptive and non-adaptive
transmission modes in the presence of
imperfect CQI

3.1 Introduction

In this section, the combination of adaptive and non-adaptive multi-user OFDMA
transmission modes in the presence of imperfect CQI is discussed.

As already mentioned in Chapter 2, the application of adaptive OFDMA transmission
modes leads to very good performances by exploiting multi-user diversity in case of
having perfect CQI for all users at the BS [OR05]. Having no CQI at all at the BS, the
use of non-adaptive OFDMA modes exploiting frequency diversity [SBS97], [SFST05]
independent from any CQI is the best strategy, however, not achieving the perfor-
mance of adaptive schemes with perfect CQI. But what should be done for imperfect
CQI? In the literature, the problem of dealing with imperfect transmitter sided channel
knowledge is mainly addressed in pure adaptive OFDM-based systems. However, fu-
ture radio systems shall support both adaptive and non-adaptive transmission modes.
The OFDM-based TEEE 802.16 WIMAX standard offers the opportunity of applying
adaptive and diversity-driven transmission modes [IEE04]. Also, for fourth generation
systems it is planed in the proposal of the European Wireless World Initiative New
Radio (WINNER) project plans to support adaptive and non-adaptive transmission
mode [WINO5a].

Assuming that each user suffers the same degree of CQI imperfectness, it is possi-
ble to consider a system which switches between an adaptive and non-adaptive mode
depending on the current quality of the CQI or, in other words, the current CQI im-
perfectness as done in [KK08b]. In such a system, all users are served either adaptively
or non-adaptively. As expected, it is beneficial for the overall system performance to
switch from adaptive to non-adaptive transmission in case of decreasing quality of the
CQI. However, in a realistic scenario, it is not reasonable to assume that the level
of CQI imperfectness is equal for all users since each users has its own transmission
conditions. Instead, it is much more reasonable to assume that the CQI quality differs
from user to user, i.e., for some users, the CQI is only slightly corrupted, whereas for
other users the CQI is totally inaccurate. For such a scenario, a hybrid transmission
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scheme which is able to support both transmission modes becomes eligible. In this
context, two main question arises. First, how is the coexistent service of users apply-
ing an adaptive transmission mode and a non-adaptive transmission mode taking into
account imperfect CQI put into practice. Second, how to decide which user is served

adaptively or non-adaptively.

In this section, a hybrid multi-user OFDMA system is introduced where both adaptive
and non-adaptive transmission modes are supported. Non-adaptive users are served
by applying the non-adaptive OFDMA transmission mode presented in Section 2.7.
Adaptive users apply the adaptive OFDMA transmission mode introduced in Section
2.8 which performs an adaptive resource allocation together with an adaptive mod-
ulation based on the instantaneous CQI while also taking into account the fact that
the CQI is imperfect. The adaptive and non-adaptive transmissions are multiplexed
in frequency, i.e., different resource units in frequency direction are either reserved for
non-adaptive or adaptive transmission over several time slots. For the order of serving
the users, two possibilities are considered. Firstly, the resource units are allocated to
the non-adaptive users in a first step and the remaining resource units are then al-
located to the adaptive users in a second step. Secondly, first the adaptive users are

served followed by the non-adaptive users.

The overall goal of the considered hybrid system is to achieve a maximum system data
rate under the constraint of a minimum user data rate and target Bit Error Rate (BER).
In this context, it has to be resolved how to adaptively adjust the applied modulation
schemes to the current channel conditions while taking into account imperfect CQI in
order to maximize the system data rate considering the user requirements. This implies
that the functional interrelation between the user data rate and BER and the parame-
ters describing the impairments of the CQI has to be known which requires derivations
of the user data rate and BER as function of the CQI impairment parameters.

Further on, the question of which user shall be served adaptively or non-adaptively
taking into account user-dependent imperfect CQI has to be answered. Since the per-
formance of an adaptive users depends on the total number of adaptive users in the
system due to the selection process and the multi-user diversity involved, the decision
whether a user is served adaptively or non-adaptively cannot be made userwise inde-
pendent from the other users but has to be done jointly considering all users, resulting
in a combinatorial problem.

The remainder of this section is organized as follows. In Section 3.2, the hybrid multi-
user OFDMA scheme is introduced. Section 3.3 presents the two orders of allocating
resources to users in a hybrid OFDMA system which are Non-Adaptive First resource
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allocation (Section 3.3.2) and Adaptive First resource allocation (Section 3.3.3). Sec-
tion 3.4 provides the problem formulation. Section 3.5 shows that the problem can be
split up into two smaller problems which are then discussed and solved in Sections 3.6
and 3.7. Several parts of this Chapter 3 have been originally published by the author
in [KK07a, KK07b, KK08b, KK08a, KKWW08, KK09, KK10, KK11].

3.2 Hybrid transmission scheme

In the following, the hybrid transmission scheme is introduced. As mentioned in the
Introduction, the BS has to perform several preprocessing before the actual data trans-
mission is done. Fig. 3.1 illustrates the preprocessing which has to be done for each
time frame k. At first, the system has to select the applied access scheme for each
user u, i.e., it has to decide whether a user is served adaptively or non-adaptively. This
decision is based on the System Parameters (SP) which are the number N, of available
resource units, the number U of users to be served, the number Ny of feedback bits,
the feedback BER py, the target BER BE Ry and the user-dependent average SNR. 7,,.
Furthermore, the decision is based on the parameters describing the CQI imperfectness
which are the correlation coefficients p, stacked together in the vector

I'= [pla P25 45 pU] (31)

and the estimation error variances o3, given by
_ (2 2 2
Y = [UEJ, OR.2 O’E7U]. (3.2)

Note that it is assumed that these impairment parameters are perfectly known at the
BS.

Finally, the decision whether a user u is served adaptively or non-adaptively depends on
the channel access demand vector D of (2.36) which is known at the BS. The outcome
of the access scheme selection is the user serving vector

9 = [0, ..., 90]", (3.3)

where 1, = 0 if the user u is served non-adaptively and ¥, = 1 if the user u is served
adaptively. Together with the channel access demand vector D and the CQI values for
each resource unit of each user, the user serving vector is used to perform the adaptive
and non-adaptive resource allocation. The outcome of the resource allocation is the
U x Ny, allocation matrix X. The elements z,, € {0,1} of X denote whether the n-th
resource unit is allocated to user u (z,, = 1) or not (x,, = 0).
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Besides the resource allocation represented by matrix X, the user serving vector ¢ and
the system parameters, the impairment parameters I' and 3 and the channel access
demand vector D are used to determine the SNR threshold vector v, for the applied
modulation schemes. Since the calculation of the SNR thresholds does not depend on
the instantaneous CQI, the calculation can be performed in parallel to the resource
allocation, i.e., both operations are independent from each other.

Finally, with the SNR threshold vector ~y,, the allocation matrix X and the CQI
values for each resource unit of each user, the U x N,, modulation scheme matrix Xy
is computed where the elements y,,, denote which modulation scheme is applied in
the n-th resource unit allocated to user u in time frame k.

System C%I_> adaptive / non-adaptive ;QI " modulation
Parameters (SP) access 9 resource allocation scheme — X
selection
rXx scheme
. Sp ] SNR threshold Yeh
selection
D — L, Y— calculation
D —

Figure 3.1. Preprocessing of the hybrid transmission scheme

Note that in a practical system, the SNR thresholds could be calculated off-line for
certain values of ¢, SP, I', ¥ and D and stored in a look-up table to reduce the

computational complexity.

After the preprocessing is completed, ¥, X and Xy, are utilized for the actual data
transmission applying the hybrid scheme. Fig. 3.2 shows the transmission chain of
the hybrid scheme for a given user u. First, the binary data d]g?r)l of user u is mapped
on data symbols d® utilizing the u-th row Xy ™ of modulation scheme matrix Xyy.
The resulting data symbols are then either directly OFDM modulated according to
the u-th row X® of allocation matrix X or DFT precoded followed by the OFDM
modulation depending on the user serving vector element 1J,,. The time domain signal
at the output of the OFDM modulation is denoted by s™. In case of an adaptive user,
either OSTBC or TAS is applied at the transmit antennas while for a non-adaptive
user, always OSTBC is applied. At the receiver, MRC is applied followed by the
inversion of the channel, the Space-Time Coding, the OFDM modulation and the DF'T
precoding in case of a non-adaptively served user. Note that is assumed that each user
is informed about whether it is served adaptively or non-adaptively. Applying data
estimation results in the estimated binary data (Aigfi of user w.
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d™ DFT h ~ ()
bin_J (u) (u) d;
Modulation M OFDM |57 | Antenna \ Receiver |21
— |—> Modulation Processing

X(U) [
M X (w)

Figure 3.2. Transmission chain of hybrid transmission scheme

3.3 Order of resource allocation

3.3.1 Introduction

For the resource allocation of adaptive and non-adaptive users, two different resource
allocation strategies are considered. For a given user serving vector ¢, there are

U
Ur =Y t,=0" (3.4)
u=1
adaptive user in the system. Each adaptive user u demands access to D, resource units
on average resulting in

U
Wa =Y v, D, (3.5)
u=1
resource units dedicated to the U, adaptively served users and
Wya = Nyw — Wa (3.6)

resource units dedicated to the U — U non-adaptively served users.

3.3.2 Non-Adaptive First resource allocation

The first strategy referred to as Non-Adaptive First scheme is to allocate the Wya
resource units to the non-adaptively served users without using any CSI in a first
step. As described in Section 2.7.4, this is done blockwise in a cyclic fashion. The
remaining Wy resource units are then allocated to the adaptive users following the
WPFS policy and QWPEFES policy, respectively. By doing so, the non-adaptive users
obtain their demanded resource units and the adaptive users can benefit from the multi-
user diversity. However, since certain resource units are no longer available for adaptive
users since they are given to non-adaptive users, possibly good channel conditions on
these restricted resource units can not be exploited.
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3.3.3 Adaptive First resource allocation

To overcome this drawback, the second resource allocation strategy, referred as to
Adaptive First is introduced. Now, first the resource units of the adaptively served
users are allocated, i.e., WPFS/QWPFS is applied over all N,, resource units tak-
ing into account only the U, adaptive users. By doing so, the variety of all N,
resource units is exploited in the adaptive resource allocation process. However, the
non-adaptively served users demand Wy, resource units which have to be re-allocated
from the adaptive users. As for non-adaptive users it is not important which resource
units are allocated to them since the non-adaptive mode works independent from any
CQI, Wya out of the N, selected resource units with the lowest ratio between weighted
instantaneous SNR and average SNR are re-allocated from the adaptive users to the
non-adaptive users. By doing so, the best W, out of N, resource units are selected for
the adaptive users while the non-adaptive users still obtain their demanded resource

units.

In the following, the resource assignment of both resource allocation schemes is illus-
trated in Fig. 3.3 for a system with U = 4 users and N,, = 8 resource units assuming
different numbers of adaptive and non-adaptive users and two consecutive time frames.
Note that blank symbols represent adaptively served users while filled symbols repre-
sent non-adaptively served users. In Fig. 3.3 (a), all users are served non-adaptively
(Un = 0, Una = 4). In this case, there is no difference between Non-Adaptive First
and Adaptive First. This case is equivalent to a conventional pure non-adaptive trans-
mission. In Fig. 3.3 (b) and (c), only user u = 4 is served adaptively. In this case,
there is a major difference between both schemes. With Non-Adaptive First shown in
Fig. 3.3 (b), the adaptively served user actually does not have any choice in selecting a
resource unit since only two given resource units remain. With Adaptive First shown
in 3.3 (c), the adaptive user can select its two best out of all eight available resource
units while the remaining 6 resource units are allocated to the 3 non-adaptive users.
Furthermore, applying Non-Adaptive First, the allocation of the non-adaptively served
users remains the same for consecutive time frames assuming that ¢ remains constant
while with Adaptive First, the resource allocation for all users can be totally different
for consecutive time frames as the position of the best resource units of user u = 4 can
differ from frame to frame. This observation is also valid for all cases when 1 < Uy < 4
as seen in Fig. 3.3 (b) to 3.3 (f). Note that the resource allocation could be in any
order for both Non-Adaptive First and Adaptive First. The chosen examples are just
used to clarify the differences between both schemes. For the case of Uy = 4 adaptive
users, c.f. Fig. 3.3 (g), both schemes are again identical. This case is equivalent to a
conventional pure adaptive transmission.
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Figure 3.3. Hybrid adaptive - non-adaptive resource allocation with n adaptive users
and (4 —n) non-adaptive users: (a) n = 0 (equivalent to pure non-adaptive), (b) n =1
with NAF, (¢) n =1 with AF, (d) n = 2 with NAF, (e) n = 2 with AF, (f) n = 3 with
NAF, (g) n = 3 with AF and (h) n = 4 (equivalent to pure adaptive); blank symbol:
user is served adaptively, filled symbol: user is served non-adaptively

3.4 Problem Formulation

As stated in the introduction, the goal of the considered hybrid system is to achieve a
maximum average system data rate under the constraint of a minimum user data rate
and target Bit Error Rate (BER). The two parameters which are adjustable by the
system to accomplish this task are the user serving vector ¥ and the SNR threshold
vector %(ﬁ) of each user u. In the following, the average system data rate Ry is
defined as the sum over the U different user data rates R\ (¢,7) and B (9,7{")
applying either the adaptive or non-adaptive transmission scheme divided by the U.

This average system data rate shall be maximized over the vectors 1 and %(g) subject
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to a minimum user date rate ') and a target BER BERT:

min

U
'DU Hlu u Hlu u
Rwon = xS (9 ) [BAP 00 + 1= B0 61

Yeh” u=1

subject to
DR (9,74 + (1= ) - RY (9,94) = Ri,

min

9.BERy (9,73) + (1 - 0,) - BERY (9,}) < BER.

Nru
resource unit. Furthermore, it is assumed throughout this work that the required target

Note that the factor <&> represents the probability of user u to get access to a given

BER is equal for all users. However, the problem can easily extended to different target
BERs.

From (3.7), it follows that for each user u, the optimal SNR threshold vector %(;f,)opt
which maximizes the user data rate has to be found while fulfilling the BER require-
ment. Furthermore, the best user serving vector ¥, out of 2V possible realizations
which maximizes the total system data rate has to be found, i.e., the best user serving
combination searching from the one extreme case of serving all users adaptively to the
other extreme case of serving all users non-adaptively has to be identified. Since the
data rate RXL) (19, vt(ﬁ)) of an adaptive user strongly depends on the number of adaptive
users in the system due to the multi-user diversity, as also shown in the next sections,
the decision whether a user is served adaptively or non-adaptively cannot be made
userwise but has to be made jointly considering all users.

3.5 Splitting up the problem into two smaller prob-
lems

In order to solve the optimization problem (3.7), it can be split up into two smaller
problems. For each possible serving vector realization v, the user data rate RXL) (0, %(ﬁ ))
applying the adaptive transmission scheme and the user data rate Rl(\? ) (9, vt(ff )) applying
the non-adaptive transmission scheme is optimized subject to a target BER, resulting

in the following problem referred to as SNR threshold problem:

R ope(¥) = max (RN @.98)) (3.8)
“Vth
subject to

BERyx(9,7) < BER.
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Being able to solve (3.8) for each possible ¢, the optimal user serving vector ¥qp can
be found by solving the second problem referred to as user serving problem:

U
_ D, _ (0 = (u
Rrron = mx 3 () [ + (1 =00 RO, 0)] 39
u=1 ru
subject to
JuRYD () + (1= 9,) - Ry, (0) > R,

By doing so, the problem of (3.7) is not simplified, i.e., (3.7) describes the same problem
as (3.8) and 3.9). Instead of jointly searching for the optimal user serving vector ¥ and
SNR thresholds 7 in (3.7), one looks for the optimal SNR thresholds 7 (9) as a
function of the user serving vector ¢ in (3.8) and then optimizes 9 in (3.9).

In the following two sections, solutions for the two problems (3.8) and (3.9) are pre-
sented. In Section 3.6, it is assumed that there exist a given user serving vector ). For
this ¥, the optimal SNR thresholds are then determined solving (3.8). In Section 3.7,
it is then shown how to solve (3.9), i.e., how to find the optimal user serving vector 9.

3.6 The SNR threshold problem

3.6.1 Introduction

In the following, the SNR threshold problem of (3.8) is addressed for both TDD and
FDD systems. The reason for considering TDD systems and FDD systems separately
is the difference in acquiring transmitter sided channel knowledge and the resultant
different properties of the channel knowledge for both systems. These differences result
in a different processing of the channel knowledge in the scheduling process for both
systems which will be explained in details in Section 3.6.2 for TDD systems and in
Section 3.6.3 for FDD systems.

3.6.2 TDD systems

3.6.2.1 Non-Adaptive First

3.6.2.1.1 Introduction In this section, the Non-Adaptive First resource allocation
scheme is analyzed concerning the channel access and resulting SNR distribution of the
adaptively and non-adaptively allocated resource units assuming that the user serving
vector ¥ is given.
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3.6.2.1.2 Channel access

3.6.2.1.2.1 Introduction As shown in Section 2.7, each non-adaptive user u with
¥, = 0 gets access to D, resource units, i.e. the channel access demand is fulfilled for
the non-adaptive users. The remaining

U
Wa=Nu— Y D, (3.10)

Yy #1

resource units are then allocated to the U, = 974 adaptive users following the WPFS
policy. As depicted in Section 2.8.4, WPFS employs a user-dependent weighting factor
pu to adjust the probability of getting access to the channel. Since U, different users
are competing for the resource units, the channel access probability P4(u,p) of user
u depends on the weighting factors p, with ¢ = 1 of all U, adaptive users which are
represented by the vector p.

In the following, it is shown in Section 3.6.2.1.2.2 and 3.6.2.1.2.3 how to compute
the channel access probability Pa(u,p) for a given adaptive user u as a function of a
given weighting vector p and how to determine the average number of resource units
allocated to user u applying both OSTBC and TAS, respectively. Having derived
the interdependency between weighting factor p, and the average number E{N,,,} of
resource units allocated to user wu, it is shown in Section 3.6.2.1.2.4 how to adjust the
weighting factors p such that the number of expected resource units allocated to each
user u equals a given user demand D, i.e., the weighting vector p becomes a function
of the user demand vector D. Fig. 3.4 illustrates this interrelationship.

WPFS

PA(uv p) E{Nru,u}(p) ; Du

Figure 3.4. Interrelationship between weighting vector p and user demand D, of user
u

3.6.2.1.2.2 Calculation of the channel access probability for adaptive users
applying OSTBC-MRC The probability PS(%)C_N Ap(P) of the adaptive user u to
get access to a resource unit in a system applying OSTBC at the transmitter and
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MRC at the receiver is now derived as a function of the weighting vector p. With the
WPFS policy of (2.61) from Section 2.8, it is can be seen that only the user u*(n, k)
with the highest normalized and weighted SNR value gets access to resource unit n in
time frame k. From Section 2.8 it is also known that the resulting SNR ~,(n, k) after
OSTBC and MRC is given by (2.57). In the following, the indices n and k are omitted
since the calculations are valid for each resource unit and time frame. From (2.57) it
can be shown that the Probability Density Function (PDF) of the resulting SNR =, is
a chi-square distribution with 2nr - ng degrees of freedom [Pro95| given by

nr nTNR ,VLLTnR 1 ( anyu)
w) = | — o exp | —— . 3.11

Pru(%) (%) (nene — 1)1 P\ A, (3.1
Hence, the PDF of the weighted and normalized SNR ~,, = p“j_y% is given by

Poe () = (”_T)"T"R . (VL‘”)' - exp <_”T7W> . (3.12)

Du ntnr — 1)! Pu

In order to determine PS("T“)C—N Ap(P), the probability that user u successfully competes
against the other Uy — 1 adaptive users has to be calculated as

8} Y1
P war(P) = / ) / . / Op»yw(yl)~p»yw(yz)---pww(yv) dyrdys . . . dyu,
Y1 Y2 =

o) NTNR ntnr—1
- / ("—T) N exp (—nTyl) (3.13)
0o \DPu (nong — 1)! Pu

Ua — ntnr—1 1 — v
T % (M) )
=1 =0 v: p’l
iFu

applying [GR65, Eq. 3.381] and [GR65, Eq. 8.352.1]. Examining (3.13), the first term
of the integral represents the probability that the weighted and normalized SNR value

of user u has a value equal to y; whereas the second term represents the probability
that the weighted and normalized SNR values of the remaining Uy — 1 other users are
smaller than the value ;.

Performing some transformations and applying [GR65, Eq. 3.381.4] and [GR65, Eq.
8.339.1] to (3.13), the channel access probability PS(%)C_N Ap(P) of user u can be written
in closed form as

Ua (v—=1)-(nTnr—1)
PS(%)C—NAF(p> = Z nTnR Z Z Z( T )) (3.14)

T =

v—1 1 Vi
. (Z;j 11 Vi + nTnr — 1) . Hi:l (pr'(7],i)+1)
(nong — 1)! Ua—1 n Si) vitnong
(% +xi )

Pi+1
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with the multi-indices n = [n1, 72, ..., nu,—1] with n; € {0,1} V7 =1,..,Us — 1 and
v = [y, ....Vp_q] with v; € {0,1,..,ny-ng —1} Vj =1,..,v — 1. The function
r(n, ) returns the index of the i-th 1 in the multi-index 7.

From this, it follows that the average number of resource units allocated to an adaptive
user u in an OSTBC-MRC system applying the Non-Adaptive First scheme is given by

E{Nuuu} = Wa - P8t xar(p). (3.15)

Note that E{ Ny} does not have be an integer number, i.e., E{Ny,,} can be a frac-
tional number, e.g., if in different time frames different numbers of resource units are

allocated to a certain user which can occur when applying WPFS.

3.6.2.1.2.3 Calculation of the channel access probability for adaptive users
applying TAS-MRC Using TAS instead of OSTBC at the transmitter, the channel
access probability P&)S_N Ap(p) for user u also changes. In order to derive P&)S_N Ar(P)s
the PDF p,, (7w) in (3.13) has to be exchanged by the PDF Py (Vwn,) Of the best
out of nt weighted and normalized SNR values resulting from transmitting with only
one transmit antenna and performing MRC with ng receive antennas given by

nr—1
T A IV pu® (nr —1)! u

N ng—1 1 N v nt—1
. 1 _ - Wnp - Wnp
< exXp ( Du ) ; o ( I’y ) ) )
leading to

(w) ® np oyt _m T BTN "
PTAS—NAF(p> = o ﬁ . m «€ Pu - 1 —e pu J p—u (317)

U " nr—1 1 o\ T
H(l—e_pTZJ(%)) dyl

i=1 v=0

which can be rewritten as

u (&9 1 nR ynR—l _y_/l
-ﬂ&qmﬂm=ié m“<ﬁ) 'ijBTep” (3.18)
np-U vy nr—1 1 v
iFu

with the extended weighting vector p’ of length nt - U given by

P=pP p ... Pl (3.19)
—_——

nt times
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Comparing (3.18) with (3.13), it can be seen that the integrals are similar besides the
factor nr at the beginning. From this, it follows that the channel access probability
in a TAS system can be calculated using the channel access probability of an OSTBC

system with p’, Uy = nr - Ua, n. = 1 and nf; = ng, given by

P xar(P) = 1 - Péro_xar (D' Uk, nlp, ). (3.20)

The average number of resource units allocated to an adaptive user u in a TAS-MRC
applying the Non-Adaptive First scheme is given by

E{Nuwu} = Wa - P2 ar(P). (3.21)

An alternative way to derive (3.20) is to interpret the multi-user TAS system with nr
transmit antennas and Uy users as a system employing only one transmit antenna but
with n - UA virtual users. Thus, TAS can be interpreted as a special case of a multi-
user OSTBC system with U) = nr - Ua, np = 1 and ny = ng. Hence, one adaptive
user must compete against n - Uy — 1 other virtual users to get access to a resource
unit. However, each user u is related to nt virtual users, i.e., the chance that user u is
selected is factor ny larger resulting in (3.20).

3.6.2.1.2.4 Calculation of weighting factors Until now, it was assumed that
the weighting factors p were given. In this section, it it shown how to adjust the
weights in order to fulfill the user demands D of the different users. Without loss of
generality, it is assumed that the users are sorted by their user demand in descending
order, i.e. Dy 1> D, > D,1q.

In the following, it is shown how to incorporate the fact that different users can have the
same user demand when calculation the weighting factors to simplify the calculation.
Recalling the definition of the demand groups G; and the number of demand groups
G introduced in Section 2.6, users having the same channel access demand D, are
arranged into demand groups G;. From this, it follows that there exists G different
weighting factors p; with ¢ = 1, .., GG stacked into the vector p and G different weighting
factors D; with i = 1, .., G stacked into the vector D. The i-th weighting factor occurs
|G;| times with | - | denoting the cardinality of a group. Without loss of generality,
the weighting factors of the users with the lowest channel access gain corresponding to
demand group Gg are set to 1, resulting in

13 = [ﬁh ﬁ27 3] ﬁG—b 1] (322)
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The channel access vector D is given by

D = [Dy, D,, .., D¢ (3.23)

Thus, the original weighting vector p can be replaced by

15 = [?17 ﬁh ) ﬁh "'7]§G—17 ﬁG—h ) ﬁG—h 17 17 ) 1]7 (324>
‘,' > NS ~~ - > W
|G1]- times |Ge—1|- times |G|~ times

i.e., p can be interpreted as a function of p

p = /(D) (3.25)

The following example shall illustrate this. In a system with Uy = 5 users, the channel

access demand vector is given by
D =[10, 10, 7, 5, 5].

Thus, there are G = 3 demand groups namely G, = {1,2}, Go = {3} and G5 = {4, 5}.
Hence, the original weighting vector p = [p1, pa, p3, psa, ps] can be replaced by

f) = []317 ]517 ]52’ 17 ]']

Due to the replacement of p by P, only G — 1 different weighting factors p; with
1=1,..,G — 1 have to be found such that

E{Nwu} =Wa-Puar(i,p)=D; Vi=1,.,G—1, (3.26)

i.e., the average number of allocated resource units equals the number of demanded
resource units for each user. This can be done by solving the following constrained

} (327)

using for example the fmincon function in MATLAB™. The corresponding weighting

nonlinear optimization problem

G-
p* = arg mln { Z

subject to

D,
Wa

Fxe(f(B)) —

Pu = 1.

vector p is then given by

= [P1, D1, -2 DYy s D15 Per—ts s Der1s 1, 1,1 ], 3.28
P = [p1, Pl Py PG-1,PG-15 - PG—1 ] (3.28)

|G1]- times Go_1|- times  |gg|- times
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The following example shall illustrate the weighting factor calculation. Let us assume a
system with Uy = 5 adaptive users and W, = 100 available resource units with nt = 2
transmit antennas and ng = 1 receive antenna. In a totally fair system, each user u
demands access to D, = Ig—: = 20 resource units, i.e., D = [20, 20, 20, 20, 20]. For both
OSTBC and TAS, the weighting factors in this case are given by

pPstc = pras = [1, 1, 1, 1, 1]

since no weighting has to be done as WPFS converges to PFS. If the channel access
demand vector is for example given by D = [40, 30, 20, 5, 5], the weighting factor
which minimize (3.27) in case of OSTBC are given by

pstc = [2.426, 2.074, 1.703, 1, 1]
and in case of TAS given by
pras = [2.543, 2.158, 1.755, 1, 1],

i.e., due to the different SNR statistic applying either OSTBC or TAS, the weighting
factors have to be adjusted differently. Note that for the calculation of the weighting
factors, no knowledge about the channel quality is needed as PéfXF(p) only depends
on nr, ng, Ux and p, see (3.14). For brevity and to ease the illustration, it is now
assumed that there is only one high demand user and 4 low demand users leading to

100—-D 100—-D 100—-D 100—-D

D= Da 4 5 4 > 4 ) 4 5

ie, p=[p, 1, 1, 1, 1]. From Figure 3.5, it can be seen that for different antenna
constellations the weighting factor p has to be adjusted differently in order to guarantee
a certain user demand D. For example, if the high demand user should get access to
D = 60 resource units, i.e., three times more channel resources compared to the fair
case with D = 20, the weighting factor has to be set to p = 3.75 in a SISO system. In a
2 x 1 system, the weighting factor has to be set to p = 2.6 applying TAS and to p = 2.48
applying OSTBC, respectively, and for a 2 x 2 system, p = 2.0 applying TAS-MRC and
p = 1.9 applying OSTBC-MRC have to be chosen. Moreover, it can be seen that the
more antennas are used in the system, the less the increase of the weighting factor p of
an increasing user demand D. This can be explained by the spatial diversity which is
brought into the system using multiple antennas. The more spatial diversity, the less
are the variations of the resulting normalized SNR values of the different users due to
the averaging effect. Hence, in order to successfully compete against the other users,
only a slight SNR boost is needed corresponding to a small weighting factor increment.
In case of SISO, the SNR variations of the different users are rather high, meaning
that it requires a larger weighting factor increment to successfully compete against the
other users for an increasing user demand D.
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Figure 3.5. Weighting factor p vs. user demand D

3.6.2.1.3 SNR distribution

3.6.2.1.3.1 Introduction In the following, the distribution of the resulting SNR of
a resource unit which is allocated to user u will be derived for the non-adaptively served
users and adaptively served users applying the Non-Adaptive First scheme assuming
any given number U, = 919 of adaptive users and any given weighting vector p,
i.e.. any given user demand vector D. These PDF's will then be used to analytically
determine the performance of the system later on. Again, the indices n and k are
omitted since the calculations are valid for each resource unit and time frame.

In case of non-adaptively served users, there are no adaptive scheduling decisions or
adaptive modulation scheme selections to be made. Hence, only the PDF of the result-
ing SNR at the receiver of an allocated user is of interest to determine the performance
of non-adaptively served users. As stated in Section 2.2, perfect R-CSI is assumed.

In case of adaptively served users, the system performance strongly depends on the
quality of the measured SNR values which are required performing adaptive resource
allocation and adaptive modulation. In a TDD system, these SNR values are assumed
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to be outdated and noisy estimates as stated in Section 2.9. Hence, for determining the
performance of an adaptively served user, the PDF and Cumulative Density Function
(CDF) of the SNR values of an allocated user measured at the BS are of interest since
both the adaptive resource allocation and adaptive modulation are performed at the

transmitter side.

3.6.2.1.3.2 Non-adaptive users As derived in Section 2.7.3, the resulting SNR
YpFT,w at the receiver of user u applying the non-adaptive transmission mode is given
by (2.52). In order to determine the PDF of yippr 4, several steps have to be performed.
First, the PDF of the resulting SNR

nT-nRr

1
YoM = o > ) (3.29)
i/ =1

obtained from OSTBC and MRC is introduced. With (2.9) and keeping in mind
that the real and imaginary parts of the channel transfer function H are modeled
as independent Gaussian distributed random variables, yii,)(q) from Eq. (2.52) is an
exponentially distributed random variable. Thus, youm ., can be modelled as a weighted
sum of 2nrng independent exponentially distributed random variables. From [Pro95]
it is known that such a sum of random variables is chi-squared distributed with 2ntng
degrees of freedom with the PDF given by

nTNR ntngr—1
(w) _(Dr _Jom _ v om 3.30
o) = (2) 7 28 (<O (3

Next, let us introduce z, denoting the reciprocal value of your,, weighted by D% given

by
1 1

B D_u VOM,u.

(3.31)

“n

From this, it follows that z, is inverse chi-squared distributed with the PDF given by

nTNR —ntnr—1
W () = [T s ___ " 9
P (2) (DMH) T — exp( DV) (3.32)

Actually, (3.32) can be written as a scaled inverse chi-squared distribution with

degrees of freedom and the scaling parameter

9 1

= 34
Dy - 7u - nr (3:34)

S
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The PDF of a scaled inverse chi-squared random variable z with scaling parameter ¢?
and 1 degrees of freedom is given by

(e e (-5)
TP SR

p(z.,6%) = (3.35)

For such scaled inverse chi-squared distributed random variables, the mean value and

variance are known to be

R nr
E{z} = T Rl s e e — (3.36)

and
2-9%-¢t n3.
(v =22 —4)  D2-32-(nyng — 1) (nrng — 2)

respectively [KK51]. The next step in determining the PDF of vippr, is to compute

Var{z,} = (3.37)

the PDF of the sum p, of the D, independent random variables z, given by

Dy

q=1

Since to the best knowledge of the author there exist no closed form solution for the
PDF of the sum of inverse chi-squared distributed random variables in the literature,
the PDF of g, is approximated applying the Central Limit Theorem (CLT) for contin-
uous random variables [Kay06]. With the mean value and variance of z, given in (3.36)
and (3.37), the PDF péu)(g) can be approximated by a Gaussian PDF with mean

nr

u:DuE uf — T
HCLT, {2zu} 5w - (g — 1)

(3.39)

and variance
ni
Du . ’73 . (’/I,T’/I,R — 1)2 . (nTnR — 2)

Oepry = Du - Var{z,} = (3.40)

given by

u 1 (0 — porrw)’

p(g (o) = ———-exp Bl (3.41)
\/27 - 08, OCLT N

Note that this approximation is only feasible for cases with nr-ng > 2 since otherwise

the variance in (3.37) is not defined.

The last step in determining the PDF of yippr,, is to compute the PDF of the inverse

of gu,
1
YIDFT,u = —, (3.42)

u
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which can be done by performing a random variable transformation of (3.41) resulting
in the PDF of vippr,, given by

1 1— - 2
(W) - exp (—( ott, Jwrt) ) . (3.43)

Pyppr <71DFT> - 2
.2 . A2 20 * YIDFT
\/27T 0CLT,u * VIDFT cur Y

In Fig. 3.6(a), the PDF of yippr,, is depicted for a system with ny = 2, ng = 2,
Y. = 10 dB and D, = 10 resource units. The solid curve represents the simulative
PDF after 10000 independent simulation runs while the dashed curve represents the
PDF approximation according to (3.43). In Fig. 3.6(b) the same is shown for D, = 25
resource units. It can be seen that the approximation becomes better as D, increases.

0.14 u 0.25 T
» ——simulative ——simulative
0.12¢ = = = approximated|| = = = approximated
0.2 ]
0.1
0.15¢
. 0.08F w
£ £
0.061 0.1
0.04
0.05r
0.02F
0 i L N -~ 0
0 10 20 30 40 0 30 40
SNR (linear) SNR (linear)

(a) (b)
Figure 3.6. Simulative PDF and approximated PDF of vyippr , for (a) D, = 10 and (b)
D,, = 25 resource units.

3.6.2.1.3.3 Adaptive users applying OSTBC-MRC In the following, the PDF
and CDF of the SNR value of a scheduled resource unit that was measured at the BS in
an OSTBC-MRC system are derived in dependency of the weighting vector p and the
number U, of adaptive users. Recalling the WPFES policy, a resource unit is allocated
to the user which has the highest weighted and normalized SNR value, i.e., all the
Up — 1 other users must have smaller weighted and normalized SNR values such the
resource unit is allocated to that given user u. To determine the PDF png)c_N ars(9)
of the measured SNR # of a resource unit allocated to this user w, first the joint PDF
of all Uy normalized SNR values Xj, .., Xy, has to determined. Since the SNR values
of different users are independent from each other and with the knowledge that the

measured SNR values are chi-squared distributed, the joint PDF is given by

pxy,Xe, (@1, - 20y ) = i, (21) -+ - ps, (T0,) (3.44)
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with

nr nTNR annR—l ( nr - .CL’)
5 () = ———.exp | — 3.45
e (WE) e (- (3.45)

and Jg., = 7u - (14 0p,,) taking into account that the SNR values measured at the BS
are noisy estimates modeled according to (2.70).

The sought after PDF pgff)C—N ar4(7) of the SNR 4 of a resource unit allocated to user
u measured at the BS is then the marginal PDF calculated by determining the integral
over the joint PDF leading to

u ~ PU ~
PéT)c_NAF,a,(”Y) = asrc-NaF(u) / / * Px,,.xy, (% Y15 s Yua—1) dys - . . dyu, -1
0 0
UA—1‘t,imes
nr nNTNR ,AynTnR—l _ tLT-"y
= agto—Nar(u) - | = ¢ TBu 3.46
() (’YEu) (npnr — 1)! (3.46)
Una nropus VIMR— 1 AN U
. H ]_ —e pg’;z i <n ,}/) ,
i=1 v=0 U' IVE u
iFu
where the factor agrc_nar(u) ensures that
/ PSto_nars(1)dy = 1. (3.47)
0

Performing the substitution of the variable y; = % in the integral of (3.13), it

can be seen that the integrals in (3.13) and (3.47) are identical except for the fac-
tor astc_nar(u), leading to

1

— . (3.48)
PS(T)C—NAF(p)

ASTC—NAF (U) =

The following example shall illustrate the calculation of the PDF of the SNR values
of allocated resource units. Let us assume a system with Uy = 3 adaptively served
users where all users have the same average SNR 4, = 10 dB and perfect CQI. The
weighting vector is given by

p=1[5 2, 1].

In Figure 3.7(a), the PDF of the measured SNR values of the resource units allocated
to user u = 1 is depicted. The dashed curve represents the analytical PDF according
to (3.46 and the blue lines represent the PDF evaluated from 10000 simulation runs.
Fig. 3.7(b) and Fig. 3.7(c) the PDF's for user u = 2 and user u = 3 is depicted. One
can see that the analytical PDFs are consistent with the simulative ones. Furthermore,
it can be seen that the probability of small SNR values is larger for user « = 1 than for
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user u = 2 and u = 3. The reason for that is the higher weighting factor of user u =1
compared to users u = 2 and u = 3, i.e., in order to successfully compete against the
other users, the actual SNR value of user u = 1 does not have to be as high due to the
SNR boosting of the WPFS while for user u = 3, the SNR values have to be rather
high in order to be considered for allocation.

0.08 T 0.08 i T ; . T
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0.06r ¢ 1 0.061
il s
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Figure 3.7. Analytical PDF and simulative PDF of the SNR of allocated resource units
for user (a) u = 1 and (b) u = 2 and (c¢) u = 3 applying the Non-Adaptive First scheme.

Finally, the CDF FS(%)C—N ar4(7) of the measured SNR of the resource unit allocated to
user u is determined by integrating (3.46) resulting in

(v—=1)-(nTnr—1

U )
u N asTCc— NAF
FS(T)C—NAF,QY(”Y) = TR Z Z Z (3.49)
1=0

v=1 n|=v—1 lv|=t
v 1 . -1 1 Vi
(2 Vit mann — b)! ) <(H?;11 Vﬂ)) (Hi:l (Mw‘)ﬂ) )
(nTnR - 1)- A(p, 77)21-21 vitnonr

-1
SovZi vitnrnr—1

_ —nppud-Alp,n) u A
l— e Gma Z:(K“!)_ (nTp YA(p, 77))

=0 ’YE u
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with A(p,n) = p—lu + 7 1iand g, v and 7(n, 1) as defined in (3.14).

=1 piyq

3.6.2.1.3.4 Adaptive users applying TAS-MRC To determine the PDF and
CDF of the SNR of the resource unit allocated to user u which was measured at
the BS in a TAS system, the same derivation steps as in (3.44) to (3.49) have to be
done. However, PDF p; (z) which represents a chi-squared distribution has to be
exchanged by the PDF p("T () which represents a best of ny chi-squared distribution
to incorporate the fact that the SNR is a result of a selection process out of n transmit
antennas. From [Dav81] it is known that ps,, () is given by

— o\ —1
(nr) I A '
Py (%) = —ar jre e 1—e 7w Z iz . (3.50)

N YEu (nR - 1) =0 YE,u

Hence, the PDF p%is_NAFﬁ(’y) of the SNR of the resource unit allocated to user u

which was measured at the BS results in
/\’rLR—l

() S5 — . nr . v . _W;u 3.51
Pras— NAF,-y(’Y) aras—NAr () WERU (e — 1)) e (3.51)

. nr—1 ~ v
__A 1 o
. 1 — e "Eu _
(e m )
Ua _ _pu¥ nr—1 1 A v nr
TI(1-e EZ_< w? ) |
: — v! Pi - VEwu

=1 v=0
which can be rewritten as
n _1 ,\
(w) . nro " ~%a
. = aras— u) - . -e TEu 3.52
pTAS—NAF,’y(’y) TAS NAF( ) fngu (nR — 1)' ( )
nT-Ua ! nr—1 oA v
T | T 3 l( Py 3 )
p— = v\ P, VB
iFu

with p’ as defined in (3.19). Again, the factor atas_nar(u), which ensures that

/0 P nars (9)dA =1, (3.53)

can be determined by performing a substitution of the variable y; = 'Y Pv in the integral
of (3.18). It can be seen that the integrals in (3.18) and (3.53) are 1dent1(:al except for
the factor aras(u), leading to

1

P”F/LX)S—NAF(p)
1

nr- PS(T)C nar (P, U7, nTa”R)

ATAS—NAF (u) (354)
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Comparing (3.52) and (3.54) with (3.46) and (3.48), it can be seen that the PDF
p%iS_NAF’;{(&) can be determined using the PDF péuT)C_NAF’,Ay(&) given by

P(TLXS—NAF,»;W) = png)C—NAF,?y(’% P, U, ny,nR) (3.55)

with U' = nrp - U, nlp = 1, n; = ng and p’ as defined in (3.19).

Due to (3.55), the CDF F&)S_NAF’;/(&) can also be determined using the CDF
F S(%)C—NAF,»}('?) given by

A~

Fiis xars(3) = FStto_xap (3,0, U’ 0l 1) (3.56)

with U’ = nyp - Up, n, = 1, ny = ng and p’ as defined in (3.19).

3.6.2.1.4 Average user data rate and BER taking into account imperfect
CcQl

3.6.2.1.4.1 Introduction Now being able to determine the distribution of the
SNR values of the allocated resource units for any given channel access demand D
and user serving vector 1, the system performance can be derived analytically. For the
case of adaptively served users, the fact that the measured SNRs are only outdated
and noisy CQI values which results in suboptimal resource allocation and modulation
scheme selection decisions has to be taken into account when determining the system
performance. In the following, the average user data rate and user Bit Error Rate
(BER) are derived for the non-adaptively served users and the adaptively served users
applying the Non-Adaptive First scheme assuming that the user serving vector ¢ is

given.

3.6.2.1.4.2 Non-adaptive users As presented in Section 2.7, D, resource units
are allocated to user u independently from any CQI where one fixed modulation scheme
m is used for all resource units with m = 1,.., M and M denoting the number of avail-
able modulation schemes. Let b,, denotes the number of bits per symbol corresponding
to the applied modulation scheme. From this, it follows that the bit rate Réu) of user
u expressed in bits per second (b/s) is given by

(u) _ D, - qub “bm

R T (3.57)

with Qs denoting the number of adjacent subcarriers per resource unit and Tg the
symbol duration of an OFDMA symbol neglecting the guard interval. The user data
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rate Rl(ff ) for the non-adaptively served user u expressed in bits per second per Hertz
(b/s/Hz) is then given by

RY
Du ' qub ' Af

with Af = T% denoting the subcarrier spacing. With the PDF of the SNR ~ppr at
the output of the receiver derived in (3.43), the average BER using the modulation

R = b (3.58)

scheme with index m is then determined by

BERI(\?) = / BER,(yorr) - .. (yipET) dYipFT, (3.59)
0

where BER,, determines the bit error rate of the applied modulation scheme with
index m. In the following, the approximation for the BER of M-QAM and M-PSK
modulation introduced in [CGO1] is used which is given by

BER,,(v) = 0.2 - exp(—0Gmn7) (3.60)

with G, = 2[,71,;6_1 using M-QAM modulation and S, =

tion, respectively. Inserting (3.60) in (3.59) leads to

using M-PSK modula-

7
21.9bm +1

S5 1 o —Om 1— w” 2
BERI(\I) _ ' / exp( 25 YIDFT) exp _( . l;CLT, YIDFT) A
\/ 2 ot 0 ViDFT OCLT,u * VIDFT
(3.61)
with
nrt
UL, S (i — 1) ( )
and )
Ot = o (3.63)

D, 72 (ntng — 1)%- (nynr — 2)
Note that the integral in (3.61) can only be solved numerically. Examining the user
date rate and BER of non-adaptively served users, it can be seen that the performance
only depends on the number of allocated resource units D,, the average SNR 7, and
the applied modulation scheme.

3.6.2.1.4.3 Adaptive users applying OSTBC-MRC In case of adaptively
served user wu, different modulation schemes m with m = 1,.., M are applied for the
allocated resource units according to the instantaneous SNR condition and the SNR
threshold vector 4" = | t(ﬁ)o, 751?7)1, s f;f)M]T which contains the SNR threshold values
determining the interval in which a particular modulation scheme is applied, where

fyﬁf?o =0 and fyfff,)M = oo for all users. Like in the case of non-adaptively served users,
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the user data rate RSLT)C_N ap(m) (in b/s/Hz) of an adaptively served users applying
the m-th modulation scheme in an OSTBC-MRC system is given by

RéuT)C—NAF(m) = Tnp - bm (3.64)

with 7, denoting the data rate of the Space Time Block Code as a function of ny and

b,, the number of bits per symbol applying modulation scheme m.

The average user data rate RS?STC_N Ap taking into account that different modula-
tion schemes are applied is then defined as sum rate of the different user data rates
Ré"T)C nap(m) weighted by the probability that modulation scheme m is applied, i.e.,
that the SNR value lies in the particular SNR interval [%h 1 %f;j)m] Thus, the average
data rate of user u can be formulated as

M o
R rcnar = D Tnx b / . Do nars(3) dA. (3.65)
m=1 Veh,m—1

Using (3.49), the average user data rate for OSTBC systems is given by

RSL,)STC—NAF Z bim ( STC—NAF »y(%(h)m) - Fs("LrL)C—NAF,ry(%(ﬁ,)m_l)) . (3.66)

To define the average BER BERSTC nap of an adaptively served user u in an OSTBC-
MRC system, the impact of outdated and noisy CQI has to be taken into account.

Therefore, the actual BER B/E\REZ) (%) of user u applying the m-th modulation scheme
based on outdated and noisy SNR information 4 has to be derived. Recalling that the
interdependency between the BER BER,, When applying modulation scheme m and

the actual SNR + is given by (3.60), BER ( ) can be calculated by
/\(U) N o0 w R
BER,, (V) = / BER,,,(7) - pl)(719) dy (3.67)
0

with p(;@ (7|7) denoting the conditional PDF of the actual SNR ~ and the outdated
and noisy SNR 4 of user u when applying OSTBC at the transmitter side and MRC at
the receiver side. With the conditional PDF of pH‘H(H|}A[) (2.85), the SNR definition

(2.9) and [Pro95, p. 43], pE{TB{(vﬁ) is given by

2 A~
U ~ Moy, =Y + Y
P%(VW) = = " €Xp (—7) (3.68)

(- )“T"R—W s (2209)
' Inpnr—-1\ T — o |

~/ 2
f}/uar u




3.6 The SNR threshold problem 71

with
Pu
= —, 3.69
a 14+ U]%m (3.69)
1+ o2 v i
o2, = E—zp (3.70)
' 1+ Of

and I, (z) denoting the nth-order modified Bessel function of the first kind. Inserting
(3.68) in (3.67) leads to

— (u TR A 2
BER;)(&):OZ( r ) . exp (— A ) (3.71)

nr + ﬁm’?uo’%,u nr + ﬁmﬁ/uo’?‘,u

applying the identities [GR65, 6.643.4] and [GR65, 8.970.1].

The average rate Riﬁ) of incorrectly detected bits at the receiver of user u is then
defined as sum of the average rates of incorrectly detected bits applying the different
modulation schemes m =1, .., M as

M (u)

u Veh,m w /\(u) . .
Ry = D [, b PSoxars (1) - BER,, (3) 4. (3.72)
=1 ’yth m—1

Finally, the average bit error rate BERéuT)C_N ap of an adaptively served user u in an
OSTBC-MRC system is defined as the average rate Riﬁ) of erroneous detected bits
divided by the average bit rate RX)STC_N ar IMTO05] given by

M ~ )
— () th,m ” . — (u) R R
BER, grc—naF = Z Tng * b 'p(ST)C—NAF,@(”Y) BER,, (7) d¥
RA STC—NAF m=1 th m 1
(3.73)
Inserting (3.46) and (3.71) in (3.73) and introducing the functions
& P
T(m, (H > ) (01 + B Tu02) + Tmubuti2. (374)
i=1 Pit1
and

and with n, v and r(n, i) as defined in (3.14), (3.73) can be written in closed form as
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asTC- A o M Ua (v=1)-(nTnr—1)
TC-NAF( n o
BERA STC—NAF = - Z b - Y (1)1 Z Z (3.76)
5 RA STC—NAF m=1 v=1 |n|=v—-1 1=0

! (S vt =) (1"
% <(H:=_11 Vi!)) (nrng —1)! (11 (pr(i)+1> )

v—1 vi nrn 25;11 vi+ntnr—1
. (pu ' \P<m))21_1 . ( nr ) " . Z ! (H)_l
T (m,n) T(m,n)

k=0
_ t(u)mf np Y (m,n) (u) k tu)mn Y (m,m) (u) ®
et (D X)) e (e )
Ve ¥ (m) VEu¥(m)

With (3.76), the average BER of user u can be determined as a function of the im-
pairment parameters p, and aﬁu, the weighting vector p, the number of transmit and
receive antennas nt and ng, the average SNR 7, and the number of adaptively served
users Uy.

3.6.2.1.4.4 Adaptive users applying TAS-MRC In order to determine the av-
erage user data rate RSf)TAS_NAF of user u in a TAS-MRC system, (3.65) can also be
used, however, 7, is set to 1 since no Space Time Coding is applied, resulting in

ATAS NAF — Zb (F&s NAF 7(%51?)1%) F"}?S—NAF,W(Vég)m 1)) (3.77)

Exploiting (3.55), the average BER BEREZ;)TAS_NAF of user v in a TAS-MRC system

can be written as

S S
BERA,TAS—NAF = BERA,STC—NAF(p/a U, n/Tv ni% T;LT) (3.78)

with Uy = ny - Us, np = 1, ng = ng, 7, = 1 and p’ as defined in (3.19).

3.6.2.1.4.5 Special case pure adaptive and pure non-adaptive resource allo-
cation As shown in Section 3.3, the two special cases of a conventional pure adaptive
transmission scheme and a conventional pure non-adaptive transmission scheme are
incorporated in the Non-Adaptive First allocation scheme. If the user serving vector
is set to
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there are no adaptively served users but only U non-adaptively served users with a
user data rate and bit error rate given by (3.58) and (3.61).

If the user serving vector is set to
=11, 1, .., 1],

there are no non-adaptively served users. Hence, all U users are served adaptively
resulting in a user data rate and BER given by (3.66) and (3.76) in case of an OSTBC-
MRC system and in case of a TAS-MRC system given by (3.77) and (3.78) with

Ur=U.

3.6.2.2 Adaptive First

3.6.2.2.1 Introduction In this section, the Adaptive First resource allocation
scheme is analyzed concerning the channel access and resulting SNR distribution of
the adaptively and non-adaptively allocated resource units assuming that the user

serving vector ¢ is given.

3.6.2.2.2 Channel access As shown in Section 3.3, when applying the Adaptive
First scheme, first all available resource units NN,, are allocated to the Uy = 974
adaptive users following the WPFES policy. Now, part of the allocated resource units
have to be re-assigned to the non-adaptively served users. With the channel access
demand vector D, the number of resource units which are demanded by the total
number Uy = U — Uy, of non-adaptive users is given by

U
Wy =Y Dy, (3.79)

V=0
i.e., the channel access demand of the non-adaptively served users is fulfilled. From
this it follows that only
Wa = Ny — Wi (3.80)

resource units are available for adaptive users. To determine which of the N,, resource
units are allocated to adaptive users, simply the Wy out of N, resource units with
the best weighted and normalized SNR values are taken into account. Like with the
Non-Adaptive First scheme, the probability that a resource unit is allocated to a given
adaptively served user u depends on the weighting factors p. Again, the channel access
probability for adaptive users has to be determined in order to be able to adjust the
weighting factors p such that D, resource units are allocated to each adaptive user u

on average.
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3.6.2.2.2.1 Calculation of the channel access probability for adaptive users
applying OSTBC-MRC In order to determine how many resource units are allo-
cated to an adaptive user u applying the Adaptive First scheme in an OSTBC-MRC
system depending on the weighting factors p of all users, it is important to identify
the possibilities a resource unit is allocated to a given user u. Assuming there are N,
resource units from which Wy are taken into account for scheduling, the probability
PS(%)C_AF(QU, Ny, p) that the w-th best resource unit with w = 1,.., Wy is allocated to

user u is given by

u Nru -1 o T TR ’ynTnR_l
PS(T)C—AF(wv Nrua p) = Nu- < ) /(; <_T> . (7 (381)

w—1 Du nrng — 1)!
. Ua . npnr—1 1 nTy v
_nry — I T
Sy S ()
iz v=0

The first terms in the integral of (3.81) outside the bracket represents the probability
that the weighted and normalized SNR value of user u has the value . Note that the
whole range of SNR values from v = 0 to 7 = oo is considered in the integral, i.e.,
it does not matter if the probability of the SNR to have the value v is almost zero.
The first bracket term represents the probability that the weighted and normalized
SNR value of all other users in this resource unit is smaller than v, i.e., user u has
the highest WPFE'S ratio for this resource unit. The second bracket term represents the
probability that there are w — 1 resource units whose highest WPFS ratio is higher
than the value v. The third bracket term represents the probability that there are
Ny — w resource units whose highest WPFS ratio is smaller than the value v, i.e., user
u has the highest WPFS ratio in the w-th best resource unit out of N, resource units.
The factor N, in front of the integral takes into account the N,, possible positions of
the w-th best resource unit inside the total number N, of resource units. The factor
(o
inside the remaining N,, — 1 resource units.

) takes into account the possible positions of the w — 1 better resource units
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Applying the binomial theorem, (3.81) can be rewritten as

u Nru - 1 vl w — 1 e
PS(T)C—AF(waNruap) = Np- ( w—1 ) ’ Z ( £ ) ’ (_1) (382)
e=0

/oo (nT ) NTNR ,ynTnR—l _npy
. R —_— - e Pu
0 Pu (nrng — 1)!

U _m ”T”R—ll Ny v
-5 5 ()

i=1 v=0
1Fu
Ua ( wpy "RTL 9 "\’ T
(oS _<L)> .
| )
i=1 = U pi
With the extended weighting vector p’ of length (e + Ny, — w + 1) - Up given by
P= [ p .. P, (3.83)
——

(e+Nru—w+1) - times

(3.82) can be written as

u Nru - 1 vl w — 1 c
PS(T)C—AF(wu Nrmp) = Nru ' ( w—1 ) : Z ( c ) : (—1) (384)
e=0

/ OO (nTYTNR T
. - . e Pu
0 P (nTnR - 1)!

Up-(e+Nru—w+1) npy ntnr—1 v
_IT 1
H (1 —e 7 — <nTIV) ) dry.
vl \ p;

v=0

i=1

Comparing (3.84) with (3.13), it can be seen that

Ny —1\ & (w-1
PS(%)C—AF(waNruap) = Nru : ( uju— 1 ) . Z( e ) ) (_1)8 (385)

e=0
'PS(QTL‘)C—NAF(plv U,A = UA : (5 + Nru —w + 1)),

i.e., the channel access probability applying the Adaptive First scheme can be calcu-
lated utilizing the channel access probability for the Non-Adaptive First scheme.

From this, it follows that the average number of resource units allocated to user w is
given by
Wa
E{Nruu} =Y Pt ap(is New, D) (3.86)

i=1
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3.6.2.2.2.2 Calculation of the channel access probability for adaptive users
applying TAS-MRC To determine the the probability P%x)s_ Ap(w, Ny, p) of an
adaptive user u to get access to the w-best out of the N, available resource units,
(3.20) can be utilized, i.e., the channel access probability Pras_nar(u,p) of user w in a
TAS-MRC system applying the Non-Adaptive First scheme can be written as a special
case of the channel access probability Pstc_nar(u, p) of user u in an OSTBC-MRC
system applying the Non-Adaptive First scheme. Thus, applying (3.85) to a TAS-MRC
system leads to

P ar(w, NewyP) = Ny - (Nm - 1) wi (w B 1) (—1)° (3.87)

-1
w — €
(w) T I
nr - Psro_nap(P' Up, 0, nR)

with

!/

P= [P p .. p , (3.88)
| S ——

nr-(Neu+e+w—1)- times

Uy =Uxr - (Nyy+e+w—1), nfp =1 and ni = ng.

Hence, the average number of allocated resource units to user u in a TAS-MRC system
applying the Adaptive First scheme is given by

Wa
E{Nyu} =Y Pis_ap(i, Now. D). (3.89)

i=1

3.6.2.2.2.3 Calculation of weighting factors The calculation of the weighting
factors applying the Adaptive First scheme can be done similarly as for the Non-
Adaptive First scheme. In this case, the following equation must be hold for all users
such that the user demands are fulfilled:

Wa
E{Nyyi} =Y P30, Newp) =D; Vi=1,.,Ux—1. (3.90)
n=1

This constrained nonlinear optimization problem

Upa—1
* arg min E
P

1=1

Wa '
PXI;(T]’ Nru7 p) - Dz

n=1

T
Il

} (3.91)

subject to

pu =1

can be solved as shown in Section 3.6.2.1.2.4.
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3.6.2.2.3 SNR distribution

3.6.2.2.3.1 Introduction As for the Non-Adaptive First scheme, the distribution
of the SNR values of the allocated resource units has to be derived for the Adaptive
First scheme in order to analytically derive the performance of the system.

3.6.2.2.3.2 Non-adaptive users Since it is assumed that the channels of adja-
cent resource units are uncorrelated, the SNR distribution, the average data rate R%&)
and BER B—ERSGL) of a non-adaptive user u applying the Adaptive First strategy do
not change compared to the case of the Non-Adaptive First since in both cases, the
allocation is performed without using any CQI, i.e. randomly.

3.6.2.2.3.3 Adaptive users applying OSTBC-MRC For the case of adaptively
served users, the PDF of the measured SNR value of the allocated resource units does
change compared to the case of applying the Non-Adaptive First scheme. In a first
step, the PDF png)c_ AF,w,a(”AY) of the measured SNR of the allocated resource units from
the w-th best out of IV,, resource units is derived.

To determine png)c_ AF,w,a(”AY)v first the joint PDF of all N,, - Ux normalized SNR values
X1, .., Xyy,, 4 0 the system has to determined. Since the SNR values of different users
and resource units are independent of each other and with the knowledge that the
measured SNR values are chi-squared distributed, the joint PDF is given by

DXt Xy (T1s s TNeeUa) = P2 (T1) * D3 (TN 0) (3.92)

with

P (2) = (”T )WR . (WL exp <—”T ' x) . (3.93)

VEu nrng — 1)! . VEu

PDF pgff)c_ AF.w4(7) is then given by the marginal PDF resulting from determining the
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integral over the joint PDF leading to

Pu 4 Pu_ 3 Pu 2 pu 2
@ o Pu g e oy
Pstearws(¥) = asrc-arw(u) - . .
0 0 0 0

Ua—1- times  (Nyu—w)-Ua - times

o
ﬁ ce /p PXy, Xnpyuy (”77 Yty - me-UA—l) dy .. -dme-UA—l
U A 7"1»}

—_———
(w—1)-Us - times

np \MTR gl s
= asTC-AF,w (W) ' | = -7~e TEu 3.94
( ) <7Eu) (ntng — 1)! ( )
Ua . ntnr—1
_nopud 1 n "
Tl (- S = nr - Puy
i=1 o U “VBu
1Fu
Ua . ntnr—1
_”Ipuw nTp
. 1—H(1—€ PiVE,u Z < ))
( i=1 =0 PiYE,u
Ua _ nppu¥ NTNR— nTp 7 Nru—w
: H — e PiTE,u Z ,U' > ’yE
=1 v=0 7 u
where the factor agrc—ar,,(u) ensures that
/0 p(SuT)C—AF,w,&(’?)d’? = 1. (3.95)

Applying the binomial theorem, (3.94) can be rewritten as

-1
<w ) (—1)° (3.96)
9
e=0
()™ e
’7E,u (nTnR — 1)'

Ua A ntnr—1 AN U
H - 6_71);;3 Z i (nTpuV)
! \ PiVB W

M

p(SuT)C Arws(Y) = astc-arw(u

i=1 v=0 )
iFu
N—w
U . ntnr—1 ANV e+
_ nTPuy 1 n

H(l—e PiTBu E _( Tp“ry) ))

| A ’
i=1 v U \PilBu

Introducing the extended weighting vector p’ of length (e + N, —w + 1) - Ua given by
/

pP= [ p ... P, (3.97)
—_—

(e+Nru—w+1) - times
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(3.96) can be written as

w—1
u ~ w—1
PSP arws(d) = ( ) ) (1) (3.98)
e=0
np \ TR Arrnr—l _ngd
-a _ wl) - — e — . e "Eu
10 Aps(1) <7E) e
Up-(e+Nru—w+1) nppl,y VTR~ 1 ;AN U
_ /_pu 1
H 1—e PiEwu Z 5 (nTpufy)
i=1 v=0 pzny u

iFu

Performing the substitution of the variable v = :: }f “ in the integral of (3.84), it can
be seen that the integrals in (3.84) and (3.95) are identical except for the factor

astc—ar.w(u) leading to
1

o . (3.99)
PSTC—AF(wa Ny, p)

aSTC—AF,w(U) =

To finally determine the PDF p(S“T)C_ ar4 (%) of the measured SNR values of the resource
units allocated to user u, the sum over the W, PDFs pé"T)c_AFvwﬁ(’y) with w =1, .., Wx
weighted by the probability Ps(;)c— Ap(w, Ny, p) has to be calculated leading to

- PS(%C AF(&B Nruap)

_ . P ap(w, New, ) w1 .
Z(ZWAP<u )Z( ey

STC— AF(fa Nruap)

Wa (u)
u ~ P (w Nru’ p) U A
Psve-aps(i) = Z (Z AR ) - P§0- AR s (7) (3.100)

nr nTNR ,?nTnR— 1 _nTA
"asTC-AF,w(lU) - | = C———— e B
) <7Eu) (nong —1)!
Ua-(e+Nru—w+1) ! 5 TRR—1 AN U
T ey L <nTm)
i=1 —0 v! p;’?E,u
1Fu
) -1
where the factor (Z Pyro—ar(&, Ny, p)) ensures that
/0 PSPo ars (V)5 = 1. (3.101)

In Figure 3.8(a), the PDF of the measured SNR values of the resource units allocated
to user u = 1 is depicted assuming a system with Uy = 3 adaptively served users where
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all users have the same average SNR %, = 10 dB and perfect CQI. In total, there are
N., = 10 resource units available where W, = 6 resource units are only used for the
adaptive users. The weighting vector is given by

p=1[5 2, 1].

The dashed line represents the analytical PDF according to (3.100) where the blue
lines represents the PDF evaluated from 10000 simulation runs. Fig. 3.7(b) and 3.7(c)
show the PDFs for user u = 2 and user © = 3. Again, one can see that the analytical
PDFs are consistent with the simulative ones. Similarly to the Non-Adaptive First
scheme, the probability of small SNR values is larger for users with a high weighting
factor due to the SNR boosting of the WPFS.

—=o simulative —=o simulative

0.08f - = =analytical || 0.081 - = -analytical ||
0.07 0.07
0.061 0.061
w 0.05F w 0.05
o o
0 0.04r & 0.04
0.03r 0.03r
0.02f 0.02f
0.01 0.01
Oz 0 2t B T8
3 0 50 60 70 0 10 20 30 40 50 70
SNR (linear) SNR (linear)
(a) (b)
—= simulative
0.08r = = =analytical ||
0.07
0.061
w 0.05F
o
- 0.04r

0.03f
0.02
0.01F

30 40 50 60 70
SNR (linear)

(c)
Figure 3.8. Analytical PDF and simulative PDF of the SNR of allocated resource units
for user (a) u =1 and (b) u = 2 and (¢) u = 3 applying the Adaptive First scheme.

o
—_
o
n
o

Examining (3.46), (3.98) and (3.100), it can be seen that the PDF p(suT)c—AF,@(% ap-
plying the Adaptive First scheme can be written as a weighted double sum of special
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cases of the PDF pé“T)C_N ar5(7) applying the Non-Adaptive first scheme given by

Wa (u) w w—1 w—
P§to-ars () = Z (ZPSTC el o p) )Z( . 1) - (=1)°

s%c AF(f N, P)

'p(ST)C—NAF,fy(% P ) UAa CLSTC_NAF(U)) (3.102)
with
P= [P P . P , (3.103)
——
(e+Nru—w+1) - times
Uy =Uxr-(e+ N —w+1) (3.104)
and
asre_nar(U) = asTe-ar,w(U). (3.105)

Thus, the CDF Fs(%)c— ar4(7) of the measured SNR of a resource unit allocated to user
u applying the Adaptive first scheme is then given by

Wa (u) w—1
u . Pyro_ap(w, Niw, P) e
Fite_aps(1) = Z <ZWA 30 > (=1)

sTc—ar (&5 Nru, P)
'FS(T)C—NAF,:,(% P, Uy, agro-nar(t)) (3.106)

with p/, Uy and a§pe_nap(u) as defined in (3.103) to (3.105).

3.6.2.2.3.4 Adaptive wusers applying TAS-MRC Determining the PDF
p(qus_ AF,&(&) of the SNR values of the resource units allocated to user u applying the
Adaptive First scheme in a TAS system, first the PDF of the SNR value of the w-th
best out of N, resource units has to be derived. To do so, the same derivation steps
shown in (3.96) to (3.99) have to be done. However, PDF p;, (z) has to be exchanged

by the PDF pEZT) (x) given by (3.50) to incorporate the fact that the SNR is a result
np

of a selection process out of nr transmit antennas. Hence, the PDF p%is_ Arws(Y) of
the SNR of the w-th best resource unit allocated to user u applying the Adaptive First
scheme results in
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2nr—1

(u) ) — onro 9 R ) _W;,u 2107

PrAs—AF.w5(Y) aTAS—AF,w (1) S F— e (3.107)

Ua . MR~ ~ o\ T
TI(r -7 l( Pu Y )
i=1 =0 ol \pi - VB

UA _nTPu':/ nTnR_l 1 n p ’3/ v nT w1
=TI (1= S _'< 1P )
i1 o U \PiTEu

Ua . nrnr—1 N v\ T Nru—w
_rPu’y
'(H (1_6 %(M) ) )
i=1 =0 U \PiTEu

which can be rewritten as

PiAs arws(d) = wi <w _ 1) (—1)° (3.108)

e=0
L —5

'aTAS—AF,U) u) - — . .e TYE,u

S = 1
nr-Ua-(e+Nru—w+1) !5 nr—1 I v
H 1— e_p;pw;u i ( PuY )
i=1 v= vl p;f?E’“
with p’ given by
P= [P p . p , (3.109)
—_——

nr-(e+Nu—w+1) - times

Again, the factor aras_ar. (), which ensures that

/ pgﬁs_/w,wﬁ(?)dﬁ = 1. (3.110)
0

with
1

—— (3.111)
PFE‘A)S—AF(p)

ATAS—AF,w (U)
1

(u) PTTE ol o
nr - Psre_xar(P's Up, 07, ng)

with Ul =np-Up - (e + Nyy —w + 1), nfp = 1, nj; = ng and p’ as defined in (3.109).
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Like in the case of OSTBC-MRC, the PDF pgﬁs_AFﬁ(&) of the measured SNR values
of the resource units allocated to user w is calculated by the sum over the W, PDFs
PiAs_apws(7) With w = 1,.., Wy weighted by the probability Py xp(w, N, p) lead-

ing to
Wa (u)
P (w, Nry, P)
(u) 2 TAS—AF\W; {Vru; (w) .
Pras—Ar3 (7) = ( w ) 'pTAS_ARw’A(”Y) (3112)
K Z ZWA P"l(“AS AF(& NYU7 p) !

W, w—1
- ZA ( P*l(“A)S ar (@, Nru, p) ) (w - 1) 1)
w, u
Z A PFE‘AS AF(f Nru,P e=0
nT /)\/TLR 1 5

“ATAS—A 7wu © =5 . .e WEu
' Fult) Vew (R —1)!
nr-Ua-(e+Nru—w+1) !5 TMR— 1 ~ v
I 1_6—;2,;2 1<m)
i=1 =0 ! p;7E7u
where the factor (Z TZS Ar(& Nius p))_ ensures that
/ Pis_ars(3)d7 = 1. (3.113)
0

As done in the case of an OSTBC-MRC system applying the Adaptive First scheme,
the PDF p%is_ ars(Y) for a TAS-MRC system applying the Adaptive First scheme
can be written as a weighted double sum of the PDF p(T"KS_N ar4(7) applying the Non-
Adaptive First scheme given by

Wa (u) w w—1 w—
Pras-ars(3) = Z (ZPTAS el Mo ) )Z( - 1) - (=1)°

TXS AF(f Ny, P)

'pSL‘KS—NAF,»}(Va P, Uk, asrc_nar(t)) (3.114)
with
P= [P P . P, (3.115)
~—_—
(e+Nru—w+1) - times
Uy=Uxr-(e+ Ny—w+1) (3.116)
and
aras—nar () = atas-—ar,w(w). (3.117)

From this, follows that the CDF F&)S_ ar4 () of the measured SNR of a resource unit
allocated to user u applying the Adaptive first scheme in a TAS-MRC system is then
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given by
Wi (u) w—1
P (w, Niy, P) —1
(u) &Y TAS—AF ru R
Fras—ars(9) = Z <ZWA 0 . Nop) ) Z( ) (—1)
TAS—AF rus e—=
'F’l(“A)S—NAF,fy(fYa P, U}, aras_nar(w)) (3.118)
with p/, Uy and a/pag_nap(@) as defined in (3.115) to (3.117).

3.6.2.2.4 Average user data rate and BER taking into account imperfect
CQl

3.6.2.2.4.1 Non-adaptive users As mentioned in Section 3.6.2.2.3, the average
data rate RYVL) and BER B—ERE\Q,L) of a non-adaptive user u applying the Adaptive First
scheme is equivalent to the average data rate and BER applying the Non-Adaptive
First scheme derived in Section 3.6.2.1.4.

3.6.2.2.4.2 Adaptive users applying OSTBC-MRC Similar to the Non-
Adaptive First scheme, the average user data R%)STC_ Ap Of user u can be determined
using the definition of (3.65) while exchanging the PDF p(S“T)C_NAFﬁ(&) by the PDF
png)c_ AF,&(”AY)' With (3.106), the average user data rate R%TC_ Ap applying the Adap-
tive First scheme in an OSTBC-MRC system is given by

RA STC—AF — Tnp * Zb ( ST)C AFA/(’YE}?,)m> Fs(;)c AFA/(’YE}?)m 1)) (3.119)

m=1

For the calculation of the average BER, the definition (3.73) can be used. Again,
PDF péuT)C_NAF,,Y(&) has to be exchanged by PDF péuT)C_AFﬁ/(&). Keeping in mind that
péuT)C_NAF 4(9) can be written as a sum of special cases of PDF péuT)C_NAF,,Y(&) as shown

n (3.102), the average user BER BERY A STC ap Of user u applying the Adaptive First
scheme in an OSTBC-MRC system can be written as a sum of the average user BER
BER, " STC nar applying the Non-Adaptive First scheme in an OSTBC-MRC system
leading to

v u w—1
B—ERSQTC AF = ZA PS(T)C AF(w Nruap (w_ 1) 1)5
o Z | Pére_ap(& Newp) )
BERA ,STC— NAF(p ) UA; CLSTC NAF( )) (3120)

with BERX)STC_NAF as defined in (3.76) and p’, Uy and agpe_nap(u) as defined in
(3.103) to (3.105).
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3.6.2.2.4.3 Adaptive users applying TAS-MRC The average user data rate
REZ{L’)TAS_ Ar applying the Adaptive First scheme in a TAS-MRC system is given by

B as-ar = Zb (Fifs—ars (Vo) = Fifs apsOfinr)) - (3121)

With the same considerations done in (3.120), the average user BER B—ERX)TAS_N AF
applying the Adaptive First scheme can be written as a sum of the average user BER
B—EREZ)TAS_N Ar applying the Non-Adaptive First scheme in an OSTBC-MRC system
leading to

Wa (u) w—1
———(u P Ny, -1
BER(A,)TAS—AF = E (Z Tasar (W, P) ) <w ) (—=1)°
=0

TXS ar(& N P) ) %
BERATAS Nar(P, Uns @ras_nar(w)) (3.122)

with BEREZ;)TAS_NAF as defined in (3.78) and p’, U} and apg_nap(u) as defined in
(3.115) to (3.117).

3.6.2.2.4.4 Special case pure adaptive and pure non-adaptive resource al-
location Applying the Adaptive First scheme, also the two special cases of pure
adaptive and pure non-adaptive resource allocation are incorporated. For the special
case

9 =10, 0, ..., 0],

with U non-adaptively served users, the user data rate and bit error rate are given
by (3.58) and (3.61) since there is no difference in the performance compared to the
Non-Adaptive First scheme as denoted in Section 3.6.2.2.3.

For the second special case

with U non-adaptively served users, there is no longer a different between Non-Adaptive
First and Adaptive First since there are no non-adaptive users. Thus, the user data
rate and BER are given by (3.66) and (3.76) in case of an OSTBC-MRC system and
in case of a TAS-MRC system given by (3.77) and (3.78) with

Uy =U.

Note that the equations for the average user data rate and BER derived for the Adaptive
First scheme also lead to results given by (3.66), (3.76), (3.77) and (3.78) for the case
that UA = U, i.e., WA = Nru.
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3.6.2.3 Optimizing SNR thresholds

3.6.2.3.1 Non-adaptive users In the following, the optimal SNR threshold vector
fyt(;f) which solves the SNR threshold problem (3.8) has to be found.

Maximizing the data rate of non-adaptive users, subproblem (3.8) can be simplified to

RY.. = max (Rg“’) (3.123)
subject to

BERY (m) < BERy.

since only one modulation scheme is used for each user. As B—ERI(\? )(m) cannot be
written in closed form, the modulation scheme m which maximizes the user date rate
Rl(\? ) for a given average SNR 7, and number D, of allocated resource units subject to
the target BER cannot be determined analytically but has to betermined by testing
all M possible modulation schemes, where in a realistic scenario the number M of
available modulation schemes can be assumed to be smaller than M < 10. Note that
this optimization problem can be done off-line for a finite number of values for 7, and
D, and the results can be stored in a look-up table.

3.6.2.3.2 Adaptive users To solve (3.8) for adaptive users, a Lagrange multiplier
approach similar to [MTO05] is performed where the objective function is given by

(35 = R () + 1+ (RY G BERY (1)) - RY (1)) BERr ) (3.124)

with A denoting the Lagrange multiplier. Note that BERE:)(%}] ) and R( (%h ) repre-
sent the BER and data rate applying both resource allocation strategies NAF and AF
in both OSTBC-MRC and TAS-MRC systems, respectively. Using (3.73) and (3.71),

the objective function can be rewritten as

M Voo
oM () = (1—=ABERr)Y by /(u) pi”(3) di (3.125)
m=1 Vth,m—1

(u)
Fythm . /\(u) " "
+A2b [ #96) BER,'G) d.

'Ythm 1

In order to determine the optimal threshold vector %(ﬁv)opt, P (fyth ) has to be differ-

entiated with respect to the elements of %(ff), where

aq) (u) (f}/t(}ul)opt)

=0 (3.126)
a’}/thm
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must hold for all m =1,.., M — 1. Using the fact that

% ( /0 " H) -G dz) ) Cla), (3.127)

the derivation results in M — 1 equations given by

(1 - ABERy) _ BER,, (%(h,)m) “bm — BERmH(%(h,)m) b

12
X T (3.128)

From (3.128), it can be seen that each element %f;f)m of the optimal threshold vector

%f;i)opt can be calculated using an initial value 715}?,)1- Thus, each threshold vector %(;f)

a function of the initial value %(;f,)p ie.,

18

78 = F(rE). (3.129)

Determining the maximum average data rate subject to the target BER, the optimal

initial value vt(;f) has to be found which fulfills

,opt,1
HEpw u
BER,(f(4hpe1)) < BERy (3.130)
resulting in
RW  _ p () 3131
Amax — TYA fyth,opt ) ( : )

which can be done numerically using for example the fzero function in MATLAB™.

3.6.3 FDD systems

3.6.3.1 Non-Adaptive First

3.6.3.1.1 Introduction In this section, the Non-Adaptive First resource allocation
scheme in an FDD system is analyzed concerning the channel access and resulting SNR
distribution of the adaptively and non-adaptively allocated resource units assuming
that the user serving vector ¢ is given.

3.6.3.1.2 Channel access For a non-adaptively served user u with ¢, = 0 nothing
changes compared to a TDD system regarding channel access since in both TDD and
FDD systems, the resource allocation is performed without considering any instan-
taneous CQI. Each non-adaptive gets access to D, resource units following a round
robin policy, i.e. the channel access demand is fulfilled for the non-adaptive users.



Chapter 3: Combining adaptive and non-adaptive transmission modes in the presence of
88 imperfect CQI

The remaining W) resource units calculated according to (3.10) are then allocated to
the Uy = 979 adaptive users following the QWPFS policy as shown in Section 2.8.4.
Similar to WPFS, QWPFES employs a user-dependent weighting factor p, to adjust the
probability of getting access to the channel. However, the SNR values are quantized
and no longer continuous as in case of a TDD system. Hence, the calculation of the
channel access probability P (p) of an adaptively served user u with ¥, = 1 is dif-
ferent compared to the TDD case. In the following, it is shown how to compute the
channel access probability for adaptive users and how to adjust the weighting factors
p such that each adaptive user u is allocated to D, resource units on average.

3.6.3.1.2.1 Calculation of the channel access probability for adaptive users
applying OSTBC-MRC The probability PS(%)C_N Ap(P) of the adaptive user u to get
access to a resource unit in a system applying OSTBC at the transmitter and MRC at
the receiver is now derived as a function of the weighting vector p. For sake of a better
understanding, it is firstly assumed that the feedback link is error-free (p, = 0), i.e.,
the quantization levels of the SNR values of the different users are perfectly known at
the BS. Later on, also the case with imperfect feedback link is discussed.

Recalling the QWPFS policy given by (2.63), it is can be seen that only the user
u*(n, k) with the highest normalized quantized and weighted SNR value gets access to
resource unit n in time frame k. In case that several users have the same weighted SNR
value, one user is randomly selected. Note that it is assumed that the SNR thresholds

are fixed and the same for each user.

In the following, the events which have to occur in order that a given resource unit is
allocated to user u with weighting factor p, and a normalized SNR value % which
lies in the ¢-th quantization level [yin 41, Vinq] are specified:

1. The normalized SNR value of user v must lie in the ¢-th quantization level.

2. User u must successfully compete against all users which have a weighting factor
equivalent to p, and whose normalized SNR also lies in the ¢-th quantization

level.

3. All other users which have the same weighting factor as user © must have an SNR
value which lies beneath the ¢-th quantization level.

4. User u must successfully compete against all users which have a higher weighting
factor p, with p, > p, but whose SNR value lies in a lower quantization level [
with [ < ¢ such that the resulting weighted SNR value p, -l = p, - q.
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5. All other users which have a higher weighting factor p, must have an SNR value
lying in the [-th quantization level such that the resulting weighted SNR value

pv'l<pu'Q-

6. User u must successfully compete against all users which have a lower weighting
factor p, with p, < p, but whose SNR value lies in a higher quantization level [
with [ > ¢ such that the resulting weighted SNR value p, -l = p, - q.

7. All other users which have a lower weighting factor p, must have an SNR value
lying in the I-th quantization level such that the resulting weighted SNR value

pv'l<pu'Q-

To determine the access probability, three different sets of users are introduced: First,
the set S of users which have the same weighting factor as user u. Second, the set
S&) of users which have a higher weighting factor than user u. Third, the set 81(7;) of
users which have a lower weighting factor than user w.

Furthermore, the sets S and SSVLV) have to be further subdivided to determine the

access probability.

First, for each quantization level ¢ = 1, .., L with L = 2™ it has to be checked whether
there are users with a weighting factor p, higher than p, but with a quantization level
l, lower than ¢ such that p, - [, = p, - q. Hence, for each user v of set Sﬁﬁf it has to be
determined whether

Pu - g
l, = 3.132
o (3.132)

is an integer number. If this the case for user v of set S}(lffv), user v is put in the set
(u)

S™  The corresponding quantization level [, is stored in the vector 1 .

hw,q*

Next, for each quantization level ¢ = 1, .., L it is checked whether there are users with
a weighting factor p, lower than p, but with a quantization level [ higher than ¢ such
that p, - | = p, - q. Hence, for each user v of set S it has to be determined whether

Pu - q
Do

l, =

is an integer number with ¢ < [, < L. If this the case for user v of set Ss(fé), user v is

put in the set Ss(f,ﬁ),q where the corresponding quantization level [, is stored in the vector
1(“)

SwW,q *
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The following example shall illustrate this procedure. Let us assume a system with
Ua = 6 users, with Ny = 2 quantization bits (i.e., ¢ = 1,..,4) and with the weighting
vector p given by

4
= 16,4, 2,2, -1].
p[a7773:|

The user under consideration is user u = 3 and the considered quantization level is
q = 2. The three sets of users are then given by

S = {4},
s¥ = {1, 2},
S¥ = {5, 6},

respectively, i.e., user u = 4 has the same weighting factor as user v = 3 while users
u = 1 and u = 2 have higher weighting factors and users u = 5 and u = 6 have lower
weighting factors. For the quantization level ¢ = 2, the set S}(fv‘v)’q and the vector lgfg,q

are given by
3
Swe = {2
v, = [,

respectively, i.e., if user u = 2 has a normalized SNR value which lies in the 1-st
quantization level, the weighted SNR values of users u = 3 and u = 6 are equal, since
p3s-2=py-1=4

The set S, and the vector 1{%, for ¢ = 2 are given by

Ss(\?v)ﬂ = {57 6}7
1, = 13, 4],

respectively, i.e., if user u = 5 has a normalized SNR value which lies in the 3-rd
quantization level, the weighted SNR values of users u = 3 and u = 6 are equal, since
p3 -2 = ps -3 = 4. Further on, if user u = 6 has a normalized SNR value which lies
in the 4-th quantization level, the weighted SNR values of users u = 3 and u = 6 are
equal, since p3 -2 =pg -1 = 4.

Having defined all sets of users, the probability PS(%)C_N Ar(q, p) of user u to get access
to a resource unit with an SNR lying in the ¢-th quantization level can be calculated
by determing the probability of the seven events mentioned above.

The probability P, for the first event in an OSTBC-MRC system is given by

ntnr—1

1

Pq = Z a (e_nT.%h’qfl (nT . ’}/th7q_1)v — e "Ttha (nT : Vth,q)v) (3133)
v=0
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using the fact that the normalized SNR values are chi-squared distributed with 2ntng
degrees of freedom.

The probability of the second and third event, i.e., the probability Pgys 3 that there are
only users which have the same weighting factor not exceeding the g-th quantization

interval is given by

S

S @) _
Py = E (‘ , |) B - [P<q]‘SSW - (3.134)
=0

with \Ss(éi)| the cardinality of the set of users with equal weighting factor compared to
user u and P., denoting the probability that a normalized SNR value lies below the
g-th quantization level given by

Py=> P, (3.135)

The probability Pgy4 of the fourth event, i.e., the probability that the weighted SNR
values of users of set S}(fjv) , are at most equal to the weighted SNR of user u in quanti-
zation level ¢ is given by

S8 | Si |
Poa= Y Y | T @ Buwawy + (1 —ay) - Pary ) (3.136)

(=0 |a]=¢ \ v=1

with vector a = [aq, ..,a and ay, € {0,1}.

152, ]
The probability Pg.s5 of the fifth event is given by

Poys = || (3.137)

Doy
p eSSl

with Slﬁ;? \S}(lffv)’ , the set of users with a higher weighting factor than user u which have
not been considered in the fourth event.

Considering the sixth event, the probability Pg,¢ that the weighted SNR values of users
of set Ss(ff,),q are at most equal to the weighted SNR of user u in quantization level ¢ is
given by

55| S5l
Pog= Y > | TT be+ Pavaiwy + (1= by) - P ) (3.138)

=0 [bj=y \ v=1

with vector b = [by, .., b and by, € {0,1}.

s, ]
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Finally, the probability Pg,7 of the seventh event is given by

Peyy = 1T Peoean (3.139)
€ SENSS,

with S \Ss(f,ﬁ),q the set of users with a lower weighting factor than user u which not
have been considered in the sixth event.

Multiplying the probabilities of these seven events, the probability PS(%)C—N Ar(q, p) of
user u to get access to a resource unit with an SNR lying in the ¢g-th quantization level

is given by
PSP xar(e.p) = Py 11 Peppaay | - 1T Perecay [(3.140)
v eSS, v e stnstY,
(St (St
Z Z H a'w ’ Plhw,q(w) + (]' - aw) ’ P<1hw,q(w)
¢=0 Jaj=¢ \ v=1
S5 S5,
Yo I o By + (1= 00) - Pay )
n=0 [|b|=n \ =1
S8 1 alw)
|Ssw' | S| 1
B = = |
;( L ol [Ped) 1+i4+¢+n

with a and b as defined in (3.136) and (3.138). The factor m takes into account
the number of users user v must compete against in the random selection process

performed when several users have an equivalent weighted SNR.

Thus, the probability PS(%)C_N Ap(P) of user u to get access to a resource unit in total is
given by

L
Péto xar(P) = Y PSto xar(a,p)- (3.141)

q=1

Until now, it was assumed that the feedback link for the CQI is error-free. In the
following, it is assumed that the CQI feedback bits are detected with a BER rate p, as
defined in Section 2.9.6. Thus, it is possible that a normalized SNR value which was
measured to be in the y-th quantization level at the MS is now assumed to be in the
z-th quantization level at the BS due to detection errors. As shown in Section 2.9.6,
the probability e, of this event is given by

€ry = (1—pp)Ve v g, (3.142)
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with b,, the z,y-th element of the Hamming distance matrix B introduced in (2.90)
and (2.91), respectively, with z,y, =1, .., L. Note that

L
D ey =1 (3.143)

r=1

since the sum of the probabilities has to be one as the BS always assumes a certain
quantization level for each resource unit of each user.

Hence, the probability J5q that the normalized SNR value is assumed to be in the ¢-th
quantization level is given by

L
Pr=>_ equly (3.144)
v=1

with P, as defined in (3.133).
The probability ]5<q that a normalized SNR value is assumed to lie in a quantization
level below the ¢-th quantization level is given by

Py=> Py (3.145)

For p, = 0, P, = P, and P., = P, since matrix E with the elements €z, becomes an
identity matrix.

To determine the channel access probability PS("T“)C—N Ap(DPs pp) of user u in a system with
a CQI feedback BER of p,, the probabilities P, and P, in (3.140) and (3.141) have to
be exchanged by probabilities pq and p<q leading to

L
PS(T)C nar(P; Pb) Z STC NAF(T P, Do) (3.146)
=1
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with

PS("T“)C—NAF(qv p.,py) = pq : H 15<[%] (3.147)
w c S(“)\s(“)

hw hw,q

[T Pepm
(u)\ g(w) v
w S st \st,q

(w) (u)
|Sh1:v,q‘ |Sh1:v,q|

2 2| T e Prawr + (0= a0) - Pa

(=0 lJaj=¢ \ ¢=1

1559, | s,

Z Z H by - Py yw) + (L= by) - Par, )

=0 |bl=n \ ¥=1

|st ~ ~ ‘SSEV’%)‘_L 1
Z( B P 1+1+C+7n

=0

and a and b as defined in (3.136) and (3.138).

The average number of allocated resource units to user v in an OSTBC-MRC system
applying the Non-Adaptive First scheme is given by

E{Nruu} = Wa - Psrc—nar(P, pb)- (3.148)

Note that (3.146) is true for all possible SNR thresholds vy, as long as each user u
applies the same SNR thresholds ~4,. However, if the SNR thresholds are defined such
that the probability of a normalized SNR value to lie in the ¢-th quantization level
[Vth,g—15 Vth,q) 18 the same for all L intervals, i.e.,

1
Py==Vq=1.L (3.149)

then the probability J5q (py) that the normalized SNR value is assumed to be in the ¢-th
quantization level is given by

L L
Py=> dyy Po=) dyy-~ _1 quv s (3.150)
v=1

v=1

ie., pq becomes independent of the CQI feedback BER p,. Further on, also the channel
access probability PS(%)C_N Ar(DPspp) of user w in a system with a CQI feedback BER of
pp» becomes independent of p,. This eases the calculation of the weighting factors since
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a given channel access demand vector D will always lead to the same weighting vector
p independent of the user-dependent channel knowledge impairment parameters such
as the CQI feedback BER py.

In the following, it is shown how to compute the SNR thresholds v, , with ¢ =0, .., L
and Y0 = 0 and 4, = 0o such that (3.149) is fulfilled. The probability P(v) that a
normalized SNR has at most the value v is given by

ntnr—1

Pl =1—emr. 3 %(nT.w. (3.151)

v=0
From this it follows that the following equation must hold:
P(ing) :%Vq: 1,.,L—1. (3.152)
To determine the SNR threshold 7y, 4, the root of the function

ntngr—1

S 1 v
gstc(Ving) = 1 — ¢ Tiha Z a(nT “Yih,g) (3.153)

v=0

has to be determined which can be done using the fzero function in MATLAB™.

3.6.3.1.2.2 Calculation of the channel access probability for adaptive users
applying TAS-MRC As introduced in Section 2.5.3, there are two types of TAS
schemes in an FDD system differing in the CQI feedback. With TAS-FA, each MS
of user u feeds back all nt CQI values of a resource unit and the transmit antenna
selection is performed at the BS. With TAS-FB, only the best out of nt CQI values
is fed back to the BS along with the antenna label of the antenna providing the best
SNR. Thus, the antenna selection is performed at the MSs. These facts have to be
taken into account when calculating the channel access probability P%\)S_N Ap(p) for a
TAS-MRC system applying the Non-Adaptive First scheme.

First, the case of TAS-FA is considered. Like in the case of TAS in a TDD system,
where the antenna selection is also done at the BS, a TAS-FA-MRC system with nr
transmit antennas, ng receiver antennas and Ua adaptive users can be interpreted as
an OSTBC-MRC system with nf, = 1 transmit antennas, n = ngy receiver antennas
and U) = nt - Uy virtual adaptive users resulting in

P&)S—FA—NAF(Papb) =nr- PS(%)C—NAF(plapba UlA? n/Ta n/R) (3.154)
with
pP=p p .. P (3.155)
—_——

nt times
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To achieve that P%\)S_FA_N Ar(P; pp) becomes independent of the CQI feedback BER py,
to ease the calculations of the weighting factor as mentioned before, the SNR thresholds

Vth,q have to be the roots of the function

nr—1
J— q ~Vth,q 1 v
G1AS—AF(Vthg) = 1 — 7 ¢ Tihoa Uz:; a(%h,q) : (3.156)

The average number of allocated resource units to user u in a TAS-FA-MRC system

applying the Non-Adaptive First scheme is given by

E{Nru,u} = Wa - Pras—ra—~ar(P; Db)- (3.157)

For the case of TAS-FB, it has to be taken into account that the antenna selection is
already done at the MSs leading to the probability Pras_rp, that the best normalized
SNR value out of nt values lies in the ¢-th quantization level given by

nr—1 1 nr nr—1 1 nr
Pras-rBq = (1 — e Tt Z g(%h,q)v> - (1 — e T Z a(%h,q—l)v> :
v=0 v=0

(3.158)
From this, it follows that the probability pTAS_FB,q that the best normalized SNR value
out of nr values is assumed to be in the ¢g-th quantization level is given by

L
pTAS—FB,q = Z €q,0PTAS—FB v (3.159)

v=1

The probability f’TAS_FBKq that the best normalized SNR value out of nt SNR values
is assumed to lie in a quantization level below the ¢g-th quantization level is given by

q—1
Pras—r¥B,<q = Z Pras-rB.q- (3.160)
k=1

Thus, the channel access probability P%QS_FB_N Ar(Pspp) for an adaptive user u in a
TAS-FB-MRC system applying the Non-Adaptive First scheme can be calculated by
exchanging ﬁq and ﬁ<q with pTAS_FBg and pTAS—FB,<q in (3.146) and (3.147) leading
to

L
P"l(f/f\)S—FB—NAF(pupb) = Z P’F/QS—FB—NAF(% P, Pb)- (3.161)
q=1
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with
P&)S—FB—NAF(% P, ) = Pras_rp, - H pTAS—FB,<(”p“—f] (3.162)
eSS,

11 Pras-rp,<rzes)
b e SEN\SW,

Sk ] 1Skl

hw,q hw,q

YD | T av - Pras—rpan, o + (1= ay) - Pras—re.<,, )
(=0 Jaj=¢ \ v=1

155 |55,

SO T be - Pras—rniaagw + (1= by) - Pras—rp.<i.,w)

n=0 |b|=n \ ¥=1

|Ss(v1é)| _ N S 1
(P _ Lt P _ |Sew'|—e =
( L [ TAS FB,q] [ TAS FB7<q] 1 + L+<+77

IS8

=0

and a and b as defined in (3.136) and (3.138).

The average number of allocated resource units to user u in a TAS-FB-MRC system
applying the Non-Adaptive First scheme is given by

E{Niwu} = Wa - Pras-rB-Nar (P, Pb)- (3.163)

In order to accomplish that P&)S_FB_N Ar(P,; Pp) becomes independent of the CQI feed-
back BER p;, to ease the calculations of the weighting factors, the SNR thresholds 7 4
have to be the roots of the function

nr—1 nr
1
g1AS—BF (Vth,q) = <1 — e Mtha . a(%h,q)v) - % (3.164)

v=0

3.6.3.1.2.3 Calculation of weighting factors In order to determine the weight-
ing factors p to fulfill the user demand D, the same problem of (3.27) shown in Section
3.6.2.1.2.4 for a TDD system has to be solved.

However, the channel access probability Pyar(7, f(P)) is no longer a continuous function
with respect to p. In contrast to a TDD system, where the channel access probability
of a user can have any value between 0 and 1 by adjusting p, there is only a finite
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number of values which Pxar(i, f(P)) can have due to the quantization of the SNR
feedback in an FDD system.

Thus, it is possible that for a given user demand vector D, there is no weighting
vector p* which perfectly accomplishes the required user demands. Note that the more
quantization bits are used, the better the granularity of possible values of Pyar(7, f(P)).

3.6.3.1.3 SNR distribution

3.6.3.1.3.1 Introduction Like in the analysis of the TDD system, the SNR dis-
tribution of the SNR values of the allocated resource units has to be derived for the
Non-Adaptive First Scheme in order to analytically derive the performance of the sys-
tem.

3.6.3.1.3.2 Non-adaptive users For the non-adaptively served users, there is no
difference in the SNR distribution compared to the case of a TDD system, since no
CQI is used for the resource allocation. Thus, it does not matter whether the CQI is
quantized or not, i.e., the SNR distribution is the same as derived in Section 3.6.2.1.3.2
given by (3.43).

3.6.3.1.3.3 Adaptive users applying OSTBC-MRC To ease the derivation of
the distribution of the SNR values of allocated resource units, it is initially assumed
that the feedback link is error-free, i.e., p, = 0. Later on, also the case with p, > 0 is
considered.

If a resource unit is allocated to adaptive user u whose normalized SNR value lies in
the ¢-th quantization level, the exactly measured SNR value ¥ is not known. However,
it is known that 4 lies between Yg, - Vihg—1 and g, - Vin,e With the average SNR
e measured at the MS and used for the normalization given by yg, = 3., - (1 +
0%.,). Further on, it is known that 4 is chi-squared distributed. Hence, the PDF
pgff)c_N AF~,q(7) of 4 of a resource allocated to user u in the g-th quantization level in
an OSTBC-MRC system applying the Non-Adaptive First scheme is given by

P:(suT)C—NAF,m@) = (STC—NAF,q (3.165)

N nTNR ,AynTnR—l _,ZYLEL:Y ) )
' T e [0(F — ) = 6(A —
(fj/E,u) (nTnR — 1)' € [ (,y Vth,q 1) (7 7th7q)]
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with 0(%) denoting the step function given by

o [1a>0,
5(7)—{ 0 olso. (3.166)

The factor agrc_nar,, ensures that

/0 péuT)C—NAF,a,q(”AY) dy = 1. (3.167)

With the probability P, given by (3.133) denoting the probability that a measured

SNR value lies between Jg - Vih,g—1 and Vg - Vin,g, the factor asrc_nar, is given by
1

ISTC-NAF.q = P - (3.168)

q

Finally, the PDF p((SL"LF)C—N ar4(7) of the SNR of a resource unit allocated to user u
taking into account all L quantization levels is determined by summing up the PDFs
pgff)C_N AF~q(7) Weighted by the probability that the allocated resource unit has a
normalized SNR value that lies in the ¢-th quantization level which is given by the

probability P{. ap(q, P) given in (3.140). Thus,

L (u)
u ~ STC NAF(qvp) u ~
p(ST)C NAF'y(’y) = Z < (u) ) 'pé%o_NAFﬁ’q(V) (3169)
q=1 v 1PSTC Nar (Vs P)

L
. ( STC NAF(q ) P) )
= E * ASTC—NAF,q

g=1 Zv 1Ps(%c NAF( ,P)

) NTRR Arrrr—l nr4

e B [6(’? - vth,q—l) - 5(’? - ’yth,q)]

VEu (nrng — 1)

-1
where the factor [25:1 Psrc_nar(v, p)} ensures that

/ P8t xars (%) 44 = 1. (3.170)
0

Now, the case of p, > 0 is considered. If the CQI feedback is possibly erroneous, it
is not known whether the measured SNR value 4 which is assumed to be in the g-th
quantization level actually lies between ¥, - Ving—1 and Vg - Vin,q due to feedback bit
errors. Thus, it is possible that an SNR value assumed to be in the z-th quantization
level actually lies in the y-th quantization level. The probability of this event is e, ,
given by (2.93) as introduced in Section 2.9.6. From this, it follows that the actually
measured SNR value assumed to be in the ¢g-th quantization level actually lies in the
w-th quantization level with a probability of e, .. Knowing that the SNR values from
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the w-th quantization level are chi-squared distributed, the PDF p(S“T)C_N AF gl V) OF 7

of a resource unit allocated to user u in the ¢g-th quantization level in an OSTBC-MRC
system applying the Non-Adaptive First scheme with p, > 0 is given by
L

png)C—NAF,?/,pb,q(f?) = QSTC-NAF,py,q Z €qw (3171)
w=1
nt \ TR snrnR—1 _ s ) )
. [ U . 6 _ w— _ 6 _ w
(’_YE,U) (nng — 1)1 © [0 = Yonw1) = 007 = Yo
Again, the factor agrc_naF p,,q €nsures that
/0 p(suT)C—NAF,a,pb,q(“AY) dy=1. (3.172)

With the probability J5q given by (3.144 which denotes the probability that a measured
SNR value is assumed to lie between Yg ;- Vin,g—1 and Vg - Yin,g, the factor agrc_nar p, q

is given by

GSTG NAF g = r%' (3.173)
The PDF pgfr)c—N AF 4., () Of the SNR of a resource unit allocated to user u taking into
account all L quantization levels with p, > 0 is given by

L (u)
Psre_nar (4, Py Db)
(u) AN STC—NAF\4, P> (u) R
pSTC—NAF;%p,,(W) = E T @ 'pSTC—NAF,&,pb,q(”Y) (3.174)
> o1 Psto-nar (v, P Db)

P(TU) _ F(q I j ) w
- E : LSPC(I;IA = * ASTC—NAF p ‘I'Zeq
~ sPb, ’
E:U_—1 S

TC-NAF (Vs Py Pb) w=1
nr )nTnR ,?nTnR—l _nTd

e "Eu . [5(’3/ — ’Yth,w—l) - 6(:)/ - ”Yth,w)] .

f_)/E,u nTnr — 1)' '
Note that for p, = 0, (3.174) is equivalent to (3.169) as matrix E with elements e, ,

becomes an identity matrix.

In the following example, the calculation of the PDF of the SNR values of allocated
resource units shall be illustrated. A system with Uy = 3 adaptively served users,
nt = 2 transmit antennas and ng = 1 receive antenna each is assumed where all users
have the same average SNR 7, = 10 dB and perfectly measured CQI (a%,u = 0). For
the CQI feedback, Ng = 2 quantization bits are applied, i.e., there are 4 quantization
levels, where the binary bit coding scheme is used. The SNR thresholds are given by

Y = [0, 4.8, 8.39, 13.46, ool

such that the probability of a measured SNR value to lie in any of the 4 quantization
levels is i. Further on, a feedback BER of p, = 0.1 is assumed. The weighting vector
is given by

p=1[3, 2, 1].
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In Figure 3.7(a) to 3.7(c), the PDFs of the measured SNR values of allocated resource
units are depicted for user u = 1, u = 2, and v = 3. It can be seen that the simulative
PDFs match the analytical ones. The steps in the PDF at the SNR thresholds due to
the step functions in (3.174) are clearly visible. Like in the case of a TDD system, it
can be seen that the probability of small SNR values is larger for user u = 1 than for
user u = 2 and u = 3 due to the SNR boosting of the QWPFS.

0.1
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Figure 3.9. Analytical PDF and simulative PDF of the SNR of allocated resource units
for user (a) u = 1 and (b) u = 2 and (c¢) u = 3 applying the Non-Adaptive First scheme.

3.6.3.1.3.4 Adaptive users applying TAS-MRC For the case of a system ap-
plying TAS at the transmitter, again the two feedback schemes TAS-FA and TAS-FB
have to be considered when deriving the SNR distribution of allocated resource units.

As shown in Section 3.6.3.1.2, applying TAS-FA-MRC in a system with nr transmit
antennas, ng receive antennas and U, adaptive users can be interpreted as an OSTBC-
MRC system with n7. = 1 transmit antennas, ny = ng receiver antennas and U, =
ny - Ua virtual adaptive users. Thus, the PDF p%is_FA_NAFﬁ(&) of the SNR of a
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resource unit allocated to user u when applying TAS-FA-MRC with p, > 0 is given by

L (u)
u N Praspa— NAF(Q>P>Pb)
P(Tzzs—FA—NAF,a,pb(W) = Z ( - ) (3.175)
q=1 PTAS FA— NAF( 7p7pb)
L
*QTAS—FA—NAF,py,q Z €qw
w=1
n cnp—1 .
- (1 ) T B — Yunset) — 63 — )]
VE,u (ng — 1)!
with
1
ASTC—FA— = — . 3.176
STC—FA—NAF,pp.q [T R — ( )

Applying TAS-FB-MRC, the MSs feed back the quantized CQI value of the best trans-
mit antenna plus the digitized antenna label of the best antenna. Thus, besides possible
errors detecting the feedback bits of the CQI, also possible errors detecting the antenna
label have to be taken into account when deriving the SNR of allocated resource units.
At the BS, three possible scenarios considering the antenna label are conceivable:

a) The antenna label is correctly received.

b) The antenna label is not correctly received. However, the SNR value of the
wrongly selected antenna lies in the same quantization level as that of the correct
antenna.

¢) The antenna label is not correctly received and the SNR value of the wrongly
selected antenna lies in a quantization level below the quantization level of the
correct antenna.

Note that the case that the SNR value of the wrongly selected antenna lies in a quan-
tization level above the quantization level of the correct antenna does not exist since
the SNR value of the correct antenna always lies in a quantization level equal to or
higher than the quantization levels of the other antennas due to the selection of the

best antenna, i.e., the correct antenna always provides the best SNR.

In the following, the PDF's of the SNR values for these three events are derived. To do
so, the function F,ﬁ?(&) is introduced which denotes the probability that a chi-squared
distributed SNR value is smaller than 4 given by

~ nr—1 ~ v
W) (A gl L /7
F,gR)(v) =1—exp (— ) E ) (—) . (3.177)

YE,u =0 YE,u
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In case that the antenna label is correctly received, the SNR value is the best out of
nr chi-squared distributed SNR values. Thus, PDF p(“) is given by

’Q{’a)
5 Anr—1
w _ _ T s t Fl) ozt 3.178
P G ¢ RO (8.178)

For the second case, it is assumed that the SNR value of the best antenna lies in the
g-th quantization level. Now, the CDF P;ETQ of the SNR value of the wrongly selected
antenna which also lies in the g-th quantization level [¥g ., - Vihg—1, VE.u - Vihg) has to
be determined. Assuming that there are nr different transmit antennas, the wrongly
selected antenna can be the second best, the third best down to the nr-th best antenna
with equal probability. Hence,

‘S

Z Péjg,w—th best?’ (3 179)

w=2

P =
b nr — 1

with Y54 - Yehg—1 <5 < YEu - Ving Which can also be written as

"

P&(?g = ﬁ Z P‘&jg,w—th best P‘&jg,l—th best* (3180)
w=1

To determine PV

e bw—th best O1€ has to consider all cases where (w — 1) SNR values lie

between 4 and g, - Vi, and at least one SNR value lies between g, - Yth,q—1 and
4. For the special case w = 1, the CDF Péﬁikth best Of the best out of nr chi-squared
distributed SNR values which lies in the ¢-th quantization interval is given by

P vess = [EVO]™ = [FY A0 - Ying-1)] " - (3.181)

The expression of the CDF 3" P(*

5 bw—th best of the sum over the best out of np SNR

values down to the nr-th best out of ny SNR values can be simplified considering the
following aspects. For all cases from best out of ny SNR values down to worst out of
nr SNR values, at least one SNR value must lie between ¥ 4, - Vinq—1 and 7. For this
one value, there are nt possible candidates. Further on, the remaining nt — 1 other
SNR values must be at least smaller than yg , - Vin4. Thus,

nrt
1

Z P“Agjg—th best — NVT (FT(LTIL{) (’3/) - FT(L;) (KS/E,U ' ’Vth,q—l)) ' [Féﬁ) (7E,u ) ’ytth)}nT_ (3182)

w=1

Inserting (3.182) and (3.181) in (3.180) results in

1 2 w) (= w) /- e —
ny—1 (nT ' (F’(‘;) (%) = FT(LR) (VB - %h,q—l)) ‘ [FéR) (Ve 7th,q>:| T(§.183)

- (F9E)" = (A0 200-0] "))

P(“) —

ﬁib
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Differentiating (3.183) with respect to 4 leads to the PDF p(?% given by

ol
__a N 1
W _ _nr e 4T ( W, . el ) (4 ”T‘l) 3.184
P = =) G0 g\ Ome w18

with ﬁE,u * VYth,g—1 S ’S/ S '7E,u * Yth,q-

In the third case, the SNR value of the wrongly selected antenna lies in the [-th quanti-
zation with [ < g while the SNR of the best antenna lies in the ¢g-th quantization level.
Again, the wrongly selected antenna can have the second best down to the worst SNR
value out of nt with equal probability leading to

-

(u) _ (u)
P’%C - np — 1 Z P‘y,c,w—th best’ (3185)

w=2

with Y54 - Yeni—1 <Y < YEu - Veng- To determine Péfgw_th best O1€ has to consider all
cases where (w—2) SNR values lie between 4 and g ,, - Vin ¢, at least one SNR value lies
between Vg ,, - Vihg—1 and Vg4, - Vin g and at least one SNR value lies between yg o, - Vin1—1

and 4. Considering the sum » "%, P@Ejﬁ;),w—th bests

it can be seen that for all these cases
at least one SNR value must lie between g ,, - vn—1 and 4. For this one value, there
are nt possible candidates. Further on, the remaining nt — 1 other SNR values must
be at least smaller than vz ,, - 1,4 However, since at least one value must lie between
VEu - Vehg—1 a0d g4 - Vih,g, ONe has to substract all cases where the remaining nr — 1

SNR values at least are smaller than ¥z, - Vihg—1. Thus,

nr
D Pluies = 11 () = B (G Y-) (3156)
w=2
W)/ — nt—1 W)/ — nr—1
'([Fng)(VE,u'%h,q)} = Y (s Aing)] )
Inserting (3.186) in (3.185) results in
u n W) /2 W) /=
Pl = 1 (FRG) — B (e i) (3.187)
’ nt —1

TLT—l

() S (e ICE L)

Differentiating (3.187) with respect to 4 leads to the PDF pgfc)) given by

I T
() ny I

597 e = 1) (e = D! 7R,

TLT—I

(PG )™ = [ G ] ™)

(3.188)
with Ypu - Yini—1 <5 < YEw - Ving-
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Next, the PDF p%gS_FB_NARWM(&) of the SNR of a resource unit allocated to user
u whose SNR value is assumed to be in the g-th quantization level is derived when
pp > 0. To do so, the probability Par, that the antenna label is received incorrectly is

introduced given by

Pap =1 — (1 — pp)loetr), (3.189)
assuming that log,(nt) feedback bits are used for signaling the antenna label. With
the three cases derived above, p%iS_FB_N AFA.py.q(Y) 18 given by

L

p(%t/zs—FB—NAF,a,pb,q@) = QATAS—FB—NAF,p,,q ° Z €qw (3.190)

w=1
[5(A) - 5(’3/ - KS/E u vth,w—l)]
<PAL U+ (1= Pay) - B ;)
: [5(7 —VEwu* ’Yth,w—1) - 5(7 —YBu- %h,w)] ;

Py, - p(u)

which can be rewritten as

L
(u) AN
pTAs_FB_NAF,ry,pb,q('V) = aTAS—FB—NAF,pl”q'E €q,w (3.191)
w=1
__A
nr e VE,u }YTLR—l

'PAL .

(”T 1) (e -1)! 7,

5(4
__A .
e TEu fs/nR_

P
*(AL 1) =1 T

7Eu Yth w)]nT_l — [F,Eﬁ’(?)]"T_l>

nrt S ’A}/nR_l (W) (2 np—1
1] — Pai)e — & T ya
0= Pan) - gy e o [Fr) (7)]

: [5(’? - ’7E,u . Vth,w—l) - 5(’? - ﬁE,u Vth,w)]) .

Again, the factor atas_rFB_NAF p,,q €nSUres that

/0 p%is FBNAF 4.pp.q(V) @7 = 1. (3.192)

With the probability f’TAS_FBg given in (3.159) which denotes the probability that the
best out of np SNR values is assumed to lie between Jg 4, - Ving—1 and Yg., - Vin,g, the

factor aras_FB_NAF p,q 1S given by

1
(TAS—FB—NAF,py,q = ﬁ. (3.193)
TAS—FB,q
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The PDF p%zS_FB_NAF’Wb(&) of the SNR of a resource unit allocated to user u taking
into account all L quantization levels with p, > 0 is then given by

L (u)
u 2 PTAS—FB—NAF(Qa P, )
P(Tzzs—FB—NAF,a,pb(V) = Z ( I o (3.194)
q=1 szl PTAS—FB—NAF(Ua P,pb)
L

ATAS—FB—NAF,pp.,q ° E €q.w
w=1

__4 .
nr e "Eu fy

.Pxr - .
Ml =1 (e - 1) A

([Fr(L fYE u 7th,w>:|nT_1 - [Fr(LR) (f_YE',u : 7th,w—1>:|nT_1)
(%) = 0(% = ¥Eu * Vthw-1)]

_ A
nr e YE,u rA}/nR_l
Pyr -

nr—1

(nr—1) (nr— D! 7,

[0
_I_
’fLT—l u ~ ’fLT—l
(RG] = [F9 )] )
nr 3 Ane-l
67 = VB Yenw—1) — (Y — VB u - %h,w)]) .

+(1 — Pay) -

3.6.3.1.4 Average user data rate and BER

3.6.3.1.4.1 Non-adaptive users Since the distribution of the SNR values of allo-
cated resource units of non-adaptive users applying the non-Adaptive First scheme in
an FDD system is the same as in a TDD system, the average user data rate and BER
are equivalent to the user data rate and BER derived in Section 3.6.2.1.4.

3.6.3.1.4.2 Adaptive users applying OSTBC-MRC Determining the average
data rate and BER of user u for an OSTBC-MRC system applying the non-Adaptive
First scheme taking into account imperfect CQI, the definitions (3.65) and (3.73) for
the average data rate and BER can be used again. However, the number M of applied
modulation schemes is limited by the number L of quantization levels leading to

_ (u) L YE,u Vth,q (u)
RA,STC—NAF,pb = E Ty« bg - / DSTC—NAF,4,p; (%) dy. (3.195)
gl

q=1 YE,u Vth,q—1

L YE,uVth,q ()
- ZrnT'bq' / PSTC-NAF 5,pa (V) 47
v

g=1 YE,u"Vth,q—1
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Inserting (3.171) in (3.195) results in

L (u)
. F, (¢, P.1»)
(u) _ sTC—NAF\4, P, Py
RA,STC—NAF,pb = ZTnT “by - ( 7 o) (3.196)
q=1 Zv:l PSTC—NAF(Ua P>Pb)
YE,u"Vth,q
: / ASTC—NAF,py,q
:/E w' Vth,q—1
NTRR anrnr—1 nrd
7 -4 R
€qw * e TBu
Z B (VEu) (nrnr —1)! !
L

_ P& war (@, D, Do)
- Z TnT q L (u)

q=1 Zv:l PSTC—NAF(Ua p, Pb)

recalling the calculation of factor asrc_nar,p,,q of (3.173).

The average BER of user u is calculated following the definition of (3.73) is given by

YE,u'Yth,q /\(u) R R
BERASTC NAF,p, — = Z/ Tnpb qpéT)C NAF,4.pp q( )'BERq (7) dy

RASTC NAF,p, g=1 Y 7E,u"Vth,q—1

(3.197)
with

— (u NTTR o) 2
BER." () =02 (”—T_) - exp (—WT—““@Z> . (3.198)

nr + 6q’>/u0-72«,u nr + ﬂqﬁuoﬁu

Inserting (3.171) and (3.198) in (3.197) results in

L

=5

BER, strc-NAFp, = R E Tnp = bg * ASTC—NAF py.q (3.199)
TC—NAF,p; 1

q=
L nmTn
q7w —_ 2
szl PST)C—NAF(U> P, Pb) nr + By Vu0z,

w=1

lex (_%h,w_l - - (nr + By (o7, + %,mi)))
P nr + By V07,

Z 1 (%h,w—l “nr - (nr + ﬁq(%giu + VE,uMi)))U
0 v! nr + ﬂqﬁuoﬁu
( Yehw - o1 - (N1 + 5q(’7u<7¢2,u + 7Eu/~bi)))

nr + ﬁqﬁuo’?‘,u
ntnr—1

Z l (%h,w “nt - (nT + 5q(7u<7r2,u + VE,uMZ)))v]
vl
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3.6.3.1.4.3 Adaptive users applying TAS-MRC Computing the average user
data rate and BER for a TAS-MRC system following the Feedback All policy, one can
utilize the fact that TAS-FA-MRC can be interpreted as a special case of an OSTBC-
MRC system as derived in Section 3.6.2.1.2.3. Hence, the same derivation steps as
shown above can be used to determine the average user data rate given by

p(u P’E?S—FA—NAF(qv p7pb)
Ry ras vacxarp, = D bo- ( et (3.200)
q=1 Zu:1 PTAS—FA—NAF(Uv p7pb)

and the average BER given by

L

p(u) ' Z by * GTAS-FA-NAF py.q (3.201)
Ry TAS-FA-NAFp, g1

u L n
‘ < P’%A)S—FA—NAF(vavpb) ) ‘Ze (;) R
L u q,w — 2
szl P’%A)S—FA—NAF(Ua b, pb) 1+ ﬂq’}/uo},’u

W 0.2
BER, tas-FA-NAFp, =

w=1

{exp (_m w1 - (1+ B (Tuo, + WE,uui»)
Vou(l+ By 7u0?,)
"1 (Vs et - (L4 By(Fu0ly + Teuii))
' ; vl ( Yol + B uo?,) )
o (T (1 +6,(u0t, + aE,uuz»)
'VE,u(l + ﬁq'yuag,u)
Nt (v o - (L By (a0 + T22)) ) ]
vl VEu(1+ Be1u0? ) '

v=0

For the case of following the Feedback Best policy, the average user data rate in a
TAS-FB-MRC system is given by

L (u)
5 Pras_rp_Nar( P; Do)
() _ TAS-FB-NAF\4; P>
Ry TAS—FB-NAFp, = E :bq' (ZL [0 (0. p.70) (3.202)
v=1" TAS—-FB-NAF\* I

Computing the average BER BERSL,)TAS_FB_NAF% in a TAS-FB-MRC system,
pé?C_NAFmpb,q(&) in (3.197) has to be exchanged by p%is_FB_NAFﬁ,pb,q(ﬁ) given
by (3.194).  Since pgﬁs_FB_NAFme,q(&) consists of three parts, the average

BER BEREZ)TAS_FB_NAR% is also expressed in three parts BEle:)TAS_FB_NAFM,
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BER2 A TAS FB—NAF p, and BERggf)TAS_FB_N AFp, 1O ease the readability. Thus,

L

——(u) 1 YE,u " Yth,q—1
BER1 4 TAS_FB-NAFp, = Z/ b, (3.203)
RA ,TAS—FB—NAF,p, ¢=2 "0

L
PTAS FB— NAF(Q7papb> ) .

q,w
ZU:l P’l(“A)S FB— NAF(Uap D)

L2nr—1

"ATAS—FB—NAF,py,q (

PAL nrt 9 Y

. . -e TBu . BER dA
(nR — 1)' nt — 1 € ’72}2 q ( ) &
which can be rewritten as
0.2 L
BERlA TAS-FB-NAFp, — = 'qu " ATAS—FB—NAF py.q (3.204)

R 'AS—-FB—NAF,p, g=2

L
Pé‘A)S—FB—NAF(qv P, pb ) Z e
U q,w
25:1 PéA)S—FB—NAF( 7P7Pb)

nm 1 R
Pt -
A np —1 (1 + ﬁq'yugv%u)

. ([F,(Lﬁ) (T - %h,w)]"T_l — [F(Fg,, - ’Yth,w—l)}NT_l>

Yenw—1 - (L + B(3u0? o + TEwis))
1 + 6(1’_)/“0'7%” .

w=1

W)

nRrR

BER2 A TAS FB_NAF p, 15 computed as follows:

———(u) 1 L YE,u Vth,q
BERy A tAS FB-NAFp, = Z / TAS—FB—NAF py,q (3.205)

RA TAS—FB—NAF,p, g=1 Y VE,u"Vth,q-1

PéA)S—FB—NAF((L Papb) L
'bq ’ < L w Zeq,w
w=1

Zv:l P’l(“A)S—FB—NAF(Ua P, D)

PAL nrt S
' (nR - 1)' . nr — 1 [F( )(ryEU fyth,w>i|
__4 ?ynR—l

— (u) . N
e B ——e— - BER,(7) d7,

nyu
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which can be rewritten in closed form as

0.2
BERZA TAS—-FB-NAF,p, 'qu'aTAS—FB—NAF,pb,q (3.206)

RA TAS—-FB-NAF,p, ¢=1

L
( Pé‘A)S FB NAF(Q>papb ) Z

Zv 1 AS FB— NAF( 7P7Pb) w=1

P . nT ]_ nR [F( )( )i|nT—1
AL np — 1 1 ‘l‘ﬁq'?uo}%u YEu * Vthw

[ e (e O+ Ba(Guor + Tean)
" L+ ﬁqﬁ/uggu
iy (V=1 (L4 B (u0ry + Teubtn))

nR 1+ 6q'_YuU7%u .

Finally, the third BER term is calculated given by

1 L YE,u “Yth,q

BER3A ,TAS—FB—NAF,p, — ATAS—FB—NAF p, 3-207)
RA . TAS—FB—NAF p, g=1 Y TEuVth,q-1

L

b ( PéA)s—FB—NAF(qapapb) )

’ q ’ L (u) erw
Zv:l PTAS—FB—NAF(Uv P, )

(nT(l — Par) — ) ) (4] 7]
__% ,AynR 1 .
e TEu - BER ( ) dy,

nyu
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which can be written in closed form as

L

»rp (W 0.2

BERs y 1AS-FB-NAFp, = — (@) E (TAS—FB—NAF,py,q (3.208)
Ry TAS-FB-NAF p, 41

u L
b PFE‘A)S—FB—NAF(% P, D)
e L pw Z Cqw
szl PTAS—FB—NAF(Ua P, D)

(1 Pyy) - 1) Zl ("T . 1) (—1)!

nt—1
T 1=0

l 1 (ng — 1+ G)!
2 <n) <H’;ial<v!>%> (ng — 1)!

|n|=l
(14 By7u02,)”
(L4 1) + By((L+ 1)Fu02, +Fmai2)) ™
g [ e ((T4+1) + B,((+ V)30l + VEul)
1 + ﬁq’?uo’g,u

_pw (et (D) + B (4 DYu07y + Tpakn)
1 + ﬁq%@%u

w=1

with 7 = [0, .-, np_1] Where n, € {0,1} and G = 3" v -,

Finally, the average BER of user u is given by

B p™ S5 (®
BER ) tas-rB-NAFp, = DBER1sTAS-FB-NAF ) (3.209)

S5 W) S5 (W)
+BERs 5 TAS—FB-NAFp, T BE R34 TAS_FB-NAF p;-

3.6.3.1.4.4 Special case pure adaptive and pure non-adaptive resource al-
location Like in the case of a TDD system, the two special cases of a pure adaptive
and a pure non-adaptive system are incorporated in the expressions of the average
user data rate and BER for adaptively and non-adaptively served users derived in the
sections above. For ¢ = [0,..,0], there are no adaptively served users and the user
data rate and BER for all users are calculated as shown in Section 3.6.2.1.4.2. For
¥ =[1,..,1], all users are served adaptively, i.e., all Uy = U users have to be considered

u)

when calculating PIEIAvab as shown in Section 3.6.2.1.4.3 and 3.6.2.1.4.4.

3.6.3.2 Adaptive First

3.6.3.2.1 Introduction In this section, the Adaptive First resource allocation

scheme for an FDD system is analyzed concerning the channel access and resulting
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SNR distribution of the adaptively and non-adaptively allocated resource units assum-
ing that the user serving vector ¢ is given.

3.6.3.2.2 Channel access Like in the case of a TDD system, all available resource
units N, are allocated to the Uy = 979 adaptive users now following the QWPFS
policy. Further on, Wy resource units are re-assigned to the total number Uy =
U — Uyx of non-adaptive users, i.e., the channel access demand of the non-adaptively
served users is fulfilled. Like in the TDD system case, it have to be determined which
Wa = Ny — Wy of the N, resource units are allocated to adaptive users. Again, only
the best W), resource units which have the best weighted normalized and quantized
SNR value are taken into account for serving the adaptive users. Thus, the channel
access probability for adaptive users has to be determined in order to be able to adjust
the weighting factors p such that each adaptive user u is allocated to D, resource units

on average.

3.6.3.2.2.1 Calculation of the channel access probability for adaptive
users applying OSTBC-MRC In Section 3.6.2.2.2, it could be shown that in
a TDD OSTBC-MRC system applying the Adaptive First scheme, the probability
Pstc_ap(w, Ny, u, p) of user u to get access to the w-th best resource unit given
by (3.85) can be calculated using the channel access probability Psrc_nar for the
Non-Adaptive First scheme. Since the general principle of the Adaptive First scheme
does not change if applied in an FDD system with quantized CQI values, (3.85)
can be also applied in an FDD system simply by exchanging Psrc-nar(u,p’, Uy =
Up - (64 Ny —w+1)) with PS(;)C_NAF(p’, Uy =Ux(e4+ Ny —w+1),p) as calculated
in (3.146). Hence,

u Nru - 1 vl w — 1 e
PS(T)C—AF<w7Nru7pvpb) = N ( w—1 ) Z ( R ) (=1) (3.210)
e=0
'PS(%)C—NAF(p/v Uz/\ =Ux - (5 + Npw —w + 1)7176)
L w—1
Ny — 1 w—1 .
= () (M) e
q=1 e=0

P ar(@ P U = U - (6 + Ney — w + 1), py)

L
= Z PS(%)C—AF(% w, Nrua papb)

q=1
with

/

pP=[P P .. P (3.211)
—_——

(e+Nru—w+1) times
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Hence, the average number of resource units allocated to user u in an OSTBC-MRC
system applying the Adaptive First scheme is given by

Wa
E{Nruﬂl«} = ZPS(%)C—AF(Z.)Nruap>pb)' (3212)
=1

3.6.3.2.2.2 Calculation of the channel access probability for adaptive users
applying TAS-MRC For a TAS-FA-MRC system applying the Non-Adaptive first
scheme where each MS feeds back all CQI values and the transmit antenna selection is
done at the BS, the channel access probability is calculated according to (3.154) | i.e.,
as a special of an OSTBC system. Hence, in a TAS-FA-MRC FDD system applying
the Adaptive First scheme the probability P%\)S_FA_ Ap(W, Nyw, D, pp) of user u to get
access to the w-th best resource unit is given by

u Nru - 1 vl w — 1 e
Pé‘A)S—FA—AF(wa Nyu, p,pb) = Nu- ( w—1 ) ’ E ( £ ) ) (_1) (3.213)
e=0

nr - PS("T“)C—NAF(pJ_v Uy =np-Usr-(e+ Ny —w+1),pp)
L
= nr- Z P'ELX)S—FA—AF(Q? w, Nrua papb)
q=1
with
p= [P p ... p . (3.214)
%/_/

nr-(e+Nru—w+1) - times

Thus, the average number of resource units allocated to user u in a TAS-FA-MRC
system applying the Adaptive First scheme is given by

Wa
E{Nyu} = PR pa_ar(is New D, p1)- (3.215)

i=1

For a TAS-FB-MRC system applying the Non-Adaptive First scheme where each
MS feeds back only the CQI value of the best transmit antenna, the probability
P&)S_FB_N Ap(W, Ny, P, pp) of user u to get access to the w-th best resource unit is
given by (3.161). From this, it follows that the probability P%)S_FB_ Ar(W, Ny, D, Do)
of user u to get access to the w-th best resource unit applying the Adaptive First
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scheme is calculated according to
w—1
u Nru —1 w — 1 c
PiRs ppoar(W, New P, py) = Niy - ( _q ) : ( ) - (—1) (3.216)
w e=0 €
P pponar(P Us = Us - (6 + Ny —w + 1), py)

S () B ()

e=0

(]

'P'%Z)S—FB—NAF(qa pla U/A = UA : (5 + Nru —w+ l)apb)

L
= Z P’F/?S—FB—AF(% w, Nyu, P, D)
q=1

with

P=[P P .. P|. (3.217)
N—_————

(e4+Neu—w—+1) times

The average number of resource units allocated to user u in a TAS-FB-MRC system
applying the Adaptive First scheme is given by

Wa
E{Nuuu} = Z P&)S—FB—AF(@ Niw, P, b)- (3.218)

i=1

3.6.3.2.2.3 Calculation of weighting factors To determine the proper weight-
ing factors p to fulfill the user demand D, the following problem has to be solved

G—1|Wa ' D
13* = arg IIlﬁil’l {Z Z Pglz‘(nv Nrm f(ﬁ7pb)> - W; } (3219)
i=1 [n=1

subject to

Pu>1

with p, D and f (p) as defined in Section 3.6.2.1.2.4. This problem can be solved as
shown in Section 3.6.2.1.2.4.

3.6.3.2.3 SNR distribution

3.6.3.2.3.1 Non-adaptive users As stated before, the distribution of the SNR of
resource units allocated to non-adaptive users applying the Adaptive First scheme is
equivalent to the SNR distribution when applying the Non-Adaptive First scheme.
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3.6.3.2.3.2 Adaptive users applying OSTBC-MRC In order to calculate the
PDF p(S“T)C_ AF4p, (V) Of the SNR of resource units allocated to adaptive users in an
OSTBC-MRC system applying the Adaptive First scheme, PDF pgff)c_ AF A .p. aw(Y) of
the SNR of w-th best out of N,, resource units which is assumed to lie in the ¢-th
quantization level has to be determined.

From (3.171), it is known that the PDF of the SNR assumed to lie in the ¢-th quanti-
zation level is a sum of chi-squared distributed PDF's. Thus,

L
pgfr)c—AF,fy,pb,q,w@) = ASTC-AFpyq " Z €qw (3.220)
w=1
nTRR  2npng—1 nps
| (;}i) T € = ) =80 = )
with ]
ASTC—AF,py,q = Fq (3.221)
to ensure that ~
/0 p(suT)c—AF,ry,pb,q,wW) dy = 1. (3.222)

The PDF pgff)c_ AF 4.p,0 (V) Of the SNR of the w-th best resource unit taking into account

all L quantization levels is the weighted sum of the PDF's péuT)C_AFmphw’q(&) given by

L (u)
u ~ P A (qvwaNrmpupb>
PSPo arap ) = Z STEAE (3.223)
Zu 1 STC AF(vaeruapapb)

p(SQ&‘)C AF.9,pp,q, w(;y)

where the factor Z . ST)C Aap(U, w, Ny, P, pp) ensures that

/0 pr(sgr)c—AF,a,pb,w@) dy = 1. (3.224)

Finally, the PDF p(S“T)C_ AR 4., (1) Of the SNR of a resource unit allocated to user u is

the weighted sum of the PDFs p(S“T)C_AFm%w(’y) given by

Wa
Pt ap(w, New, , p3) ) (w) .
" PSTC-AF 3, ,w(W) (3.225)
ZWA PTC AF(U Nry, P, pb) e

(]

péu'lzC—AF,‘y,pb ) =

w=1
W,
_ = PS(T)C AF(w Nruvpvpb) )
W,
w=1 Z A PTC Ar (Vs New, P, 1)

Mh

* ASTC—AF E €q,w
L (u) ,Pb,4q q,
Zv:l PSTC—AF(Uv w, N, P, pb)

w=1

nr NTNR ;ynTnR—l _;Lg\:y . .
R w3 (A — wel) — (A — w
) g € B~ ) =60~ )]

L
PS(T)C—AF(Qv w, Ny, P, pb) )

<
Il
—

7E,u
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where the factor 25:1 Ps(%)c— Ap(U, Ny, P, D) ensures that

/0 pégf)c—AF,a,pb(”AY) dy = 1. (3.226)

In the following example, the calculation of the PDF of the SNR values of allocated
resource units shall be illustrated. A system with Uy = 3 adaptively served users,
nt = 2 transmit antennas and ng = 1 receive antenna each is assumed where all users
have the same average SNR %, = 10 dB and perfectly measured CQI (o, = 0). For
the CQI feedback Ng = 2 quantization bits are applied, i.e., there are 4 quantization
levels, where the binary bit coding scheme is used. The SNR thresholds are given by

Y = [0, 4.8, 8.39, 13.46, o],

such that the probability of a measured SNR value to lie in any of the 4 quantization
level is i. Further on, a feed back BER of p, = 0.1 is assumed. The weighting vector
is given by

p=1[2, 1.5 1].

In Figure 3.8(a) to 3.8(c), the PDFs of the measured SNR values of allocated resource
units are depicted for user u = 1, v = 2, and u = 3. As shown in the TDD case, the
simulative PDFs match the analytical ones. Also, the steps in the PDF at the SNR
thresholds due to the step functions in (3.225) are clearly visible. Further on, it can

be seen that the probability of small SNR values is larger for user v = 1 than for users
u = 2 and v = 3 due to the SNR boosting of the QWPFS.

3.6.3.2.3.3 Adaptive users applying TAS-MRC As TAS-FA-MRC can be in-
terpreted as a special case of OSTBC-MRC with Uy = ny - Us, n, = 1 and ni = ng,
the PDF p(T“gS_FA_AFm(&) of the SNR of a resource unit allocated to user v in a
TAS-FA-MRC system is given by

Wa (u)
u ~ Pras_pa—ar (W, N, P, po)
p’(I‘A)S—FA—AF,‘y,pb(’y) = Z( =) (3.227)
Do PTAS rA—AF (U Nrw, P, Do)

L
Z( TAS FA— AF(qvw Nruapvpb) )

q=1 Zu 1PTAS FA— AF(U w, N, P, pb)
L

*ATAS—FA—AF py.q E €q.w

w=1

1 nR ’)/nR_l __A 6 6
:  — YEu . 5 _ 2
(S/E',u) (nR — 1)' € [ (7 fythw—l) (’}/ fyth,w)]
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Figure 3.10. Analytical PDF and simulative PDF of the SNR of allocated resource
units for user (a) u = 1 and (b) u = 2 and (c¢) u = 3 applying the Adaptive First
scheme.

with

(3.228)

ATAS—FA—AF pp,q — =
9. K P

For the case of TAS-FB-MRC, it is shown in (3.178) to (3.187) that the PDF of the
SNR assumed to lie in the ¢-th quantization level is a sum of chi-squared distributed
PDFs p@fi, p@fg and pguz

of OSTBC-MRC applying the Adaptive First scheme, PDF p%zS_FB_ AF 4., (V) Of the

. Performing the same derivation steps as done in the case
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SNR of a resource unit allocated to user u in a TAS-FB-MRC system is given by

Wa (u)
g (w Ni, P pb)
(u) 2 _ TAS—FB—AF s 4Vruy My
PrAs—FB- AF,%pb(’y) = 2—31 (ZWA P&)s T (3.229)

L
Z ( PTAS FB AF(q7w7Nru7p7pb)

* ATAS—FB—AF,py,q
Zu P AS FB— AF(vaaNruapapb)

5

L n e_xfEu sng—1
Z o | PaL - T . G
i (nr—1) (e — 1! 7,
nt—1 nt—1
. ([F,S )(“_YE u * Vth w):| ' - [Frsi)(rVE,u : 7th,w—1>:| B )
[6() — ~ VB " Vihw—1)]

4
e '_VE,u /-A}/nl'{_l

nr — 1) (e =1 75,

([F G )] = [FRG)™)

+ | PaL-

n o Al 0y anqnr—1
+(1 — Pap) - m ce TBu . WERU . [FT(LR)(V)}

’ [5@ —VEwu %h,w—l) - 5@ — VB %h,w)])]

with
1
ATAS—FB—AFppqg — = - (3.230)
Pras—¥B g
3.6.3.2.4 Average user data rate and BER
3.6.3.2.4.1 Non-adaptive users The average data rate RE@” and BER BER%)

of a non-adaptive user u applying the Adaptive First scheme is equivalent to the av-
erage data rate and BER applying the Non-Adaptive First scheme derived in Section
3.6.2.1.4.

3.6.3.2.4.2 Adaptive users applying OSTBC-MRC The average data rate
RS‘,)STC_ AF p, Of user u for an OSTBC-MRC system applying the Adaptive First scheme

taking into account imperfect CQI is computed as follows:

_ (u) :/E,u"yth,q (u) ) )
RA,STC—AF,pb = ZrnT ~by - / DSTC—AF 4.,py (%) dy. (3.231)
3

q=1 YE ,u'Yth,q—1
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Inserting (3.225) in (3.231) results in
_ L VB,uVhg WA P(u) w. N.
RSL,)STC—NAF,pb - Z%T ' bq/ ( WiTC arlt N .11
q=1 7 Do PSTC AF(Vs New, P, o)

. ( PS(;)C—AF(Q7 w, Nl‘lh p7pb)
L u
Zu 1 PS(T)C AF(Ua w, Niu, P, Pb)

E,u"7th,q—1 =1

) * ASTC—AF,pp,q

NTNR ,S/nTnR—l _n7d
1 ’YEu (nTnR — 1)'
[5(’? ’yth w— 1) 5(’? - ’yth,w)] dﬁ/

L W,
ZT Z 2 PS(T)C AF(q7w>Nruapapb)>
= ny * =
2 A PSTC AF(U7Nru>p>pb)

q=1

with PS(;)C_AF(w, N Dyos) = S5, PS(;)C_AF(U, w, Ny, P, pp) and recalling the calcu-

lation of factor agrc—arp,q of (3.221).

The average BER of user u is calculated given by

YE ,u*Yth,q (u) R o~ (u) ) )

BERA STC—AF,pp, — Z/ Tnp by pSTC—AF,'Ay,pb,q(V)'BERq (9) dy.
ASTC AFp, q=1 Y 7VEuth,q-1

(3.232)

Inserting (3.225) and (3.198) in (3.232) results in

BEJ}:{A,STC—AF,pl7

0.2 %A: ( PSTC Ar(W, Niw, P, Do) ) (3.233)
ZWA PSTC AF(U7Nru7p7pb)

( PS(T)C—AF<q7 w, Nyu, P, D) )
L u
szl PS(T)C—AF(U7 w, erh p, pb)

RA STC—AF,p, w=1

E Tnp * by * ASTC—AF pyq *

g=1

L ntn
nr TNR

: : 6q7w = 2

[ < Vthw—1 - N1 - (N7 + ﬂq(%Uz,u + 7Euﬂi)))
exp | — —
nr + ﬁq’yuo’r,u
nTnZR_l 1 (%h,w—1 “ny - (e + By(uor, + TEwis)) ) °
= v nr + By V07,
( Yehw - 01 - (N1 + 5q(’7u03,u + ’_YEuMZ)))
—exp | — —
nr + ﬁq’yuo-r,u
‘"T"ZR_l 1 (Ve nr - (01 + By (Juora + Tatiy)) )
nr + ﬂq’_}/uU%u .

vl
v=0
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3.6.3.2.4.3 Adaptive users applying TAS-MRC Like in the case of the Non-
Adaptive First scheme, the average user data rate and BER for a TAS-MRC system
following the Feedback All policy can be computed utilizing the fact that TAS-FA-
MRC can be interpreted as a special case of an OSTBC-MRC system as derived in
Section 3.6.2.1.2.3. Hence, the same derivation steps as shown above can be used to

determine the average user data rate given by

W
( 2 PAS ra_AF (¢ W, Nrmp’pb)> (3.234)
ZWA PTAS FA— AF(UaNruapapb)

RA TAS—FA—AF pp E :bq

q=1
and the average BER given by

Wa L

=W 0.2
BER ) tas—rA-AFp, = : Z Z by - ATS—FA-AFppq  (3-235)
RA ,TAS—FA—AF,p, w=1 g=1

< PéA)S ra—AF (W, New, D, Po) )
2 0s

%% u
A PFE‘A)S FA— AF(UaNruapapb)

< P"l(“A)S—FA—AF(qkuNruapapb) )
L
e

L u
szl P’%A)S—FA—AF(U7 w, erh b, pb)

Yo ()
Cow | T A 5
1 o ]-_I_ﬁq'yuaiu

w

< _rYth,w—l ' (1 + ﬂq(7u0iu + WE,UIU%))
" 1+ i,
nil l Vthw—1 - (1 + 6(](5/&0-72*@ + r_yE,u:U’i)) °
v! 1+ B,yu02,

|
v=0

—exp [ — Yth,w * (1 + ﬁq(%aiu + ﬁE,uui))
L+ B0,
me_l l “Tthyw * (1 + 6q(r_yu0-7%u + r_YE',u:U’?)) °
0 U! 1 + ﬁq’?uo-r%u .

For the case of following the Feedback Best policy, the average user data rate in a
TAS-FB-MRC system applying the Adaptive First scheme is given by

L Wa
_ P N,
R _ qu' (Z AS rB_AF (% W, p, pb)) (3.236)

A, TAS—-FB—AF,p, Wa
Z PTAS FB— AF(U7Nru>p>pb)

g=1

Computing the average BER BERX)TAS_FB_N AF.p, 0 @ TAS-FB-MRC system applying
the Adaptive First scheme, the same derivation steps as for the case of applying the
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Non-Adaptive First scheme can be performed resulting in the three BER terms

Wa L

0.2
BERlA TAS-FB-APp, = L Zzbq * ATAS—FB—AF py.q (3.237)
ATAS FB—AF,p, w=1 q=2

. < P’%A)S FB— AF(w7Nru7p>pb) )
P

W, u
A P’%A)S FB— AF(UaNruapapb)

PTAS FB— AF(q7w Nrmp’pb
(e S

Zv 1P¥fxs FB— AF(U W, Nyy, P, Db) w=1

p ) nrt 1 R
AL =1\ By Vu0E

([F(U)(VEu Vth,w)]nT_l - [Féﬁ)(vE,u . Vth,W—l)]nT_1>

) Vthw—1 (1 + /6[1</7UU72‘,U + ’_YE,UMZ))
" 1 + ﬁq7u0-37u ’

Wa L

0.2
BER2A TASFB-NAFp, = 2 Z qu * ATAS—FB—AF py.q (3.238)
ATAS FB—AF,p, w=1 ¢=1

( PTAS r-aF (W, Nrw, P, o) )
W,
P PAS FB_AF (Vs New, P; b)

( P’l(“A)S FB Ar(@, W, New, P, b) )
Zv P AS FB_AF (V> W, Nrw, P, Pp)
nr 1 R ~ np—1

Pa: - [ w Vihow

U — (1 +ﬁq7u03u) [E (V- Yihw)]
e (e (A By + Vb))

" 1 + 6(15/“0-7%,11

i (Yot (U4 By + Teati)

"R L+ B0, '

Mh

w=1




Chapter 3: Combining adaptive and non-adaptive transmission modes in the presence of

122 imperfect CQI
and

() 0.2 v
BER3 s tAS-FB-AFp, = = : Z Z by * ATAS—FB—AF,pyq (3.239)

R 'AS—FB—AF,p, w=1 g=1
( TAS rB_ar (W, Nru, Ps Db) )
w, u
A P"l(“AS FB— AF(U N, Ps pb)
L
( TAS FBar (¢ W, Niw, P, Db) ) Ze
u q,w
Ev 1PFE‘AS FB_ar (Vs W, Niw, P, Db)

w=1

g (1= Pag) = 1) b (“ . 1) (-1

=0

() (H:}zgl(v!)m) (1!

[n|=l

. (1 + ﬁqﬁuUiu)G

((1+ 1)+ B,((1+ )72, + VBuk2))
(vth,w (T +1) + By((1 + 1)7u0?, + %,mi)))

nr+G

(w)
FnR+G

1+ B,Au02,
<%h7w_1 (L +1) + By(( + 1702, + i) )]

(w)
- FnR+G

1 + ﬁq’?uo’g,u

with 7 = [, .., 1hng—1] where 7, € {0,1} and G = 375 v - .

Finally, the average BER of user u is given by

HEH ()
BERATAS FB-AFp, = DBERIATAS-FB-AFp, (3.240)

S5 (W S5 (W
+BERs 5 tas_B_AFp, T BER3ATAS_FB_AF p,-

3.6.3.2.4.4 Special case pure adaptive and pure non-adaptive resource al-
location Like in the case of a TDD system, the two special cases of a pure adaptive
and a pure non-adaptive system are incorporated in the expressions of the average
user data rate and BER for adaptively and non-adaptively served users applying the
Adaptive First scheme derived in the sections above. For 9 = [0, ..,0], there are no
adaptively served users and the user data rate and BER for all users are calculated
given by (3.58) and (3.61). For J = [1,..,1], all users are served adaptively, i.e., all
Ux = U users have to be considered when calculating the average user data rate and
BER according to (3.196) and (3.199) applying OSTBC-MRC, according to (3.200)
and (3.201) applying TAS-FA-MRC and according to (3.202) and (3.209) applying
TAS-FB-MRC, respectively.
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3.6.3.3 Optimizing SNR thresholds

3.6.3.3.1 Non-adaptive users For non-adaptive users in an FDD system, only the
modulation scheme m which maximizes the user data rate while fulfilling the target
BER has to be found. This can be done as described in Section 3.6.2.3 for a TDD
system.

3.6.3.3.2 Adaptive users For adaptive users in the considered FDD system, the
SNR thresholds are already pre-determined by the quantization level bounds, i.e., the
number of possibly applied modulation scheme is limited to the number L of quantiza-
tion levels in contrast to a TDD system where M modulation schemes can be applied.

As stated before, it is assumed that the SNR thresholds of the normalized SNR values
are equal and fixed for all users, where it is assumed that the spacing of the thresholds
is done in such a way that the probability of a normalized SNR value to lie in the ¢-th
quantization level is % due to the reasons described in Section 3.6.3.1.2.

Of course, one could consider a system where each user has different SNR thresholds
leading to U - L different SNR thresholds. Hence, for each quantization level ¢ of user
u, the SNR thresholds yt(ﬁ)q_l and fyt(ff?q and the applied modulation scheme represented
by the number bg") of bits per symbol would have to be chosen such that the user data
rate is maximized subject to the target BER leading to U - L? degrees of freedom.
However, since in an FDD system with quantized CQI values, the probability that user
u gets access to the channel and also its user data rate and BER depend on the SNR
thresholds of all other users and not only on the its own SNR thresholds like in a TDD
system, it is not possible to optimize the SNR thresholds of user u independently of
the SNR thresholds of the other users. Hence, the optimization would have to be done
in a global manner which becomes infeasible for large numbers U of users, numbers L
of quantization levels and numbers M of available modulation schemes.

Another drawback of assuming different SNR thresholds of each user is the fact that
the weighting factors p would also depend on all U - L. SNR thresholds. This would
imply that when changing the SNR thresholds, the weighting factors also would have to
be re-calculated for a given user demand vector D. By assuming fixed SNR thresholds
for all users, the weighting factors always remain the same for a given D.

Hence, in order to keep the solution of the problem feasible, the SNR thresholds are
assumed to be equal and fixed for each user u accepting some losses compared to the
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optimal solution as the degrees of freedom are reduced to L, i.e., the remaining degrees
of freedom which can be utilized to maximize the user data rate are the modulation
schemes b® = [b§“>, ..,b(Lu)] with b, € NV ¢ = 1,.., L representing the number of
bits per data symbol corresponding to the applied modulation scheme when the SNR
value of the scheduled user u lies in the ¢-th quantization level. Thus, the original
SNR threshold problem of (3.8) is transformed into a nonlinear integer programming

problem:
B{(@) = max (B (0,b)) (3.241)
subject to
BER,(9,b") < BER;
by €N (3.242)

Due to the complex structure of the expressions R’XL) (¥, b™) and BERE;L) (9, b®), an
analytical optimization is not feasible to the best knowledge of the author. Assuming
there are M different modulation schemes available for each quantization level ¢,

Nps = M* (3.243)

possible solutions exist. However, in the ¢-th quantization level it is not reasonable to
apply a modulation scheme with less bits per symbol than in the (¢—1)-th quantization
level due to a higher SNR, i.e.,

< b (3.244)

which means that the number N,g of reasonable solutions is smaller than N,g. As
shown in Appendix A.5, N,g is given by

NrS = f(L7 M)7 (3245)
where f(L, M) is a recursive function given by

f(L,M) = f(L=1,M)+ f(L,M—1) (3.246)

Fig. 3.11 illustrates the number of solutions which have to be tested in order to find the
optimal modulation scheme vector b® such that the user data rate is maximized while
fulfilling the target BER as a function of the number L of quantization levels assuming
M = 4 available modulation schemes. The dashed curve represents the number of
reasonable solutions taking into account (3.244), i.e., a Modulation-aware search is
performed. The solid curve represents the number of all possible solutions which are
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to be tested when performing an exhaustive search. It can be seen that huge savings
in terms of complexity are achievable considering (3.244). For a realistic example with
L = 4 quantization levels corresponding to Ny = 2 CQI feedback bits and M = 4
modulation schemes, N,g = 35 variations of b® have to be tested while for L = 8
(Ng = 3) there are N,g = 165 variations compared to N,s = 64 and N,s = 65536,
respectively. These are feasible numbers of operations especially when taking into
account the fact that the modulation scheme optimization can be done off-line for a

finite number of system parameters and stored in a look-up table.

’ 020 - | |
= = = Modulation—aware Search
- Exhaustive Search

—h

o
—_
(¢,

number of solutions
=)
o

12 4 8 16 32

number L of quantization levels

Figure 3.11. Number of solutions vs. number L of quantization levels for M = 4
available modulation schemes

3.7 The user serving problem

3.7.1 Introduction

For the analytical calculation of the user performance and the optimization of the SNR
thresholds of the applied modulation schemes shown in Section 3.6, it was assumed
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that the user serving vector ¢ was already given. In the following, it is shown how
to determine ¥ such that the average data rate of the system is maximized while all
users fulfill the target BER and the minimum data rate requirements as stated in the
problem formulation. In Section 3.7.2, solutions for the general case of different user
demands are presented. In Section 3.7.3, it is shown that for the special case of equal
user demands, the complexity of the algorithm solving the user serving problem can
be reduced which will be shown in the concluding complexity analysis in Section 3.7.4.

3.7.2 Solutions for different user demands

3.7.2.1 Introduction

The problem to be solved is given by (3.9) where Rl(\lu, Z)pt(ﬁ) and R&",Z)pt(ﬁ) denote the
average user data rate achievable with optimized SNR thresholds applying the non-
adaptive and adaptive transmission mode, respectively, for a given user serving vector
Y. Since the user data rate Rl(\lu, Z)pt(ﬁ) of (3.58) of non-adaptively served users does not
depend on ¥ as shown in Section 3.6, the expression ¢ can be omitted leading to

R (9) = Ry (3.247)

(w)

min

shall achieve is given by the the average user data Rl(\ﬁ lpt achievable when applying the

In the following, it is assumed that the minimum user data rate R, each user u

non-adaptive transmission mode, i.e.,
R =RY) .. (3.248)
That means that no matter how bad the channel conditions are, each user shall achieve

at least the data rate achievable when applying the robust non-adaptive transmission
scheme, otherwise, any sophisticated adaptive transmission scheme would be pointless.

In the following, an exhaustive search algorithm and a reduced complexity algorithm
are presented in Section 3.7.2.2 and 3.7.2.3, respectively.

3.7.2.2 Exhaustive Search

The most time-consuming way to solve (3.9) is an Exhaustive Search (ES), i.e., all
possible user serving vectors ¢ are tested to find the best vector according to (3.9),
i.e., for each possible number Uy of adaptive users there exist (gA ) possible realizations
of ¥. Hence, Zgzl (Z) = 2V possible realizations of ¥ have to be tested, which can

become prohibitively complex for large numbers U of users.
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3.7.2.3 Reduced Complexity Algorithm

From the analytical expressions of the average user data derived in Section 3.6.2 and
Section 3.6.3 it could be seen that besides the SNR thresholds, the data rate of user u
depends on the weighting vector p. To be more precise, it depends on the number |G;|
of adaptive users in each demand group G; with ¢ = 1, .., G, i.e., the number of users
with a certain weighting factor p; against which user u has to compete successfully
in order to get access to a given resource unit. From this, it follows that for the
calculation of R&",Z)pt(ﬁ) it is not decisive which of the users are served adaptively inside
a certain demand group G;, but only how many users |G;| are served inside this group.
Exploiting this fact, an algorithm with lowered complexity referred to as RedCom
algorithm can be found which optimally solves (3.9). Like in an exhaustive search,
all possible numbers Uy of adaptive users are tested. Assuming there are G different
demand groups, for each possible number U, of adaptive users there exist a G-tuple
{1, 1,10y 25Uy} With py, ; denoting the number of adaptively served users inside
demand group G; where the following equation must hold:

G
> i = U (3.249)
i=1

with  py, + < |Gyl

Note that for G demand groups with |G;| users in the i-th demand group G;, there exist

G

Newpe = [J(1Gi] + 1) (3.250)

1=1

different G-tuples in total.

Since the data rate of each user u does not depend on the user serving vector, but
on the number of adaptive users inside each demand group, it is enough to determine
for each G-tuple {pu, 1,1U,.2:--Huy ¢} the py, i users in each demand group G; which
achieve the highest gain when served adaptively compared to the case when served
non-adaptively, instead of testing all ((Z ) possible user serving vectors. In the end,
the system data rates of the best user serving vectors for all possible numbers Uy of
adaptive users have to be compared to find the optimal user serving vector. Note that
for the extreme case of G = U with |G;| = 1, i.e., each user has a different weighting
vector, the number of tuples to be checked equals

U
Ntuplc - H(l + 1) = 2U7

1=1
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i.e., in this case the RedCom algorithm is equivalent to the ES algorithm. For the other

extreme case of G = 1 with |G| = U, i.e., all users have the same weighting factor, the

number of tuples to be checked equals

1

Ntuplo = H(U + 1) =U+1.

i=1

The pseudo code of the RedCom algorithm is outlined as follows:

8)

9)

10)

11)

Determine Rl(ff lpt for each user wu.

Determine Rlet(UA,pu,aau) for each G-tuple {py, 1.4v,.2,pus.ct for Us =
1,..,U for each user u.

Determine Ry, (0) for the case of no adaptive user (U = 0), i.e. 9, =0V w.
Set the number of adaptive users to Uy = 1.

Determine the difference Au({ s 1s Bug2s - Busct) =
R(Auj)pt({lu“UA,l? HU,,2s -+ :U“UA,G}> Pu; O-]%D,u) - Rl(\lu,lpt for each G_tuple
(LU, 1,105 251U, ) TOr each user w.

For each demand group G; find the puy, ; users with the highest non-negative

AU({IU’UA,lv HUA 25 -+ :U’UA,G})'

If there exist no uy,; users with non-negative A, ({1, fuy.2s - Husct) for
none of the G-tuples {7, 1,107, 25,15} Store Reo(Ua) = 0 and go to 10), else

set Oy ({pva1s Uy 2, - Husc}) = 1 for these users.

For each G-tuple compute Rey({iv, .1, iy 2, fus.c}) and determine the G-
tuple which achieves the highest system data rate for Uy adaptive users.

Store the user serving vector corresponding to the best G-tuple as ¥(Uya) and the
corresponding system data rate as RSYS(U A)-

If Uy = U, go to 11), else increase Ux — Ux + 1 and go back to 5).

Find the optimal number of adaptive users Uy op¢ by determining the maximum
system data rate Reys(Uaopt) = max Reys(Ua) with Uy = 0,..,U. The optimal
A

user serving vector is then given by ¥(Ua opt)-
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3.7.3 Solutions for the special case of equal user channel ac-
cess demands

3.7.3.1 Introduction

For the special case that all users have the same channel access demand, i.e., the number
G of demand groups equals G' = 1, it is possible to find an algorithm with even more
reduced complexity than the RedCom algorithm presented in Section 3.7.2.3 referred
to as RedCom2 algorithm. For the case of applying the Non-Adaptive First scheme,
the RedCom2-NAF algorithm is still optimal compared to ES. However, for the case of
applying the Adaptive First scheme, the RedCom2-AF algorithm is only suboptimal.
In the following, the RedCom2-NAF algorithm is presented in Section 3.7.3.2 and the
RedCom2-AF is presented in Section 3.7.3.3.

3.7.3.2 Non-Adaptive First

The complexity of the RedCom algorithm can be further reduced by taking into account
(u)

A ,opt
scheme with G = 1. To illustrate this, the user data rate of an adaptive user is

the monotony of the function R,"” (U,) in case of applying the Non-Adaptive First
depicted in Fig. 3.12(a) as a function of the number U, of adaptive users applying
Non-Adaptive First assuming perfect CQI and an average SNR of ¥ = 10 dB. Note
that all adaptive users have the same weighting factor. One can see that Rfﬁlm(U A)
increases monotonically with increasing value of Uy due to the inherent multi-user
diversity. Hence, the user data rate of an adaptive user will always be the highest
for a maximum number of adaptive users, i.e., it is always beneficial to adaptively
serve as many users as possible. Note that for some users with fast varying channel
conditions the side condition of (3.9) cannot be fulfilled even though all users are
served adaptively. Thus, serving all users adaptively does not lead to the solution of
the problem. However, it is enough to search for the user serving vector which fulfills
the side condition of (3.9) and which contains the highest number Uy max of adaptive
users to optimally solve (3.9). Instead of testing all possible numbers U, of adaptive
users, one directly searches for Up max by determining for each user u the minimum
number Ug&lm of adaptive users where Rsf’lpt(Ul(:r)mn, Pus Opy) > Rl(\ﬁ lpt is fulfilled, i.e.,
one searches for the smallest number Usznin of adaptive users which user u requires
to achieve at least the user data rate applying the non-adaptive transmission scheme.
Then, one simply has to compare these numbers to find the Uy max users which should
be served adaptively to optimally solve (3.9). The following pseudo code outlines the
steps of the RedCom2-NAF algorithm:
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1) Determine Rl(\ﬁ lpt for each user u.
2) Determine Rfﬁlm(UA, Pu, 0,,) for Uy = 1,.., U for each user u.

3) Determine for each user « the minimum number Ugf])min of adaptive users for which
Rlet(UXfilin, Pus a%u) > Rl(\?’ Z)pt holds. In case that RE&M(U As Pus a%u) < Rl(\?’ Z)pt
V Uy =1,..,U for a given user u, set Uz(xlfl)mn =U+1.

4) Sort the numbers Ugf])min with v = 1,..,U in descending order resulting in
UL insor With v =1, .., U.

5) Determine the smallest v, for which U Wmin) 7] ~+ Umin holds. The sought

A min,sort —
(Vmin)

after highest number Up max of adaptive users is then given by Ua max = Ua min sort-

In case that Ux])mimsort >U—-1+vVv=1.,U,set Usmax = U + 1.

6) Set ¥, = 1if U&Lﬁn < U max, €lse set 0, = 0.

3.7.3.3 Adaptive First

In order to optimally solve (3.9) when applying Adaptive First, one can also use ES and
the RedCom algorithm as shown in Section 3.7.2.3. In Fig. 3.12(b), the user data rate

is depicted applying Adaptive First assuming N,, = 16 resource units in the system,

Nry
Ua

effects on the user data rate occur. On the one hand, an increasing U4 corresponds to

where D = resource units are allocated to each user. Increasing Uy, two opposed
an increased multi-user diversity leading to better user selection results. On the other
hand, an increasing Uy leads to a less exclusive resource unit selection Wy = D - Uy,
i.e., the higher Wy, the higher the probability that a resource unit with a weak channel
is selected. For the case that Uy = U and, thus, W, = N,,, no resource unit selection
is performed, but only user selection resulting in the same performance as with Non-
Adaptive First. The upper curve of Fig. 3.12(b) presents the user data rate in case
that D = 1. For this case, it can be seen that for small Uy, the positive impact of
an increased multi-user diversity on the user data rate is stronger than the negative
impact of a less exclusive resource unit selection resulting in an increasing user data
rate with increasing Up. For Uy > 5 the negative effect on the resource unit selection
dominate the performance resulting in a decreasing user data rate for increasing Uy .
From the other curves with Ny = 2 and Ny = 4, one can see that the characteristics
of Rfﬁlpt(U A) depend on the number V,, of resource units and the number U of users
in the system not being monotonic with respect to U, anymore.
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Figure 3.12. User data rate as a function of the number U, of adaptive users applying
(a) Non-Adaptive First and (b) Adaptive First with N, = 16.

Hence, the RedCom2-NAF algorithm is no longer reasonable since the monotonic in-
crease of R’Xﬁlm(UA) with increasing U no longer holds. Furthermore, adaptively
serving as many users as possible does not automatically lead to the optimal solution.

In the following, a suboptimal algorithm which solves (3.9) when applying Adaptive
First is presented referred to as RedCom2-AF algorithm. The main goal of this algo-
rithm is to reduce the complexity compared to the optimal RedCom algorithm accept-
ing some losses in system performance. As with the RedCom2-NAF algorithm, this
algorithms aims at directly finding the user serving vector with a maximum number
Ua,max Of adaptive users such that the side condition of (3.9) is fullfilled while taking
into account the fact that for large U, the user data rate RE&M(U a) decreases with
increasing U,. The pseudo code of the RedCom2-AF algorithm is given as follows:

1) Determine R’I(\ﬁ lpt for each user wu.
2) Determine R’flm(UA, Pu, 0p,) for Uy = 1,.., U for each user u.

3) If RA Opt(UA,pu,aE W) < RN opt VUa=1,.,U for a given user u, set Ul(:r)naLX =0,
else determine for each user u the maximum number UX?MX of adaptive users for
which RY) (U . pu,0%,) > RY) | holds.

4) Sort the numbers Ug&lax with v = 1,.., U in ascending order resulting in Ul((jr)nax,sort
with v =1,..,U.

5) If UA maxsort < U —14+v Vv =1.,U,set U max = 0, else determine the highest
Vmax for which gime) s Vmax holds. The sought after highest number

A max,sort =

(Vmax
Ua max of adaptive users is then given by Ua max = Ux jio sort-
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6) Set 9, = 1if W o> Ua max, €lse set 9, = 0.

A max

3.7.4 Complexity analysis

3.7.4.1 Introduction

In this section, the complexity of the different algorithms is analyzed. As the
user serving vector has to be updated online at regular intervals, it is important
to know the complexity of the different algorithms. For the SNR threshold prob-
lem, the computational complexity is less critical, as the calculation of Rl(\lu, lpt and
R(Au,szt({:uUA,la U2, -+ UG > Pus Oy, fOr all G-tuples { iy, 1,10, 2, pus, } With Uy =
1,..,U for all users can be performed offline, so this computational complexity is not

considered.

In the following, the number of operations of the different algorithms is determined as
a function of the problem dimension, i.e., the number U of users. In order to do so, the
number of operations for four different procedures are introduced in Table 3.1 [Knu97].

Table 3.1. Number of operations

Procedure Number of operations
Access to U values from a look-up table U
Addition of U values U
Comparison of U values U
Sorting of U unsorted values U?

Note that for the complexity considering the sorting of U unsorted values, the worst-
case complexity [Knu97| is assumed. With the help of Table 3.1, the number of oper-
ations for the ES algorithm, the RedCom algorithm and the RedCom2 algorithm are
derived in Section 3.7.4.2, 3.7.4.3, and 3.7.4.4, respectively.

3.7.4.2 ES algorithm

Applying the ES algorithm, U values have to be read out from the look-up table 2V
times. Further on, U values have to be added 2V times. Finally, 2V values have to be
compared, resulting in a total number of

Nogs =2V - (2U +1) (3.251)

operations.
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3.7.4.3 RedCom algorithm

Applying the RedCom algorithm, Ny - U times a value from the look-up table has to
be read out. Furthermore, Ny - U substractions are performed. For each G-tuple, G
sorting of |G;| values with ¢ = 1,.., G have to be done. Further on, for each G—tuple,
U additions have to be performed. Finally, Nyl comparisons are made resulting in a
total number of

G G

No RedCom = <H(|gi| + 1)) : <2U +) G+ 1) (3.252)
i=1 =1

operations. For the extreme case G = U with |G;| =1V i =1,.., G, (3.252) is equivalent

to (3.251) since Niyple = 2V and the sorting can be neglected in this case as there is

only one value per demand group. For the other extreme case of G = 1 with |G| = U,

the number of operations is given by

NoRedcom(G=1)= (U +1)- QU +U*+1) = (U +1)*. (3.253)

3.7.4.4 RedCom?2 algorithms

Due to the similar structure of the RedCom2-NAF and RedCom2-AF algorithms, the
complexity analysis is valid for both algorithms. For both algorithms, (U +1)-U times
a value is read out from the look-up table. Furthermore, (U + 1) comparisons of U
values are performed. Further on, U values are sorted. Finally, at most U values are
compared, resulting in a number of

NoRedcom2 =2+ (U+1)-U+U*+U =3-(U*+U). (3.254)

In Fig. 3.13, the number of required operations is depicted as a function of the number
U of users for the different algorithms for different numbers G of demand groups where
it is assumed that |G;| = L%J Vi=1,..,G. It can be seen that the higher the number
G of different demand groups, the higher the complexity. For the case G = U, the
complexity of the RedCom algorithm is equivalent to the ES algorithm. However, for
cases with G < U, the reduction of complexity of the RedCom-algorithm compared to
the ES algorithm is tremendous, especially for large number U of users. Assuming that
state of the art data processors are capable of executing 10'° operations per second,
the time period T, between updating the user serving vector must not be smaller than
Typ < 1 ms to be able to execute the required operations for up to G < 5 demand
groups and up to U = 30 users applying the RedCom algorithm. Note that one could
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Figure 3.13. Number of operations vs. number U of users

also consider larger update time periods than 7, = 1 ms as the CQI impairment
parameters which affect the solution of the user serving problem do not change so fast
in a realistic scenario. Note that this aspect will be further discussed in Chapter 4.
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Chapter 4

Pilot and signaling overhead

4.1 Introduction

In the consideration of combining adaptive and non-adaptive transmission modes, the
effort in terms of pilot and signaling overhead which has to be spent in order to pro-
vide the BS with CQI and to perform adaptive schemes like adaptive modulation and
resource allocation has not been taken into account so far. However, since the non-
adaptive transmission mode requires much less overhead due to its property of working
independent of any transmitter sided CQI, it is important to incorporate the overhead
in the achievable user data rate applying either the adaptive transmission mode or the
non-adaptive transmission mode to get a meaningful and realistic result. To do so,
the effort in terms of pilot transmissions and signaling of side information have to be
identified for both transmission modes. Since pilot and signaling overhead does not
only effect the DL, also the UL has to be considered since in the UL, resources have
to be spent such that the BS is able to acquire information about the UL and DL
channel quality. These resources can no longer be used for data transmission reducing
the overall system performance. Hence, considering overhead requires the introduction
of a certain time frame structure of the transmission in both UL and DL direction
which has to be done separately for TDD and FDD systems. It is assumed that the BS
does all the computationally demanding calculations like the access scheme selection,
resource allocation and modulation scheme selection and subsequently signals the re-
sults to the MSs. From this it follows that the MS can be kept rather simple which is
reasonable from a practical point of view. Note that the transmission of control bits
used for synchronization or other purposes not dealing with the channel estimation,
resource allocation, modulation or antenna selection are not considered here since these

control bits have to be spent for both adaptive and non-adaptive transmission.

This chapter is organized as follows. In Section 4.2, a frame structure is introduced to
identify the amount of pilot and signaling overhead. Moreover, the effective user data
rates taking into account the overhead of adaptively and non-adaptively served users
are derived for both schemes Non-Adaptive First and Adaptive First. For comparison,
the effective data rates for pure conventional non-adaptive and adaptive TDD systems
are derived as well. In Section 4.3, the same is done for an FDD system, where one
has to differentiate between Half Duplex and Full Duplex systems. Finally, it is shown
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in Section 4.4 how to maximize the effective system data rate. Several parts of this
Chapter 4 have been originally published by the author in [KKWW09].

4.2 TDD systems

4.2.1 Superframe structure

In the following, a superframe structure is introduced. It is assumed that each DL
time frame has the same time duration as an UL time frame, i.e. symmetric traffic
is assumed. Assuming TDD, it is possible for the BS to exploit the reciprocity of the
channel to estimate the DL channel during the pilot phase in the UL. The superframe
structure of the considered TDD system is depicted in Fig. 4.1.

I Superframe |
t————— Initial frame ——

| UL | DL I UL

DL !

UL- |Transmit RX] Receive || UL- | Transmit RX] Receive
MSs PT* Data CE SS*l Data PT Data CE SS| Data

BS CE Receive ||DL-TX|[Iransmit CE Receive | DLATX|[Transmit|
Data_||PT|SS*| Data Data PT|SS| Data

. 7 7 t

Mrp-Ts Myp-Ts

Lgp-2-M7-Ts

Figure 4.1. Superframe structure

Each subframe in UL and DL has a length of M7 OFDMA symbol durations Ts where
it is assumed that the channel of each subframe is temporally correlated to the channel
of the previous subframe and does not change significantly during one subframe as
stated in Section 2.4. The total superframe has a length of Lgp - 2 - My - Ty OFDMA
symbols with Lgr denoting the superframe length. Each superframe starts with two
special UL and DL subframes, the initial frame, which is required to perform the access
scheme selection. Within these two initial subframes, the amount of pilot transmission
and signaling differs compared to the remaining Lgr — 1 UL and DL subframes.

The main idea of the superframe structure is to reduce the overhead due to signaling and
pilot transmission by determining only once per superframe which user shall be served
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adaptively or non-adaptively instead of determining it frame by frame. This means,
one has to assume that the user conditions which affect the impairment parameters
describing the CQI imperfectness do not change significantly during the time duration
Lsp-2- Myp-Ts of a superframe. The main impairment parameter which can significantly
chance over time is the correlation coefficient p,, i.e., the velocity of user u. In a realistic
scenario, a change in velocity happens in time regions of tenth seconds to seconds.

However, one has to differentiate between the two combining schemes Non-Adaptive
First and Adaptive-First. With Non-Adaptive First, the resources units assigned to
non-adaptive users and adaptive users do not chance for consecutive time frames as-
suming that the user serving vector ¥ remains the same as can be seen in Fig. 3.3,
i.e., a resource unit which is allocated to a non-adaptive will always be allocated to a
non-adaptive users within the superframe and a resource unit allocated to an adaptive
user will always be allocated to an adaptive users with in the superframe even though
the adaptive user can be different. Thus, the use of a superframe structure as pre-
sented above is possible when applying Non-Adaptive First. For the case of Adaptive
First, the resource units which are assigned to non-adaptive users and adaptive users
can differ compared to the previous frame even with a constant ¢} as can be seen in
Fig. 3.3, i.e., a resource unit allocated to a non-adaptive user in the first frame can be
allocated to an adaptive user in the second frame within the superframe. This means
that when applying Adaptive First, it is not possible to use the presented superframe
structure with Lgp > 1, since in each frame, the BS has to know the CQI values of
each user on each resource unit. From this, it follows that in this case the length of
the superframe is limited to Lgp = 1.

In the following, the frame structure of Fig. 4.1 is described in details. At the beginning
of each superframe, UL Pilot Transmission (ULPT*) is performed at each MS. The
star indicates that the PT is done on all V,, resource units so that the BS is able to
determine the CQI for the whole UL channel of each user u. Furthermore, the pilots
are used for channel estimation (CE) to receive and equalize the data symbols which
are transmitted in the remaining OFDMA symbols.

At the beginning of each superframe, the BS has to decide which user shall be served
adaptively or non-adaptively using the updated information about the impairment
parameters describing the CQI imperfectness which are calculated and updated dur-
ing each superframe as shown in Section 2.9. Furthermore, the BS has to calculate
which resource units are allocated to which user in the next DL subframe and which

modulation scheme is applied on which resource unit.

At the beginning of the DL subframe within the initial frame, the Signaling of Side In-
formation (SS*) concerning resource allocation, modulation scheme selection and user
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serving is performed which is additionally indicated by the star, i.e., the information
concerning the applied multiple access scheme is only signalled once at the beginning
of the superframe. Besides signaling SS*, DL Pilot Transmission (DLPT) is performed
such that the MSs are able to perform CE. Note that TX indicates the transmission
of the side information while RX indicates the receiption of the side information. In
the remaining OFDMA symbols, the BS transmits data to the different MSs according
to side information. At the beginning of the second UL subframe, adaptively served
users perform ULPT for all resource units which assigned for adaptive users while
non-adaptive users perform ULPT only for those resource units who are assigned to
non-adaptive users. On the remaining OFDMA symbols, data symbols are transmitted
based on the scheduling decisions of the previous DL subframe. In the next DL sub-
frame, DLPT is performed for all resource units followed by the signaling of the Side
Information (SS) concerning resource allocation and modulation scheme selection, i.e.,
the information concerning the access scheme selection does not have to be signalled
as it remains unchanged. These last two UL and DL subframes are repeated Lsp — 1
times until the beginning of the next superframe.

Note that this frame structure should not be seen as a transmission protocol. The
main purpose is to identify the amount of pilot and side information which has to be
transmitted. In this context, one can assume that instead of transmitting all pilots at
the beginning of the frame, the pilots are rather distributed over the whole frame to
track the channel so that the assumption of perfect CSI at the receiver is justifiable.
However, since the resource allocation and adaptive modulation requires computational
time, it is necessary to perform a CE right at the beginning of the UL subframe based
on Mpcqr pilots to determine the CQI values such that the BS can compute the side
information for the next DL subframe in time. As each user has in total Mp pilots per
resource units for the each subframe,

1< MP,CQI < Mp. (41)

4.2.2 Pilot and signaling overhead

4.2.2.1 Pilot overhead in the Downlink

In the following, the pilot and signaling overhead in terms of OFDMA symbols is
determined in the DL and UL for both OSTBC-MRC and TAS-MRC based on the
superframe structure introduced in Section 4.2.1.
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Assuming that the channel does not significantly change within on resource unit consist-
ing of a frequency block of Qg subcarriers in the frequency domain and My OFDMA
symbols in the time domain as stated in Section 2.3, it is sufficient to transmit pilots
on only one subcarrier per resource unit. The remaining subcarriers can be used for

data transmission.

In case of OSTBC-MRC, the receiver requires pilots from each transmit antenna to
estimate the channel of all possible transmit antenna - receive antenna pairs. This
means that when pilots are sent on certain subcarriers from a given transmit antenna,
these subcarriers have to remain unoccupied for the other transmit antennas so that
the pilots symbols are only affected by the channel and not by other pilot or data
symbols from other transmit antennas. Assuming that Mp pilots are transmitted per
resource unit consisting of Qs subcarriers in the frequency domain and My OFDMA
symbols in the time domain, the overhead for each user u results in

nr-M
Mprpr_ste = —Jé r (4.2)
sub

OFDMA symbols, i.e., a given resource unit cannot be used for data transmission by
a user for the duration of Mprpr_stc OFDMA symbols. Note that Mpppr_src does
not have to be an integer number as fractions of the resource unit can still be used for
transmission. The same is true for all other pilot or signaling overhead values derived
in the following.

Fig. 4.2 illustrates this for a system with ny = 2 transmit antennas and Mp = 1
regarding a resource unit with Qg = 3 subcarriers with frequency spacing Af and
Mr =2 OFDMA symbols with symbol duration 75. On the first and third subcarriers
of each antenna, the data symbols d; with i = 1,..,4 are transmitted according to the
Alamouti Space-Time Coding. The second subcarrier is used for transmitting pilot
symbols p; and py. Thus, two subcarriers cannot be used for transmission. Assuming,
these two subcarriers are within one OFDMA symbol, % of this OFDMA symbol would
has to be spent for pilot transmission.

In case of TAS-MRC, the BS only transmits pilots and data on the selected transmit
antenna leading to
Mp
Qsup

Mprpr—TAs = (4.3)

pilot overhead for each user wu.
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Figure 4.2. Example pilot overhead in the DL

4.2.2.2 Signaling overhead in the Downlink

In case of OSTBC-MRC, each resource unit has to carry the following information at
the beginning of each superframe: First, the index of the user to which the correspond-
ing resource unit is allocated. Second, the serving class of this user (either non-adaptive
or adaptive). Third, the index of the applied modulation scheme for this DL subframe
and the modulation scheme index for the next UL subframe. With U users and M
available modulation schemes, the signaling overhead results in

1 4 [logy(U)] + 2 - [logy(M)]
Qsub - bss

for each user u with bgg denoting the number of bits per symbol used for signaling and

Mss_g1c = (4.4)

[-] denoting the nearest integer larger than or equal to the argument.

For the next DL subframes within the superframe, the resource units of the non-
adaptive users are already allocated. Furthermore, the applied modulation schemes
remain the same as the average SNR 7, is assumed to be constant as stated in Section
2.4. Thus, for non-adaptive users, no signaling has to be performed. For the adaptive
users, the resource units are allocated according to the CQI following the WPFS policy,
i.e., the user index and the modulation scheme indices have to be signalled leading to

[logy(U)] + 2 - [logy(M)]
qub . bSS

Mss_sTc—n = (4.5)

signaling overhead.

In case of TAS-MRC, one has to differentiate between adaptive and non-adaptive users
since transmit antenna selection is only performed for the adaptive users. Thus, at the
beginning of the superframe, the resource units dedicated to adaptive users have to
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carry information about the user index, serving class, modulation scheme indices for
the DL and the next UL subframe and the antenna index of the transmit antenna to
be used in the next UL frame leading to

1 4 [logy(U)] + [logs(nr)] + 2 - [logy(M)]
Qsub - bss

Mss+—Tas—a = (4.6)

signaling overhead.

Since non-adaptive users do not apply TAS in the UL, the overhead at the beginning
of the superframe is given by

1+ [logy(U)] + 2 - [logy(M)]
Qsub - bss '

Msgs+—Tas-—Na = (4.7)

For the next DL subframes within the superframe, non-adaptive users need no signaling
while for adaptive users, the signaling overhead in the next DL subframes within the
superframe is given by

[logy (U)] + [logy(nr)] + 2 - [logy (M) ]
qub . bSS

since the adaptive users need to know the user index, the modulation scheme indices

Msgg_tas = (4.8)

and antenna index as these indices can change from frame to frame.

4.2.2.3 Pilot overhead in the Uplink

At the beginning of each superframe, all users have to transmit Mp cqr pilots on each
for the N, available resource units such that the BS is able to determine the CQI
values for the whole DL channel of each user. Furthermore, this has to be done for
each antenna separately. After that CQI pilot phase, all users transmit the remaining
Mp — Mpcqr pilots only on resource units that are allocated to them. Taking into
account the number ny of transmit antennas, the UL pilot overhead for both OSTBC-
MRC and TAS-MRC results in

U-nr- Mpcaqr " ny - (Mp — Mpcaqr)

Mupr = Qsub Qsub
ny - (Mp+ (U —1)- Mpoqi)
qub

In other words, in each resource unit, Mp + (U — 1) - Mpcqr pilot symbols have to

(4.9)

be transmitted, Mp pilots from the user to which the resource is finally allocated and
(U —1) - Mpcqr pilots from the other (U — 1) users in the CQI pilot phase.
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For the next UL frame within the superframe, non-adaptive users only have to transmit
pilots on resource units which are assigned to them leading to

ny - M
Myrpr-Na = % (4.10)

pilot overhead. For the U, adaptive users, the pilot overhead in the UL within the
superframe is given by

ny - (Mp+ (Us — 1) - Mpcaqr)
qub

since the BS needs to determine the CQI values of each adaptive user from all resource

Muyrpr-a(Uas) =

(4.11)

units assigned to adaptive users as the resource allocation changes frame by frame.
Comparing the pilot overhead of non-adaptive users and adaptive users, one has to
spend 1 + 7(%_2[1‘;13’0@

one has to pay exploiting multi-user diversity in the adaptive transmission mode. Note

times more resources for the adaptive users. This is the price

that MypLpr_a(Ua) is a function of the number U, of adaptive users.

4.2.3 Effective user data rate applying Non-Adaptive First

4.2.3.1 Non-adaptive users

In the following, the effective user data rate for non-adaptive users taking into account
the overhead in UL and DL is derived when applying the Non-Adaptive First combining

scheme.

During one superframe, each non-adaptive user can transmit DL data on a total number
of Lsr - M OFDMA symbols. However, during the first DL subframe at the beginning
of the superframe, Mgs»_na + Mprpr OFDMA symbols are needed for signaling and
PT. For the remaining (Lgp —1) DL subframes within the superframe, (Lsp —1)- Mprpr
OFDMA symbols have to be spent for PT. From this, it follows that the actual number
Mprr of OFDMA symbols available for DL data transmission for each non-adaptive
user is given by

Mprr-na = Lsp - Mp — Mgg«_xa — Mprpr — (Lsp — 1) - Mprpr  (4.12)
= Lsp - My — Mssx_~xa — Lsr - Mprpt-
On these Mprr_na OFDMA symbols, each non-adaptive user u can achieve a data

rate of Rl(\?’ Lpt(%) in the DL direction assuming optimized SNR thresholds as shown in
Section 3.6 where 7, denotes the average SNR of user u in the DL.
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For the UL, also a total number of Lgg - M7 OFDMA symbols are available within one
superframe. However, Myppr= OFDMA symbols are used for PT at the beginning of
the superframe and (Lgp — 1) - Myrpr—na OFDMA symbols are spent for PT in the
remaining (Lgrp — 1) UL frames within the superframe. Thus, the actual number My
of OFDMA symbols available for UL data transmission for each non-adaptive user is
given by

Myrr-na = Lsp - Mp — Mypprs — (Lsr — 1) - Myrpr—Na. (4.13)

On these Myrr_na OFDMA symbols, each non-adaptive user u can achieve a data rate
of Rl(\lu, Z,pt(f-cUL - %) in the UL direction, where 7, denotes the average SNR of user u in
the DL and ryr, the UL factor as introduced in Eq. (2.8).

The achievable effective user data rate Rl(\;f iﬁvopt of a non-adaptive users assuming op-
timized SNR thresholds and taking into account UL and DL is then given by

_ 1
AW _ 4.14
N, eff,opt LSF L9 MT ( )

: [RI(\;fg)pt(f?u) - (Lgp - My — Mgg~—~a — Lsr - Mprpr)

+R1(\?73)pt("{UL “Yu) - (Lsp - Mp — Myppr+ — (Lsr — 1) - MULPT—NA)]

4.2.3.2 Adaptive users

In the following, the effective user data rate for non-adaptive users taking into account
the overhead in UL and DL is derived when applying the Non-Adaptive First combining

scheme.

Analogue to the non-adaptive users, one can determine the actual number of OFDMA
symbols which are available for adaptive users in DL and UL transmission. As can be
seen from the superframe structure, there are

Mpir—a = Lsp- Mp — Msg—n — Mprpr — (Lsp — 1) - (Mprpr + Msg_a (4.15)
= Lgp - My — Msg~—a — Lgp - Mprpr — (Lsp — 1) - Mss—a

OFDMA symbols available for DL data transmission which the adaptive users can
use for adaptive transmission employing WPFS scheduling and adaptive modulation
scheme selection based on CQI. From the superframe structure it can be seen that
the time delay between measuring the CQI in the UL subframe and the actual data
transmission is 7' = My - Ty, i.e., the corresponding correlation coefficient is given by

pu(MT> == J0(27T . fDﬂi . MT . TS) (416)
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Furthermore, the CQI is only an estimate based on a CE performed at the beginning

of the subframe using Mp cqr pilots leading to an error estimation variance

1

KUL * Yu - Mpoqr

0%..(Mpcar) = (4.17)
From this, it follows that on these Mypr_a_nar OFDMA symbols, each adaptive user
can achieve a data rate of R’Xflpt(U A, My, Mpcqr) assuming optimized SNR thresholds
with respect to the impairment parameters p,(Mr) and U?M(M pcqi) and the number
Uy of adaptive users as shown in Section 3.6.2.

For the UL, there are
Myrr—a = Lsy - My — Myrprs — (Lsp — 1) - MyLpr-a(Ua) (4.18)

OFDMA symbols available for actual UL data transmission. As stated in Section
4.2.1, each MS uses the resource allocation and modulation scheme selection which
was signalled by the BS in the previous DL frame. Thus, the time delay between the
CQI measuring on which the resource allocation and modulation scheme selection is
based and the actual data transmission in the UL equals 2 - My - Ts. Since the BS
is aware of this time delay, the SNR thresholds can be chosen accordingly, meaning
that the modulation schemes have to be selected more conservatively leading to an
achievable user data rate of RE&M(U A2 My, Mpcqr)-

The achievable effective user data rate R&u’)@ff’om(U A, My, Mpcqr) of an adaptive users
assuming optimized SNR thresholds and taking into account UL and DL is then given
by

1 _
—— |RW (Ux, My, M 4.19
LSF .. MT A,opt( A, T, P,CQI) ( )

(Lgp - Mp — Mgg+—a — Lgp - Mprpr — (Lsp — 1) - Mgs_a)
+R&u,2)pt(UA, 2- My, Mpcqr)
(Lgp - My — Myrprs — (Lsp — 1) - Myrpr—a(Ua))] -

R(Au’)eﬂ‘ppt(UAa My, Mpcqr)

4.2.4 Effective user data rate applying Adaptive First

4.2.4.1 Non-adaptive users

As mentioned in Section 4.2.1, the length of the superframe is limited to Lgp = 1 when
applying Adaptive First. From this it follows that the effective user data rate applying
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the Adaptive First scheme is a special case of the effective user data rate applying Non-
Adaptive First with Lsg = 1. Hence, for non-adaptive users the achievable effective
user data rate assuming optimized SNR thresholds is given by

u 1 u —
R o = 3 L, [Rl(\lopt( w) © (Mr — Mss+_xa — Mprpr) (4.20)

"‘Rl(\lu,zapt(FﬂUL “Au) - (Mp — Myrpr+)| -

4.2.4.2 Adaptive users

For adaptive users, the achievable effective user data rate assuming optimized SNR
thresholds is given by

1
T R (Un, My, Mpcoar) (4.21)

(Mp — Mgg+—n — Mprpr)
+ RA opt(UA7 2- My, Mpcqr) - (M — Myrpr+)| -

R.(Au,iff,opt (UA7 MT7 MP,CQI)

Note that applying the Adaptive First scheme, RA Opt(U A, My, Mpcqr) is calculated
differently compared to the case of applying the Non-Adaptive First scheme as shown
in Section 3.6.2.

4.2.5 Effective user data rate for pure non-adaptive transmis-
sion

In the following, also the effective user data rate of a conventional pure non-adaptive
transmission scheme is derived. In this case, the superframe structure as presented
in Section 4.2.1 is not necessary since no access scheme selection is performed, i.e.,
all users are served non-adaptively all the time. This means that at the beginning
of the each DL subframe, the BS only has to transmit pilots on each resource unit
corresponding to Mprpr_stc pilot overhead assuming that the signaling of the user
and modulation scheme indices can be neglected since this has to be done only once.
In the UL, each MS only has to transmit pilots on the resource units assigned to user u
leading to Myrpr—na OFDMA symbols pilot overhead. Thus, the achievable effective
user data rate for a pure non-adaptive transmission scheme assuming optimized SNR
thresholds is given by
1

RI(J?J)reN,eff,opt = 2. MT [RN opt( ) (MT - MDLPT STC) (422)

+R1(\Iu,2)pt(/‘€UL “Yu) - (Mg — MULPT—NA)] .
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4.2.6 Effective user data rate for pure adaptive transmission

For a conventional pure adaptive transmission, the superframe structure presented in
Section 4.2.1 is also not required, since all users are served adaptively all the time. At
the beginning of each DL subframe, for each resource unit the BS has to signal the
user index, the modulation scheme indices and in case of TAS the antenna index of
the transmit antenna to be used in the next UL subframe. This results in Mgg_stc_a
and Mss_tas—a OFDMA symbols signaling overhead, respectively. In the DL, the BS
transmits pilots on each resource unit leading to Mprpr_stc OFDMA symbols pilot
overhead in case of OSTBC and Mpypr_Tas in case of TAS. In the UL, each MS has to
transmit pilots on all resource units since the BS needs to know the channel quality of
the whole DL channel of each user. This leads to Myppr OFDMA symbols overhead.
Thus, the achievable effective user data rate for a pure adaptive transmission scheme
assuming optimized SNR thresholds and applying OSTBC-MRC is given by

1 = (u
(U, M, Mpca) = 3 N RY) (U, My, Mpcqy) (4.23)
(Mp — Mss_stc—a — MprLpr—stc)

+ R(Auj)pt(Ua 2- My, Mpcqr) - (Mp — MULPT*)]

R(“)

pureA eff ,opt

and
1
2 Mr
(Mr — Mss_tas—a — MpLpr—TaS)
+ R(Auj)pt(U7 2- My, Mpcqr) - (Mp — MULPT*)]

R(“)

pureA eff ,opt

(U, My, Mpcqr)

' REXU,Z)pt(Ua My, Mpcqr) (4.24)

applying TAS-MRC.

4.3 FDD systems

4.3.1 Superframe structure with Half Duplex

In the following, it is assumed that the bandwidth in UL and DL is identical and that
the DL subframe has the same time duration as the UL subframe.

Assuming an FDD Half Duplex system, UL and DL data transmissions are performed
in different frequency bands, i.e., the BS cannot exploit the reciprocity of the channel
to estimate the DL channel during the pilot phase in the UL to utilize it for adaptive
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resource allocation and modulation scheme selection in the DL. Instead, the MSs have
to measure the DL channel during the pilot phase in the DL and feed back the CQI to
the BS in the next UL. However, for resource allocation in the UL, the BS can estimate
the UL channel during the pilot phase in the UL as done in TDD system. Since Half
Duplex is assumed, UL and DL are carried out consecutively in time.

In Fig. 4.3, the frame structure of the considered FDD Half Duplex system is depicted.
Like in the TDD system introduced in Section 4.2.1, a superframe structure consisting
of Lgr UL and DL subframes is considered where each UL and DL frame consists of M
OFDMA symbols. Again, the first UL and DL subframes form the initial frame which
is required to perform the access scheme selection. The main target of the superframe
is to reduce pilot and signaling overhead assuming that the impairment parameters on
which the user serving classification is based do not change frame by frame as explained
in Section 4.2.1. Again, in case of applying the Adaptive First combining scheme, the
length of the superframe is limited to Lsp = 1.

I Superframe |
—— Initial frame ———

| UL 1 DL L UL

UL-|TX| TX RX| RX [|UL-|TX| TX RX|] RX
MSs PT*FB*| Data CE SS*| Data ||PT|FB| Data CE SS| Data

BS| |CE RX| RX |DL-TX| TX CE RX| RX |DL{TX| TX
FB*| Data ||PT|SS*| Data FB| Data ||PT|SS| Data

-
=

~ < > t

Mr-Ts Mr-Ts

Lsp-2-Mr-Ts

Figure 4.3. Superframe structure Half Duplex

At the beginning of the superframe, all MSs transmit pilots such that the BS can
estimate the UL channel for data equalization. Further on, based on this CE, the
BS performs the resource allocation and modulation scheme selection for the next UL
frame. Moreover, the MSs feed back the quantized CQI values measured in the previous
DL frame, indicated by Transmit Feedback (TX FB) in Fig. 4.3. The BS receives the
fed back CQI values (RX FB) and performs the resource allocation and modulation
scheme selection for the next DL frame based o these values. In the remaining OFDMA
symbols, each MS transmits UL data.

Based on the impairment parameters measured during the last superframe, the BS
decides which user shall be served adaptively or non-adaptively for the rest of this
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superframe. In the first DL subframe of the superframe, the BS informs the user
about the access scheme selection. Furthermore, it signals the results of the resource
allocation and modulation scheme selection for the current DL subframe and the next
UL subframe. Besides signaling, the BS transmits pilots on each resource unit such
that the MSs can estimate the DL channel for the data equalization and quantize the
CQI values which then are fed back in the next UL subframe.

In the first UL subframe after the initial frame, pilot transmission is only performed
on resource units which are assigned to the adaptive users and non-adaptive users.
Furthermore, only adaptive users feed back the CQI values. On the remaining OFDMA
symbols, data symbols are transmitted based on the scheduling decisions signaled in
the previous DL subframe. In the next DL subframe, again pilots are transmitted on all
resource units. However, only for the adaptive users, it is signalled which resource unit
and modulation scheme to be used since the resource allocation and modulation scheme
selection remains the same for the non-adaptive users within the superframe. The next
Lsp — 2 UL and DL subframes are carried out the same way until the beginning of the

next superframe.

4.3.2 Superframe structure with Full Duplex

In an FDD Full Duplex system, UL and DL can be performed simultaneously as shown
in Fig. 4.4, i.e., in the UL and DL, the BS and the MSs can transmit and receive at
the same time with UL and DL one different frequency bands. Again, a superframe
structure is utilized to save signaling and pilot transmissions where one superframe
consists of Lgrp UL-DL subframes each consisting of My OFDMA symbols. The first
two UL-DL subframes of the superframe form the initial frame required for the access
scheme selection. These subframes are mandatory, i.e., Lsp > 2. The amount of pilot
and signaling overhead in the remaining Lgp — 2 UL-DL frames of the superframe is
less as the selection of the access schemes is kept fix for the remaining subframes.

In the first UL subframe of the initial frame, all MSs send pilots on all resource units. In
the first DL subframe of the initial frame, the BS also transmits pilots on each resource
unit. Each MS performs CE and quantizes the CQI values. The BS also performs CE
and, based on that, performs resource allocation and modulation scheme selection for
the next UL subframe. Further on, each MS signals the quantized CQI values which the
BS uses to perform resource allocation and modulation scheme selection for the next DL
subframe. The BS signals the results of the resource allocation and modulation scheme
selection for the current DL subframe and the next UL subframe. In the remaining
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I Superframe |
—— Initial frame ———

BS DL-|TX| TX || DL-|TX| TX |[|[DL-|TX| TX ||DL-|TX| TX

DL PT|SS | Data ||PT|SS*| Data ||PT|SS| Data ||PT]|SS | Data
RX| RX RX| RX RX| RX RX| RX

\ MSs | CE SS | Data CE SS*| Data CE SS | Data CE SS | Data

( MS4 UL-|TX| TX ||UL-[TX| TX ||UL-|TX| TX ||UL-|TX| TX

UL PT*FB*| Data ||[PT*FB* Data ||PT|FB| Data ||PT|FB| Data
RX| RX RX| RX RX| RX RX| RX

BS||CE FB*| Data CE FB*| Data CE FB| Data CE FB| Data

Mrp-Ts Myp-Ts

Lsp-Mp-Tg

Figure 4.4. Superframe structure Full Duplex

OFDMA symbols of the DL frame, the BS transmits data according to the scheduling
decisions signaled in this DL subframe while the MSs transmit data according to the

scheduling decisions signaled from the BS in the previous DL subframe.

Based on the impairment parameters, the BS now decides which user shall be served
adaptively or non-adaptively for the rest of the superframe. Thus, in the second UL-
DL subframe of the initial frame, the same is done as in the first UL-DL subframe
with one exception: the BS has to additionally signal which user is served adaptively

or non-adaptively.

In the remaining Lgr — 2 UL-DL subframes of the superframe, the result of the access
scheme selection does not have to be signalled anymore. Further on, only adaptive
users feed back CQI values and transmit pilots on each resource unit.

4.3.3 Pilot and signaling overhead

4.3.3.1 Pilot overhead in the Downlink

Concerning the pilot transmissions in the DL in an FDD system, one has to differentiate
between OSTBC-MRC and TAS-MRC. Applying OSTBC-MRC, the overhead in terms
of OFDMA symbols is the same as in a TDD system applying OSTBC-MRC given by
(4.2). Applying TAS-MRC in a TDD system, one can use the CQI pilot phase at
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the beginning of the UL frame to select the transmit antenna for both UL and DL
direction utilizing the reciprocity of the UL and DL channel. However, in an FDD
system, this reciprocity no longer exists, i.e., at the beginning of each DL frame, a CQI
pilot phase has to be introduced such that each MS can estimate the CQI value for each
transmit antenna of the BS. For this CQI phase, Mp cqr pilots per resource unit and
per transmit antenna are used. Note that when pilots are sent on certain subcarriers
from a given transmit antenna, these subcarriers have to remain unoccupied for the
other transmit antennas so that the pilots symbols are only effected by the channel
and not by other pilots from other transmit antennas. After the CQI pilot phase, only
the selected transmit antenna transmits pilots and data leading to

ny — 1) - M, + M
MDLPT—TAS = ( a ) Q neat r (4-25)
sub

OFDMA symbols overhead.

4.3.3.2 Signaling overhead in the Downlink

In the following, it is assumed that each MS has knowledge about the number Ny of
quantization bits and the fixed SNR thresholds for the normalized SNR values. From
this, it follows that the amount of signaling in the DL for the considered FDD system
remains the same as in a TDD system. Thus, the signaling overhead for an OSTBC-
MRC system in the initial frame and for subframes within the remaining superframe is
given by the equations (4.4) and (4.5). For a TAS-MR system, the signaling overhead
in the initial frame is given by (4.7) and (4.6) while for subframes within the remaining
superframes, the signaling overhead is given by (4.8).

4.3.3.3 Pilot overhead in the Uplink

As for the pilot transmission in the DL, the amount of pilot transmissions in the UL
of the considered FDD is equivalent to the amount of a TDD system. Thus, the pilot
overhead in the initial frame is given by (4.9) for both OSTBC-MRC and TAS-MRC
systems. For subframes within the remaining superframe, the pilot overhead is given
by (4.10) and (4.11).

4.3.3.4 Signaling overhead in the Uplink

In the uplink of an OSTBC-MRC system, each MS has to feed back the Ng bits
quantized CQI values of the different resource units to the BS. In the initial frame, all
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U MSs have to signal their CQI values leading to
U- Ng
qub ' bSS

OFDMA symbols signaling overhead. In other words, on each resource unit one has to

MFB*—STC = (426)

signal the quantized CQI values from all U users. For subframes within the remaining
superframe, non-adaptive users do not have to feed back CQI values as they are served
non-adaptively independent from any CQI. For the U, adaptive users, the signaling

overhead reduces to
Ua - Nog

Qo bes. (4.27)

Myp_sTc =

For a TAS-MRC system, there are two possible feedback schemes as introduced in
Section 2.5.3, namely the TAS Feedback-All (TAS-FA) scheme where simply all ny
CQI values per resource unit per user are fed back to the BS and the TAS Feedback-
Best (TAS-FB) scheme where only the CQI value of the best antenna plus the antenna
index is fed back to the BS. Thus, in the initial frame, the signaling overhead for
TAS-FA is given by

U-np- N
Mppr—TAs-Fa = O s bT. bssQ (4.28)
while for TAS-FB it is given by
U - ([logy(nr)] + N,
Mrp+—Tas-rB = ([logy(nr)] Q>. (4.29)

qub : bSS

For subframes within the remaining superframe, the signaling overhead for the Uy

adaptive user is given by

UA'TLT-NQ

Ot D (4.30)

Myp_tAS—FA =

for TAS-FA and
Ua - ([logy(nr)] + Ng)

qub : bSS

Myp_tAs—rB = (4.31)

for TAS-FB.
4.3.4 Effective user data rate applying Non-Adaptive First

4.3.4.1 Non-adaptive users with Half Duplex

In the following, the effective user data rate of non-adaptive users taking into account
the overhead in UL and DL is derived when applying the Non-Adaptive First combining
scheme in an FDD system with Half Duplex.
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In each superframe, non-adaptive users can transmit data on a total number of Lgp- M
OFDMA symbols in the DL. Due to pilot transmissions and signaling during the first
DL sub in the initial frame and pilot transmissions during the (Lgsr — 1) remaining DL
subframes, the actual number Mpyr_na of OFDMA symbols which can be used for DL
data transmission by the non-adaptive users is given by

= Mp — Msss—nxa — Mprpr + (Lsp — 1) - (Mp — Mprpr)  (4.32)
= Lgp - My — Mgs_na — Lgr - Mprpr.

MDLT—NA

On these Mprr_na OFDMA symbols, each non-adaptive user u can achieve a data rate
of Rl(\lu, lpt (74) in DL direction assuming optimized SNR thresholds as shown in Section
3.6 where 7, denotes the average SNR of user u in the DL.

For the UL, also a total number of Lsp - M7 OFDMA symbols are available within
one superframe. However, due to pilot transmissions and signaling of quantized CQI
values during the first UL frame in the initial frame and pilots transmissions during the
(Lsp — 1) remaining UL subframes, the actual number Mypr_na of OFDMA symbols
available for UL data transmission for each non-adaptive user is given by

MULT—NA = LSF : MT - MULPT* - MFB* - (LSF - 1) : MULPT—NA- (433)

On these Myrr_na OFDMA symbols, each non-adaptive user u can achieve a data rate
of R

N,opt
DL and kyt, the UL factor as introduced in Section 2.4.

(KuL * J) in UL direction where 7, denotes the average SNR of user u in the

The achievable effective user data E’I(\ﬁ lﬁ,opt of a non-adaptive user assuming optimized
SNR thresholds and taking into account UL and DL is then given by

_ 1
J70) _ 4.34
N, eff ,opt LSF 9. MT ( )

[Rl(\?,lpt(%) - (Lgp - My — Mss+—nxa — Lsp - Mprpr)

+ Rl(\IU,Z)pt(KUL ) - (Lsp - Mp — Mypprs — My — (Lgp — 1) - MULPT—NA)] .

4.3.4.2 Adaptive users with Half Duplex

For adaptive users in an Half Duplex FDD system, the actual number Mprr_a of
OFDMA symbols which are available for DL transmission is the same as in a TDD
system since the superframe structure is similar and, thus, given by

Mprr-a = Lsp- My — Mss+—n — Mprpr — (Lsp — 1) - (MpLpr + Mss—a)4.35)
= Lgp - My — Mss+—n — Lsp - Mprpr — (Lsp — 1) - Mss_a.
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However, one major difference to the mentioned TDD system is that the time delay
between measuring the CQI values at the MSs and the actual data transmission in the
DLis T =2 My -Tg, i.e., the corresponding correlation coefficient is given by

pu(Mr) = Jo(27 - fpu -2 Mr - Ts). (4.36)

That means that the quantized CQI values on which the resource allocation is based
are outdated by T. Furhermore, the CQI values are only estimates measured at the
MSs with the help of Mpcqr pilots leading to an error estimation variance of

1

KUL * Yu - Mpoqr

0. (Mpoar) = (4.37)
From this, it follows that on these Mypr_a_nar OFDMA symbols, each adaptive user
can achieve a data rate of RE&M(NQ, Ua,2 - My, Mpcqr) assuming optimized modu-
lation schemes applied for the fixed SNR thresholds with respect to the impairment
parameters p,(Mr) and U?M(M p.cqi) and the number Uy of adaptive users as shown in
Section 3.6.3. Note that the achievable user data rate Rfiflpt(NQ) applying quantized
CQI is a function of the number Ny of quantization bits for the CQI feedback and
should not be confused with the achievable user data rate RE&M applying continuous
CQI as with the mentioned TDD system.

For the UL, there are
Muyrr—a = Ly - My — Myppr — Myp — (Lsp — 1) - (MuLpr—a(Ua) + Myp) (4.38)

OFDMA symbols available for actual UL data transmission. Since each MS uses the
resource allocation and modulation scheme selection which was signalled by the BS
in the previous DL frame, the time delay between the CQI measuring on which the
resource allocation and modulation scheme selection is based and the actual data trans-
mission in the UL equals 2 - My - Ts. However, these CQI values are continuous, i.e.,
not quantized. That means, the SNR thresholds can be chosen according to the im-
pairment parameters as shown in Section 3.6.2. The achievable effective user data rate
of adaptive users taking into account DL and UL in then given by

R oo (Noy Us, My, Mpcar) = m : [Rf;ff)pt(NQ, U, 2Mz, Mpcgr) (4.39)
(Lsp - Mp — Mgsg»— —
Lsp - Mprpr — (Lgp — 1) - Mss_a)
+RY(Un, 2Mr, Mpcqn)
(LSF . MT - MULPT* - MFB*

—(Lsr — 1) - (Murpr-a(Ua) + Mpg))] -
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4.3.4.3 Non-adaptive users with Full Duplex

Compared to the case of Half Duplex, factor 2 in the denominator of the achievable
effective user data rate in case of Full Duplex vanishes since UL and DL is performed
simultaneously. Furthermore, the time delay between measuring the CQI values and
the actual data transmission of the adaptive users is T' = My - Ts for both UL and DL
as can be seen from the superframe structure in Fig. 4.4.

The achievable effective user data Rl(\ﬁ lﬁ,opt of a non-adaptive user assuming optimized
SNR thresholds in an FDD Full Duplex system is given by

B ) _ 1
RN,eff,opt - LSF K MT (440)

: Rf&“‘,lpt(%) - (Lgp - Mp — 2 - Mss_na — Lsr - Mprpr)
"’Rl(\lu,zth(’fUL “Yu) - (Lgp - Mp —2 - Mypprs — 2 - Mpp-
—(Lsr — 2) - Myrpr-Na)] -

4.3.4.4 Adaptive users with Full Duplex

For adaptive users, the achievable effective user data E’Xﬁlﬁ’opt assuming optimized SNR
thresholds in an FDD Full Duplex system is given by

1 Hu
m ' [R(A,g)pt(NQ% U, My, Mpcaqr)(4.41)

(Lsp - My — 2 - Msg_a

—Lgy - Mprpr — (Lsp — 2) - Mss_a)
+RY(Un, My, Mpcqy)

“(Lsp - My — 2 - Mypprs — 2 - Mpp+ —
(Lsr — 2) - (MyLpr-a(Ua) + Mrg))] -

RXL,)eff,opt(NQv UA7 MT; MP,CQI) =

4.3.5 Effective user data rate applying Adaptive First

4.3.5.1 Non-adaptive users with Half Duplex

Applying the Adaptive First combining scheme, one cannot save pilot transmissions
and signaling by introducing a superframe structure since the resource allocation of the
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non-adaptive users has to be performed frame by frame. Thus, in each DL subframe,
the result of the access scheme selection, the resource allocation and the modulation
scheme selection for UL and DL have to be signalled. In each UL subframe, each MS
has to transmit pilots on all resource units and each MS has to feed back the quantized
CQI values for each resource unit.

In case of an FDD Half Duplex system, applying Adaptive First can be seen as a special
case of applying Non-Adaptive First with a superframe length of Lgp = 1. Thus, the
achievable effective user data rate of non-adaptive users is given by

o 1
Rl(\l,)eff,opt = 2MT (442)

[Rl(\lu,z)pt(%) - (Mp — Mgg+_xa — Mprpr)

+ Rl(\lu,szt(/{UL “Yu) - (Mp — Myppr+ — Mpp+)| .

4.3.5.2 Adaptive users with Half Duplex

For adaptive users, applying Adaptive First can be also seen as a special case of applying
Non-Adaptive First with a superframe length of Lsrp = 1. The achievable effective user
data rate is given by

» 1 o
Rg\,lﬁ,opt(NQ’ UA? MT’ MRCQI) = ’ [R( ) (NQ> UAa 2MT7 MRCQI) (443)

5 My Ao
(Mp — Mss+—A — Mprpr)
+RY)(Un, 2Mr, Mpcqn)
(Mr — Myppr+ — Mpp+)] .

1§Iote that applying the Adaptive First scheme, Rfﬁlpt(U A, My, Mpcqr) and
RE&M(NQ, Un, My, Mpcqr) are calculated differently compared to the case of applying
the Non-Adaptive First scheme as shown in Section 3.6.2 and 3.6.3.

4.3.5.3 Non-adaptive users with Full Duplex

In case of an FDD Full Duplex system, applying Adaptive First can be seen as a special
case of applying Non-Adaptive First with a superframe length of Lgp = 2 as seen in
Fig. 4.4.
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For non-adaptive users, the achievable effective user data rate is given by
plu 1 H(u —
Rl(\l,?aff,opt = Rl(\l,z)pt(%) - (Mp — Msg*—xa — Mprpr) (4.44)
+ Rl(\lu,szt(/{UL “Yu) - (Mp — Myppr+ — Mpp+)| .

4.3.5.4 Adaptive users with Full Duplex

Again, for adaptive users applying Adaptive First can be seen as a special case of
applying Non-Adaptive First with a superframe length of Lsgp = 2 which results in an
achievable effective user data rate given by

1

Ry o (Noy Us, My, Mpegr) = E'[Rff,lpt(NQ,UmMT,MP,CQI) (4.45)

(Mp — Msg*—a — Mprpr)
+R§§lpt(UA> Mz, Mpcqr)
(My — Myppr+ — Mpp+)].

Also in this case, Rsf’z)pt(UA,MT,MRCQI) and R’Xﬁlm(NQ,UA,MT,Mp,CQI) are calcu-
lated differently compared to the case of applying the Non-Adaptive First scheme as
shown in Section 3.6.2 and 3.6.3.

4.3.6 Effective user data rate for pure non-adaptive transmis-
sion

4.3.6.1 Half Duplex

Analogue to the TDD system, also the effective user data rate for a conventional pure
adaptive FDD transmission scheme is derived for both Half and Full Duplex. Since all
users are served non-adaptive all the time, the BS only has to transmit pilots on each
resource unit assuming that the signaling of the user and modulation scheme indices
can be neglected since this has to be done only once. In the UL subframe, each MS

only has to transmit pilots on the resource units assigned to user w.

For a pure non-adaptive FDD Half Duplex system, this corresponds to an achievable

effective user data rate assuming optimized SNR thresholds given by
1

RI(J?J)reN,eff,opt = 3. My [Rl(\?,lpt(%) - (Mp — Mprpr—stc) (4.46)

+R1(\Iu,2)pt(/‘€UL “Yu) - (Mg — MULPT—NA)] .
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4.3.6.2 Full Duplex

For a pure non-adaptive FDD Full Duplex system, factor 2 in the denominator vanishes
due the simultaneous transmission of UL and DL data resulting in

(U 1 H(u _
R;()u)roN,oﬁ,opt = MT ' [Rl(\f,lpt(%) : (MT - MDLPT—STC) (4-47)
_'_RI(\;L,E)pt(’%UL ) - (Mp — Myrpr—na)|

i.e., the achievable effective user data rate applying Full Duplex is twice the achievable
effective user data rate applying Half Duplex.

4.3.7 Effective user data rate for pure adaptive transmission

4.3.7.1 Half Duplex

Also, for a conventional pure adaptive FDD system, the superframe structure is not
required since all users are served adaptively all the time. Concerning pilot transmis-
sions, the BS and each MS have to transmit pilots on each resource unit. Concerning
signaling, the BS has to signal the user index, the modulation scheme indices and in
case of TAS the antenna index of the transmit antenna to be used in the next UL
frame. The MSs have to feed back the CQI of each resource unit.

Thus, in an Half Duplex FDD system, the achievable effective user data rate for a
pure adaptive transmission scheme assuming optimized SNR thresholds and applying
OSTBC-MRC is given by

1
2 - My
(Mr — Mss_stc—a — Mprpr-stc)

+R§apt(U, 2Mrp, Mpcqr)
(Mg — Mpp+_stc — MyLpr+)] .

R’(“)

pureA eff ,opt

(Ng,U,Mp, Mpcqr) = ' [R’X%pt(NQ,U’ 2Myp, Mpcqr) (4.48)

Applying TAS-MRC, the achievable effective user data rate is given by

i, 1 o
RS ptrops(Na U, My, Mpcqr) = I [fo,lpt(NQaUa 2Mrp, Mpcqr) (4.49)

'(MT — Mgss_TAs—A — MDLPT—TAS)
+R§apt(U, 2Mr, Mpcqr)
(Mp — Mpg+—tas — Murpr+)] .
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4.3.7.2 Full Duplex

For a Full Duplex FDD system, the time delay between measuring the CQI and the
actual data transmission for both UL and DL is My - Ts. Furthermore, taking into
account the the simultaneous transmission of UL and DL data, the achievable effective
user data rate applying OSTBC-MRC is given by
1
Mr
(Mr — Mss_stc—a — MpLpr—stc)
+Ry (U, My, Mpcqn)

(M7 — Mpp+_stc — Myrpr+)] .

R™

pureA eff ,opt

(NQa U7 MT; MP,CQI) = [RA Opt(NQ7 U, MT, MP,CQI) (450)

Applying TAS-MRC, the achievable effective user data rate is given by

u 1 u
RéurcA eff opt(NQ’ U’ MT’ MRCQI) = MT [R(A opt(NQ’ U’ MT’ MP,CQI) (451)

(MT - MSS—TAS—A - MDLPT—TAS)
+RY) (U, Mr, Mpcqgp)
(MT - MFB*—TAS - MULPT*)] .

4.4 Maximizing effective system data rate

Until now, the achievable effective user data rates for adaptive and non-adaptive users
were derived assuming optimized SNR thresholds to fulfill the BER requirements where
the effective user data rate of adaptive users was given as a function of the number Uy
of the adaptive users. Next, the maximized effective system data rate Rsys,emopt has
to be found subject to a minimum data rate requirement by searching for the optimal
user serving vector as done in the optimization problem of (3.9). This results in the

following problem given by

Rsys,eff,opt = maxz ( ) [ RXLCH opt(ﬁ) + (]. — ’lgu) : Rl(\lu,)eff,opt (452)

subJect to
ﬁ“R.(Au,?aff,opt (79) + (1 - 79“) Rl(\luzaff ,opt > R N,eff,opt -

replacing R’Xﬁlm(ﬁ) with R&"’lﬂvopt(ﬁ) and Rl(\lu, Z)pt with R’l(\;f off opt -

For the case of the Non-Adaptive First scheme, one has to consider in the expression
Rsﬁ)emopt(ﬁ) that MyLpr—a, i.e., the pilot overhead in the UL, is a function of the number



4.4 Maximizing effective system data rate 159

Uy of adaptive users. From (4.11) it can be seen that this overhead increases with the
number of adaptively served users, i.e., in contrast to the case neglecting the overhead,
the maximum achievable user data rate RE&prt(ﬁ) no longer increases monotonically
with increasing number Uy of users. Thus, the RedCom2-NAF algorithm can no longer
be applied for solving the user serving problem since monotony was a requirement.
From this, it follows that the more complex RedCom algorithm has to be applied. For
the case of the Adaptive First scheme, the same methods for solving the user serving
problem shown in Section 3.7 can be applied to maximize the effective system data
rate according to (4.52) for both TDD and FDD systems.
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Chapter 5

Performance evaluation

5.1 Introduction

In this chapter, the performances of adaptive, non-adaptive and hybrid OFDMA trans-
mission schemes for both TDD systems and FDD systems are evaluated taking account
user-dependent imperfect CQI.

The chapter is organized as follows. In Section 5.2, the system under evaluation oper-
ates in the TDD mode, i.e., the BS is able to measure both the UL and DL channel.
First, the impact of different user demands on the system performance is analyzed
followed by an investigation of the joint impact of user demand and outdated CQI.
Furthermore, the two different hybrid schemes Non-Adaptive First and Adaptive First
are compared with conventional pure adaptive and pure non-adaptive transmission
schemes in the presence of user-dependent imperfect CQI for a fixed total number U
of users in the cell. Moreover, also the impact of pilot and signaling overhead is taken
into account when comparing the performances of hybrid and conventional schemes.
Finally, the impact of the number of active users in the cell is analyzed. In Section
5.3, the system under consideration operates in the FDD mode, i.e., quantized CQI is
applied. First, the impact of the number Ng of quantization bits for the CQI feedback
is investigated. Furthermore, the impact of feedback bit errors on the system perfor-
mance is discussed. As done in the TDD case, the two hybrid schemes are compared
to conventional pure adaptive and non-adaptive schemes with and without considering
pilot and signaling overhead for a fixed number U of users in the cell. Finally, also the
impact of the cell load is discussed. Section 5.4 summarizes the main conclusions of

the performance evaluation.

5.2 TDD systems

5.2.1 Impact of user demand

In the following, it is evaluated how the average system data rate and the average user
data rate behave when the user demand for certain users is increased, i.e., when certain
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users are favored regarding access to resource units. This investigation is carried out
for both adaptive and non-adaptive users.

For the adaptive users, a system applying a pure adaptive OFDMA transmission scheme
is considered. It is assumed that the system consists of a total number of N,, = 30
resource units serving in total U = 10 users. The number of transmit and receive
antennas is set to nt = 2 and nr = 2, respectively. As antenna technique, Alamouti
OSTBC in combination with MRC is applied. Furthermore, it is assumed that there
are G = 2 demand groups, where the first demand group comprises one user (|G| = 1)
and the second demand group contains the remaining U — 1 = 9 users. From this, it
follows that the user demand vector D of (2.36) is given by

Nyw — Dy Nyy — Dy

D=|D -
H, U_l ) ) U_l 9

(5.1)
i.e., there is only one variable, namely the user demand Dy of the high demand user.

For simplicity, it is assumed that each user has the same average SNR %, = 8 dB
leading to a estimation error variance of, , = 0.16 for each user user u with u = 1,..,U
assuming the number Mp cqr of pilots in the CQI phase to be Mp cqr. Furthermore,
no time delay is assumed, i.e., p, = 1. The target BER is set to BERp = 1073, i.e.,
the SNR thresholds are optimized to meet this requirement considering a%’u = 0.16

and p, = 1.

In Fig. 5.1, the average number of transmitted bits per allocated subcarrier is depicted
as a function of the user demand Dy ranging from Dy = 3 which corresponds to a
totally fair system to Dy = 30 where all N, = 30 resource units are allocated to one
user. The blue curve represents the average number of allocated bits in the overall
system where the green curve represents the average number of allocated bits for the
high demand user and the red curve for a low demand user. In Fig. 5.2, the user data
rates of the high demand user (green curve) and a low demand user (red curve) are
depicted as a function of the user demand Dy.

From Fig. 5.1 it can be seen that the average number of allocated bits in the overall
system decreases when increasing the user demand Dy, since favoring the high demand
user even if he is in bad channel condition results in a performance degradation. From
the green line in Fig. 5.1, representing the number of transmitted bits per subcarrier
when allocated to the high demand user, one can see that the number of bits decreases
with increasing user demand Dy, i.e., the quality of the allocated channels gets worse
and, thus, the modulation schemes have to be selected more conservatively. Concerning
the user data rate of the high demand user represented by the green curve in Fig.
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Figure 5.1. Average number of transmitted bits per allocated subcarrier vs. user
demand Dy

5.2, one can see that the user data rate increases due to the increased access to the
channel. It can be seen that for user demands Dy > 10, the user data rate no longer
increases linearly with Dy, but goes into saturation. This is due to the fact that when
increasing Dy, the probability that the channel quality of selected resource units is bad
also increases since there is no competition as the high demand user is favored.

For the low demand users it is vice versa, i.e., the number of bits per subcarrier, when
allocated to a low demand user, increases with increasing Dy, see Fig. 5.1, since only
strong channels of low demand users can compete successfully with the favored channels
of high demand users. However, the user data rate of a low demand user decreases due
to the reduced channel access, see Fig. 5.2.

Next, the impact of user demand is investigated for non-adaptive users applying a
pure non-adaptive OFDMA scheme with an average SNR of 7, = 10 dB for each user.
Again, 2 x 2 Alamouti OSTBC in combination with MRC is applied and the target
BER is set to BERt = 1073, The user demand vector D is again given by (5.1).

Fig. 5.3(a) depicts the number per bits allocated subcarrier as a function of the user
demand Dy for both high and low demand user and the overall system. It can be
seen that the number of bits is 2 for all values of Dy, i.e., as no adaptive modulation
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Figure 5.2. User data rate vs. user demand Dy

is performed in the non-adaptive OFDMA scheme, the chosen modulation scheme, in
this case QPSK, is applied for all subcarriers. In Fig. 5.3(b), the user data rates of
the high demand and the low demand users are depicted as a function of Dy. From
the green curve representing the high demand user, one can see that the user data rate
linearly increases with Dy due to the increased channel access. For the low demand
users, the user data rate decreases due to the reduced channel access.

5.2.2 Joint impact of user demand and outdated CQI

In the following, the joint impact of outdated CQI and user demand on the performance
of the system is investigated only for adaptive users as non-adaptive users do not apply
any CQIL. The system assumptions remain the same as in Section 5.2.1 but now, the
CQI is assumed to be outdated expressed by the normalized time delay fpT', where
the Doppler frequency fp is assumed to be the same for each user. Note that the CQI
is also assumed to be noisy with of, = 0.16. However, this value is kept fixed as it
only changes with the average SNR as shown in Section 2.9.2 which in this case is

assumed to be constant and the same for each user. Furthermore, not only Alamouti
OSTBC-MRC is used as antenna technique but also TAS-MRC.

In Fig. 5.4, the average system data rate, indicated by different colors, applying TAS
at the BS and MRC at the MSs is depicted as a function of the normalized time delay
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Figure 5.3. (a) Number of transmitted bits per allocated subcarrier vs. user demand
Dy; (b) User data rate vs. user demand Dy

fpT and the channel demand gain Dy. As one can see, the achievable data rate is
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Figure 5.4. 2 x 2 TAS-MRC system data rate vs. normalized time delay fpT and user
demand Dy

high for small time delays and low user demands. When increasing Dy for a given
fpT, the system data rate decreases since favoring high priority users even if they are
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in bad channel conditions results in a performance degradation. When increasing fpT’
for a given Dy, the data rate also decreases, since a more robust modulation scheme is
required to cope with the outdated CQI. It can be seen that for higher user demands
Dy, the transmission becomes more vulnerable to outdated CQI. For example in Fig.
5.4, if Dy = 3, a system data rate of R,,, = 2 b/s/Hz can be achieved up to a delay
of fpT = 0.16. If Dy = 20, Ry, = 2 b/s/Hz can only be achieved up to a delay of
fpT =0.1.

In Fig. 5.5, the same analysis is shown applying the OSTBC scheme at the BS and
MRC at the MSs. Comparing the system performance applying OSTBC and TAS,
TAS clearly outperforms OSTBC in the region of small time delays fp7. The reason
why TAS outperforms OSTBC for small time delays fpT is the averaging effect of
OSTBC on the SNR values, i.e., applying OSTBC, the probability for high SNR values
decreases. However, when increasing the time delay fp7T, OSTBC outperforms TAS
since now OSTBC is more robust against outdated CQI due to the exploitation of
spatial diversity.

average system data rate Rsys in b/s/Hz
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Figure 5.5. 2 x 2 OSTBC-MRC system data rate vs. time delay fpT and user demand
Dy
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5.2.3 Comparison of hybrid transmission schemes with con-

ventional transmissions scheme in the presence of im-
perfect CQI

In this section, the performance of the hybrid schemes is compared to the performance
of the conventional schemes in the presence of imperfect CQI in the DL without con-
sidering any pilot or signaling overhead.

For the investigation performed in Section 5.2.1 and 5.2.2 it was enough to assume a
simplified system with equal channel conditions for all users to show the effects of user
demand and outdated CQI. However, for a reasonable DL performance evaluation of
hybrid and conventional pure adaptive and pure non-adaptive transmission schemes,
a more realistic setting is required as described in Chapter 2. In the following, an
OFDMA system with the system parameters given in Table 5.1 is assumed.

Table 5.1. System parameters

Bandwidth B 10 MHz
Number N of subcarriers 240
Frequency block size Qqup 8
Number N,, of resource units 30
Number U of users 15
Number nr of transmit antennas 2
Number nr of receive antennas 2
Carrier frequency f 2 GHz
Target BER BE Ry 1073
Cell radius R 300 m
Minimum distance BS-MS dj 10 m
Pathloss exponent « 2.6

Thus, the frequency spacing between the subcarriers is Af = 41.67 kHz, i.e., a fre-
quency block of Qg1 subcarriers occupies Qg - Af = 333.3 kHz bandwidth. Assuming
a maximum time delay of 7,.c = 3us, this corresponds to the coherence bandwidth
Bg, i.e., the assumption that adjacent frequency blocks are uncorrelated is justified.

The transmit power Prg,p at the transmitter is adjusted in such a way that a user
at the cell border with no reliable CQI can achieve the target BER applying the non-
adaptive transmission scheme. Furthermore, the time delay between the CQI updates
is assumed to be T" = 2 ms and the CQI values are noisy estimates based on Mpcqr = 1
pilot. Moreover, the applied modulation schemes range from QPSK for users at the
cell edge up to 512-QAM for users near the BS.
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Furthermore, only one user demand group is assumed, i.e., G = 1 and the user demand
vector is set to D = [2, 2, .., 2] meaning that each of the U = 15 users demands two out
of the N,, = 30 resource units.

In the following, the hybrid transmission schemes are compared with conventional
pure adaptive and the pure non-adaptive OFDMA schemes in the presence of imper-
fect user-dependent CQI. The two parameters describing the CQI impairment are the
estimation error variance a%’u and the correlation coefficient p,. As aéu is directly
linked with the average SNR of user u and, thus, determined by the scenario, only p,
is the remaining CQI impairment parameter which is used as variable to analyze the
system performance. As p, is directly linked with the MS velocity of each user and
each user has a different velocity as stated in Section 2.2, the average MS velocity v
is the variable which indicates in the following how much outdated the CQI is in the
cell. To evaluate the performance, 500 different user positions in the cell are gener-
ated assuming uniformly distributed users as stated in Section 2.2. For each of these
realizations, 500 different MS velocities v, = [v,,v,]T, i.e., 500 different angles and
velocity magnitudes, are generated where the radial components of the MS velocities
are half-normally distributed as shown in Section 2.2. Fig. 5.6 shows an example of
the distribution of the magnitude of the radial velocity for an average MS velocity of
v = 20 km/h. The red curve represents the PDF of the magnitude of the radial MS ve-
locity calculated analytically according to (2.1, the blue represents the PDF generated

simulative.

From this, it follows that for each value of v, in total 250000 realizations of MS positions
and MS velocities are generated. To determine the average system data rate, for each
of these realizations, the system data rate is calculated according to the equations
and algorithms derived in Chapter 3 and 4. The average system data rate is then
determined by averaging over these 250000 realizations.

For the pure adaptive system, two types of schemes are considered: Firstly, a naive
approach where the BS always assumes perfect CQI, i.e., the SNR threshold vector is
calculated assuming perfect CQI for all users. Secondly, a pure adaptive scheme which
is aware of the CQI imperfectness of each user and which adapts the SNR threshold
vectors correspondingly, i.e., in case of imperfect CQI, the selection of the applied
modulation schemes is performed more conservatively compared to the naive approach
in order to fulfill the BER requirements. In case that the target BER is not fulfilled,
the data rate of a user u is defined to be zero, i.e., R™ = 0.

In Fig. 5.7, the average system data rate is depicted as a function of the average MS
velocity v in the cell for the different transmission schemes applying OSTBC-MRC.
Fig. 5.8 shows the same for a TAS-MRC system.
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As one can see in both figures, the pure non-adaptive scheme achieves a constant sys-
tem data rate, since it does not depend on the reliability of the CQI, neglecting the
effect of intercarrier interference due to Doppler shifts. In case of o = 0 km/h, the pure
adaptive transmission scheme and the hybrid transmission schemes achieve the same
system data rate and outperform the non-adaptive scheme. However, when increasing
the average MS velocity in the cell and, thus, the unreliability of the CQI, the per-
formances of the pure adaptive scheme dramatically decrease, especially for the naive
approach since now, due to the imperfect CQI, wrong users and modulation schemes
are selected for transmission. This results in a BER which no longer fulfills the tar-
get BER requirements. For the pure adaptive scheme which is aware of the imperfect
CQI, the decrease is less dramatic. However, at some point the system performance is
worse than for pure non-adaptive transmission schemes. Applying the hybrid schemes
Non-Adaptive First and Adaptive First for an increasing MS velocity in the cell, the
system performance is always equal to or better than both the pure adaptive and pure
non-adaptive scheme. Adaptive First (RedCom-AF, RedCom2-AF) outperforms Non-
Adaptive First (RedCom2-NAF) due to the more exclusive resource selection. Note
that there is hardly a difference in the performance comparing the optimal Adaptive
First algorithm (RedCom-AF) and the optimal Adaptive First algorithm (RedCom2-
AF). Comparing hybrid TAS-MRC with hybrid OSTBC-MRC, it can be observed that
hybrid TAS-MRC outperforms hybrid OSTBC-MRC. This matches with the obser-
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vation of previous investigations where for accurate up to medium accurate channel
knowledge, TAS was better than OSTBC. For rather bad channel knowledge, OSTBC
is better. However, in these regions it is better to use the non-adaptive transmission
scheme anyway which is automatically done by the hybrid schemes as for large veloci-
ties, more and more of the users are served applying the non-adaptive scheme due to
the totally outdated CQL.

The effect of serving the users non-adaptively for an increasing v is also shown in Fig.
5.9, where the average number Uy of adaptively served users is depicted as a function
of the MS velocity v for an OSTBC-MRC system. One can see that for low velocities,
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Figure 5.9. Number Ua of adaptive users versus average MS velocity v applying
OSTBC-MRC

almost all of the U = 15 users are served adaptively. When increasing v, more and
more users are served non-adaptively. Comparing the average number U, of adaptively
served users applying the Adaptive First and the Non-Adaptive First scheme, one can
see that with the Adaptive-First scheme it is beneficial to serve less user adaptively
compared to the Non-Adaptive First scheme. This is due to the interdependency
between user data rate and U, as shown in Section 3.7.3. Note that for TAS-MRC,
one gets similar results concerning the average number Uy of adaptively served users.

To further compare the hybrid schemes with the conventional ones, another metric is
introduced, namely the user satisfaction S which is defined as the percentage of users
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for which the minimum rate requirement is fulfilled. With the variable s, given by

1 R® > RW
w = — min 5.2
§ { 0 else (5:2)

the user satisfaction S is given by

U
Su

S = “:[1] : (5.3)

In Fig. 5.10 the user satisfaction S is depicted as a function of the MS velocity v for an
OSTBC-MRC system. While applying the pure non-adaptive scheme and all the hybrid
schemes, each user always achieves at least the minimum data rate, the user satisfaction
decreases dramatically applying the pure adaptive schemes. Hence, the hybrid schemes
outperform the pure adaptive schemes also in terms of user satisfaction. This can also

be observed applying TAS-MRC.
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Figure 5.10. User satisfaction .S versus average MS velocity v applying OSTBC-MRC
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5.2.4 Comparison of hybrid transmission schemes with con-
ventional transmission schemes considering pilot and
signaling overhead

In this section, the pilot and signaling overhead is taken into account when comparing
the performances of the hybrid and conventional transmission schemes. However, this
requires the consideration of the UL as well since resources have to be spent for pilot
transmissions in the UL in order to update the CQI at the BS. A superframe structure
is assumed as shown in Section 4.2.1 with the following parameters given in Table 5.2.

Table 5.2. Superframe system parameters

Bandwidth B for DL and UL each 10 MHz
Number N of subcarriers 240
Frequency block size Qg 8

Time frame size Mp in OFDMA symbols 28
Number N,, of resource units 30
Number U of users 15

UL factor sy, 1

Number Mp of pilots per resource unit )
Number Mpcqr of pilots in the CQI pilot phase 1
1

2

Number bsg of bits per symbol (signaling)
Number nr of transmit antennas

Number nr of receive antennas 2
Carrier frequency fj 2 GHz
Target BER BE R 1073

Cell radius R 300 m
Minimum distance BS-MS dj 10 m
Pathloss exponent « 2.6

With a symbol duration of Ty = % = 24us the total time duration of a resource unit is
given by My - Ts = 0.672 ms which corresponds to a third of the coherence time T as
defined in Section 5.2.3, i.e., the assumption that the channel remains almost constant
within a resource unit is justified. Furthermore, the delay between UL and DL is kept
low which is desirable for communication systems.

The user demand vector remains the same as in Section 5.2.3. The UL factor is set to
rkur, = 1. For the Non-Adaptive First scheme, the superframe length is set to Lsp = 74,
i.e., the time duration of a superframe is given by 2 - My - Lgg = 0.1 s as stated in
Section 4.2.1. For the Adaptive first scheme, the time duration of a superframe is
2-Mr = 1.344 ms. That means that the time period between updating the user serving
vector is larger than 1 ms for both the Non-Adaptive First scheme and Adaptive First
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scheme, i.e., for the given system parameters, the computation of the user serving

vector is feasible as shown in Fig. 3.13.

In Fig. 5.11, the effective system data rate is depicted as function of the average MS
velocity v for an OSTBC-MRC system. It can be seen that when the signaling and
pilot overhead is considered, the Non-Adaptive First scheme slightly outperforms the
Adaptive First scheme, i.e., although the Adaptive First scheme can achieve higher
data rates in the DL as shown in Section 5.2.3 compared to the Non-Adaptive First
scheme, the latter requires less overhead due to the exploitation of the superframe
structure. This is also true for a TAS-MRC system as can be seen in Fig. 5.12.
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Figure 5.11. Effective system data rate versus average MS velocity v applying OSTBC-
MRC

It can also be observed that the gain between the pure non-adaptive scheme and the
pure adaptive scheme which is aware of the CQI impairments is higher compared to the
case where no overhead is taken into account. This is because in addition to the DL,
also the transmission in UL is adapted to the current channel conditions while with the
pure non-adaptive scheme all users are served non-adaptively in both DL and UL. Note
that although the difference in terms of effective system data rate between the hybrid
schemes and the aware pure adaptive scheme is rather small, only the hybrid schemes
and the pure non-adaptive schemes fulfill the minimum user data rate requirement as
can be seen in Fig. 5.13 and Fig. 5.14 which show the user satisfaction S as a function
of the MS velocity v for both OSTBC-MRC and TAS-MRC systems. Applying the pure
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Figure 5.12. Effective system data rate versus average MS velocity v applying TAS-
MRC

adaptive scheme, full multi-user diversity can always be exploited which is beneficial
for users with accurate CQI. However, for users with rather unreliable CQI it is possible
that the minimum rate requirement cannot be fulfilled, i.e., at the cost of users with
unreliable CQI, the users with accurate CQI are favored. With the hybrid schemes this
situation is avoided as all users achieve at least the minimum user data rate achievable
with the non-adaptive scheme even though some of the users with accurate CQI would

achieve a higher data rate applying the pure adaptive scheme.

5.2.5 Impact of number of active users in the cell

In the previous examples, the number of active users in the cell was set to U = 15. One
could see from the simulation results that for this number of users, the use of adaptive
schemes is beneficial. In the following, it is investigated if one can expect the same for
different numbers U of users. To do so, one assumes the ideal case of perfect CQI for
the adaptive transmission scheme for different numbers of users. Using an adaptive
scheme, the resulting effective system data rate should be considerably larger than
the resulting effective system data rate of the non-adaptive scheme assuming perfect
CQI, otherwise it would be pointless to apply a hybrid system with an adaptive access
scheme in the presence of imperfect CQI.
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Figure 5.13. User satisfaction S versus average MS velocity v applying OSTBC-MRC
considering pilot and signaling overhead
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Figure 5.14. User satisfaction S versus average MS velocity v applying TAS-MRC
considering pilot and signaling overhead
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Fig. 5.15 shows the effective system data rates of a 2 x 2 TAS-MRC system for different
numbers U of users for both the adaptive and non-adaptive scheme assuming equal user
demands. As one can see, the effective system data rate of the non-adaptive scheme
monotonically decreases since for an increasing number of users, less frequency diversity
can be exploited by each user. For larger number of users, each user is allocated to
only one frequency block, i.e., no further frequency diversity can be exploited and the
effective system data rate almost remains constant. For the adaptive scheme, it can
be observed that the effective system data rate increases for increasing U as long as
U < 15. For larger U, the effective system data decreases. The reason for that is the
increasing overhead which at some point compensates the multi-user diversity gains.
For the given system parameters, it would be meaningless to apply an adaptive scheme
if there are more than U = 100 users in the cell. However, as the difference in effective
system data rates between the adaptive and non-adaptive access scheme should be
considerably larger than zero to justify the effort in terms of computational complexity
of a hybrid OFDMA system and keeping in mind that the presence of imperfect CQI
in a real system leads to performance degradations, a hybrid system should only be
operated for U < 80 users in the cell. For a larger number of users, it is beneficial
to operate only in the non-adaptive mode. Fig. 5.16 shows the difference in effective
system data rates between the adaptive and non-adaptive scheme as a function of U.
It can be seen that the largest difference can be achieved for U = 15.
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Figure 5.15. Effective system data rate versus number U of users in the cell
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Figure 5.16. Difference in effective system data rate between the adaptive and non-
adaptive access scheme versus number U of users in the cell

5.3 FDD systems

5.3.1 Impact of number N; of feedback quantization bits on
the system performance

Since in an FDD system, the CQI for the DL scheduling has to be fed back to the BS,
it is important to investigate the impact of the number Ny of quantization bits on the
system performance. On the one hand, the more quantization bits one spends for the
CQI feedback, the better the resolution of the different CQI values of the different users
leading to a better performance since the scheduler can distinguish between different
users in a better way. One the other hand, Ng directly effects the amount of signaling
overhead, i.e., the more quantization bits one uses, the higher the overhead. Thus, a
trade-off has to be found.

In the following, the impact of the number Ny of feedback quantization bits on the
system performance applying a pure adaptive transmission scheme is investigated using
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either OSTBC or TAS at the transmitter and MRC at the receiver. First, only the DL
is considered employing the same system parameters as described in Table 5.1 with
equal user demand for each user. The feedback BER is set to p, = 0, i.e., it is assumed

that the signaling can be regarded as quasi error-free for each user.

In Fig. 5.17, the average system data rate of an OSTBC-MRC is depicted as a function
of the average MS velocity v for different numbers N¢ of quantization bits. As one can
see, the higher the number of quantization bits, the better the achievable data rate due
to the fact that the scheduler can distinguish much better between the CQI values of
different users. Furthermore, the SNR range of a quantization interval is much smaller
leading to a better fitting modulation scheme selection.
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Figure 5.17. 2 x 2 OSTBC-MRC system data rate vs. average MS velocity v

In Fig. 5.18 and Fig. 5.19, the same investigation is shown for a system applying
TAS-MRC using the Feedback All (FA) scheme and the Feedback Best (FB) scheme,
respectively . From both figures, one can see that increasing the number N¢ of quan-
tization bits, the system data rate also increases, i.e., it is beneficial to use as much
quantization bits as possible.

When considering the overhead, the superframe structure introduced in Section 4.3.1
is applied with the system parameters given in Table 5.2. Again, the feedback BER p,
is assumed to be p, = 0 for each user.
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Figure 5.18. 2 x 2 TAS-FA-MRC system data rate vs. average MS velocity v
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Figure 5.19. 2 x 2 TAS-FB-MRC system data rate vs. average MS velocity v

In Fig. 5.20, the effective system data rate is depicted as a function of the average MS
velocity for Ng = 1,2,3. Now, it can be observed that due to the overhead resulting
from feeding back the quantized CQI values which linearly increases with Ng, the
system data rate is no longer the best applying Ng = 3 quantization bits. Instead, for
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the considered scenario it is beneficial to use only Ny = 2 quantization bits to provide
the highest effective system data rate, i.e., with Ng = 2, a good trade-off between
effort and gain is found. For Ng = 3, the advantages of higher achievable data rates in
the DL are eroded by the the overhead which has to be spent to feed back the CQI in
the UL. For Ng = 1, the overhead is the smallest, but also the achievable data rates
are lowest.
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Figure 5.20. 2 x 2 OSTBC-MRC effective system data rate vs. average MS velocity ©

In Fig. 5.21 and Fig. 5.22, also the effective system data rate for a TAS-FA-MRC and
a TAS-FB-MRC system are depicted. For TAS-FA-MRC, it can be seen that the best
effective system data rate is achieved using only Ny = 1 quantization bit. The reason
for that lies in the Feedback All scheme. Since this scheme requires a high amount
of feedback as the CQI values of all transmit antennas are fed back (factor nr), it is
beneficial to use only Ng = 1 bit even though the data rates in this case are smaller.

Applying the Feedback Best scheme, Ny = 2 provides the best effective system data
rate since only the CQI values of the best transmit antenna plus the antenna index are
fed back.

Comparing the performances of OSTBC-MRC, TAS-FA-MRC and TAS-FB-MRC for
Ng = 2 as shown in Fig. 5.23, one can see that for the considered scenario, TAS-FB-
MRC always outperforms TAS-FA-MRC considering overhead. However, even with-
out considering signaling overhead, TAS-FB-MRC also outperforms TAS-FA-MRC,
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Figure 5.21. 2 x 2 TAS-FA-MRC effective system data rate vs. average MS velocity v
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Figure 5.22. 2 x 2 TAS-FB-MRC effective system data rate vs. average MS velocity v

although one could have expected that more feedback would automatically lead to a
better performance. In fact, the probability that the SNR value of the channel of the
selected user applying TAS-FB is above a certain value is higher than applying TAS-FA
as with TAS-FB the transmit antenna selection is done at the MSs with continuous
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SNR values. From this, it follows that when U, users in a TAS-FB system have the
same quantized CQI value and the scheduler has to perform a random user selection
as described in Section 2.8.4.3, one can be sure that the resulting SNR of the channel
of the selected user randomly chosen from the U, users is the best out of nr channel
realizations as shown in Chapter 3. When U, users in a TAS-FA system have the same
quantized CQI value and the scheduler must randomly select one user, the resulting
SNR of the channel of the selected user does not arise from a selection of the best out
nt channel realizations. Instead, the resulting SNR arises from a random selection out
of U, channel realizations. That means that although the scheduler has ny times more
CQI values from which it can choose from when applying TAS-FA, the outcome of the
selection on average is worse compared to TAS-FB due to the limited differentiation

of the quantized CQI values.
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Figure 5.23. Comparison OSTBC-MRC with TAS-FA-MRC and TAS-FB-MRC for
Ng = 2; solid lines: without considering overhead, dashed lines: considering overhead

Comparing OSTBC-MRC with TAS-MRC, one can see in Fig. 5.23 that for small
MS velocities, i.e., accurate CQI, TAS-MRC outperforms OSTBC-MRC due to the
averaging effect of the spatial diversity which inhibits the occurrence of high SNR
values applying OSTBC-MRC. However, if the MS velocity and, thus, the level of
CQI imperfectness increases, OSTBC-MRC outperforms TAS-MRC due to its more
robust exploitation of spatial diversity. This can also be observed when considering

the overhead as shown with the dashed lines in Fig. 5.23.
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5.3.2 Impact of feedback BER p, on the system performance

In the following, the impact of an erroneous feedback channel and the applied bit coding
scheme is investigated assuming the number of quantization bits is set to Ng = 2. This
investigation is carried out in a pure adaptive OFDMA system with the setting given
by Table 5.1 assuming the average velocity v to be zero, i.e., the quantized CQI is
assumed to be perfectly up to date. Furthermore, equal user demand is assumed. As
antenna techniques, OSTBC-MRC and TAS-MRC with Feedback Best are applied. As
bit coding, either binary coding or binary-reflected Gray coding is used as introduced
in Section 2.9.5. For Ng = 2, the corresponding Hamming distance matrices are given

0112 0121
1021 101 2

Bin=1 1901 ™ Baw=15 7 ¢ (5-4)
2110 1210

In the following, it is assumed that besides a%’u and p,, also p, is known to the BS
where p, is assumed to be equal for all users, i.e., the applied modulation schemes
are selected in such a way that the target BER is met while the system data rate is

maximized.
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Figure 5.24. 2 x 2 OSTBC-MRC and TAS-FB-MRC system data rate vs. feedback
BER py; solid lines: binary coding, dashed lines: binary-reflected Gray coding
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In Fig. 5.24, the average system data rate is depicted as a function of the feedback
BER p, applying TAS-FB-MRC (blue lines) and OSTBC-MRC (red lines). The solid
lines represents the system data rate using binary encoding for the quantized CQI
values while the dashed lines represent the system data rate using binary-reflected Gray
encoding. For both antenna techniques, one can see that the impact of the imperfect
feedback channel can be neglected up to a BER of p, < 1072, Applying OSTBC-MRC,
the BER can be even higher up to p, < 3 - 1072 without a significant impact on the
system performance due to its more robust exploitation of spatial diversity. However,
in the region p, < 1073, TAS outperforms OSTBC as already seen before in other
investigations. When further increasing the feedback BER p;, the system data rate
decreases since the applied modulation schemes have to be selected more robust to
cope with the fact that the CQI values are possibly received incorrectly at the BS.
For high feedback error rates, OSTBC provides a better performance for two reasons.
Firstly, the more robust spatial diversity of OSTBC, i.e., even if the scheduler chooses
the wrong user for transmission, the resulting channel quality will never be that bad
due to the averaging effect of the spatial diversity. Secondly, TAS-FB additionally
suffers from the fact that besides the CQI values also the antenna label is possibly
received incorrectly. Comparing the two bit encoding schemes, binary encoding clearly
outperforms the Gray encoding for feedback BER p, > 1073. The reason for that
lies in the Hamming distance between the smallest and the highest quantization level.
For Ng = 2, the Hamming distance between the first and the fourth quantization
level is 2 when applying binary encoding, while using Gray encoding, the Hamming
distance is only 1, i.e., the probability that an actually weak channel is assumed to be
a strong channel at the BS is much higher for Gray encoding than for binary encoding.
Hence, when applying Gray encoding, the modulation schemes have to be chosen more
conservatively compared to the case when applying binary encoding. For the case of
py = 0.5, there is no difference between both encoding schemes since the CQI values
are totally random.

5.3.3 Comparison of hybrid transmission schemes with con-
ventional transmission schemes in the presence of im-

perfect CQI

In the following, the performance of the hybrid transmission schemes is compared with
the performance of conventional transmission schemes in an FDD system assuming
user-dependent imperfect CQI. The number Ny of quantization bits is set to Ng = 2
as this number of quantization bits for the CQI feedback turned out to provide the best
trade-off between gain and effort as shown in Section 5.3.1. Furthermore, it is assumed
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that p, < 1073, i.e., the impact of the erroneous feedback channel can be neglected as
shown in Section 5.3.2. Note that if this assumption would not hold true for certain
users in a real hybrid system, these users would only be served by the non-adaptive
access scheme, as the CQI feed back for the adaptive users would be too erroneous.
The remaining system parameters are listed in Table 5.1. As TAS-FB has been shown
to outperform TAS-FA, only TAS-FB is considered where abbreviation FB is omitted

in the following.

In Fig. 5.25, the average system data rate applying OSTBC-MRC is depicted as
function of the average MS velocity v as also done in Section 5.2.
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Figure 5.25. 2 x 2 OSTBC-MRC system data rate vs. average MS velocity v with
Ng =2

It can be seen that the different schemes behave similarly as shown in the Fig. 5.7 for a
TDD system. Nevertheless, the achievable data rates for small MS velocities are smaller
compared to the TDD system due to the fact that the CQI feedback is quantized. For
higher MS velocities, the performances are comparable. The reason for that lies in the
limited possibility to adapt to the current channel condition having only four different
CQI values the scheduler must select from. Thus, there is an increased degree of
uncertainty which forces the BS to select the modulation schemes rather conservatively
to fulfill the target BER. Furthermore, only four modulation schemes can be applied
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per user. In situations with accurate CQI, this cautiousness results in a reduced system
data rates while in situations with rather inaccurate CQI, a conservative modulation
scheme selection has to be done in any event. This also explains the small difference
between the Non-Adaptive First and Adaptive-First scheme, as a better SNR due to
a more exclusive resource allocation does not automatically lead to a better data rate
due to the limited number of modulation schemes and the rather high safety margin
which is essential to fulfill the BER requirements in this case. In this context, it has to
be mentioned that although the system data rate of the aware pure adaptive scheme
is almost the same as the hybrid schemes, only the hybrid schemes and the pure non-
adaptive scheme fulfill the minimum rate requirement which can be seen in Fig. 5.26
depicting the user satisfaction S as a function of the MS velocity v.
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Figure 5.26. User satisfaction .S versus average MS velocity v applying OSTBC-MRC

For the case of a TAS-MRC system given in Fig. 5.27, it can be observed that the pure
adaptive scheme which is aware of the CQI impairments is much more vulnerable to
inaccurate CQI as TAS is less robust compared to the spatial diversity exploiting OS-
TBC scheme, i.e., the average system data rate of the pure adaptive scheme decreases
much faster with increasing v as in the case of OSTBC. Also, the difference between
the two hybrid schemes is rather small for the same reason as explained for the OSTBC
case. Comparing the performance of the TAS-MRC system with the performance of
the OSTBC-MRC system, TAS-MRC outperforms OSTBC-MRC for the same reason
as shown in Section 5.2.3.
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Figure 5.27. 2 x 2 TAS-MRC system data rate vs. average MS velocity v with Ng = 2

5.3.4 Comparison of hybrid transmission schemes with con-
ventional transmission schemes considering pilot and
signaling overhead

5.3.4.1 Half Duplex

Considering the pilot and signaling overhead in an FDD system, two possible duplex
schemes have to be taken into account Half Duplex and Full Duplex. For both schemes
the superframe structures as presented in Section 4.3.1 and 4.3.2 are assumed. The
superframe length in case of the Non-Adaptive First scheme is set to Lsp = 74. Fur-
thermore, it is assumed that the signaling in both DL and UL direction is assumed to

be error-free, i.e., p, = 0. The remaining system parameters are listed in Table 5.2.

Fig. 5.28 shows the system data rate of an OSTBC system for the different hybrid
and conventional transmission schemes as a function of the MS velocity v. Like in the
TDD case, the Non-Adaptive First scheme outperforms the Adaptive-First scheme due
to the overhead saving use of the superframe structure. Moreover, it can be observed
that the gain between the hybrid schemes and the pure non-adaptive scheme is smaller
compared to the case when the overhead is not considered as the hybrid schemes require
much more overhead. For high MS velocities it is even possible that the Adaptive First
scheme is worse than the pure non-adaptive scheme since this hybrid scheme always
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requires more overhead than the pure non-adaptive one even if ultimately all users are
served non-adaptively, i.e., in this case the use of the Adaptive First scheme would not

be reasonable.
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Figure 5.28. 2 x 2 OSTBC-MRC effective system data rate vs. average MS velocity v
with Ng = 2 and half duplex

In Fig. 5.29 the same is shown for a TAS-MRC system where the hybrid schemes
in a TAS-MRC system slightly provide better results compared to the OSTBC-MRC

system due to the reasons explained in Section 5.2.3.

5.3.4.2 Full Duplex

In Fig. 5.30, the effective system data rate is depicted when applying OSTBC-MRC
in a full duplex FDD system. Due to the simultaneous transmitting and receiving of
data, the achievable data rates are almost twice as high compared to the half duplex
case. However, in principle, the progression of the system data rates for the different
schemes with increasing MS velocity is similar to the half duplex case with the Non-
Adaptive First scheme outperforming all other schemes. This can also be observed for
the case of a TAS-MRC full duplex system as shown in Fig. 5.31. Again, it can be seen
that the hybrid schemes applying TAS-MRC outperform the hybrid schemes applying
OSTBC-MRC.
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Figure 5.29. 2 x 2 TAS-MRC effective system data rate vs. average MS velocity v with

Ng = 2 and half duplex
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Figure 5.30. 2 x 2 OSTBC-MRC effective system data rate vs. average MS velocity v
with Ng = 2 and full duplex
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Figure 5.31. 2 x 2 TAS-MRC effective system data rate vs. average MS velocity v with
Ng = 2 and full duplex

5.3.5 Impact of the number of active users in the cell

As done in the TDD case, the impact of the number of active users in the cell is
investigated. In Fig. 5.32, the effective system data rate of a 2 x 2 TAS-MRC system
for both the adaptive and non-adaptive access scheme is depicted as function of the
total number U of users in the cell assuming perfect CQI (o = 0 km/h). In this ideal
case, the effective system data rate of an FDD system in half duplex is half the effective
system data rate of a full duplex FDD system as can be seen in Section 4.3, i.e., it is
enough to only consider half duplex. Like in the TDD system, the effective system data
rate increases for an increasing U for small number of users. However, if U > 5, the
effective system data rate decreases with increasing U due to the increasing overhead.
As in the UL of FDD systems both pilot transmissions and CQI feedback have to
be performed which both linearly increase with U, the multi-user diversity gains are
already compensated for a smaller number U of users compared to a TDD system
where no additional CQI feedback has to be signaled. Hence, the use of adaptive
schemes in hybrid FDD systems is only reasonable if the number of users does not
exceed U = 25. For a higher number of active users in the cell, it is better to apply
only the non-adaptive scheme. Fig. 5.33 shows the difference in effective system data
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rates between the adaptive and non-adaptive access scheme as a function of U. It can
be seen that the largest difference can be achieved for U = 4.
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Figure 5.32. Effective system data rate versus number U of users in the cell
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Figure 5.33. Difference in effective system data rate between the adaptive and non-
adaptive access scheme versus number U of users in the cell
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5.4 Conclusions

In this chapter, the performance of hybrid schemes and conventional pure adaptive and
non-adaptive schemes has been evaluated for both TDD and FDD systems assuming
user-dependent imperfect CQI. The main conclusions can be summarized as follows:

e Serving adaptive users with high user demand comes at the expense of a reduced
system data rate compared to a system with equal user demands.

e Systems which serve adaptive users with different user demands are more sensitive

to outdated CQI compared to systems with equal user demands.

e For pure adaptive transmission schemes in scenarios with accurate CQI, TAS
systems outperforms OSTBC systems while for rather unreliable CQI, OSTBC
provides a better performance

e Considering the CQI feed back signaling overhead in an FDD system, Ng = 1
up to Ng = 2 feedback quantization bits provide the best trade-off between data
rate gain and signaling effort.

e Using TAS in an FDD system, it is better to apply the Feedback Best (FB)
scheme rather than the Feedback All (FA) scheme in terms of achievable data
rate with and without considering signaling overhead.

e For both TDD and FDD systems, hybrid transmission schemes outperform pure
adaptive and pure non-adaptive schemes in terms of system data rate and user
satisfaction neglecting the pilot and signaling overhead which has to be spent to

conduct these transmission schemes.

e For both TDD and FDD systems, the Adaptive First scheme provides the best
performance due to its superior resource selection when neglecting the pilot and
signaling overhead.

e Considering pilot and signaling overhead in TDD systems, the hybrid schemes still
outperform the conventional pure adaptive and non-adaptive schemes. However,
now the Non-Adaptive First scheme provides the best performance as this scheme
requires less signaling.

e When considering the overhead in FDD systems, it is possible for a high level
of CQI imperfectness in the cell that the Adaptive First hybrid scheme delivers
an effective system data rate which is actually smaller than the one of the pure
non-adaptive scheme due to the large amount of signaling especially the CQI
feedback in the UL which only occurs in FDD systems.
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e The use of hybrid systems is only beneficial for a low to medium number of active
users in the cell due to the increasing pilot and signaling overhead where for FDD
systems the supportable number of active users in the cell is smaller compared
to TDD systems. For a high number of active users in the cell, it is better to
operate only in the non-adaptive mode.
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Chapter 6

Conclusions

6.1 Summary

This thesis deals with the analytical description and evaluation of a hybrid multi-user
OFDMA transmission scheme with different channel access user demands assuming
user-dependent imperfect CQI. The considered hybrid transmission scheme offers two
possible modes to serve the user: Firstly, via a non-adaptive OFDMA mode which
applies a DFT precoding to exploit frequency diversity and, thus, does not require
any channel knowledge at the transmitter. Secondly, via an adaptive OFDMA mode
which performs an adaptive resource allocation and modulation scheme selection based
on CQI to adjust to the current channel conditions. Assuming perfect CQI at the
transmitter, the adaptive mode outperforms the non-adaptive mode due to a better
adaptation to the channel. However, as the system performance of the adaptive mode
suffers from CQI impairments such as estimation errors and time delays which could
probably lead to a worse performance compared to the non-adaptive mode, the question
arises which user shall be served adaptively or non-adaptively and which resource shall
be allocated to which user such that the total system data rate is maximized while
each user achieves a certain target BER and minimum user data rate. To answer this
question, analytical expressions of the performances of the adaptive and non-adaptive
transmission schemes as function of the parameters describing the CQI impairments
and the user demands have been derived. Based on these expressions, algorithms which
determine which user is served adaptively or non-adaptively subject to the BER and
minimum data rate constraints have been developed.

In Chapter 1, the concept of hybrid OFDMA is introduced and an overview of cur-
rent state-of-the-art is presented. Based on that, the open issues are identified and

formulated. Finally, the main contributions and an overview of the thesis is provided.

In Chapter 2, first the OFDMA system model with the underlying channel model
and system assumptions is presented. Furthermore, the considered multiple antenna
techniques OSTBC and TAS in combination with MRC at the receiver are introduced
as well as the adaptive and non-adaptive multi-user OFDMA transmission modes.
Finally, the modelling of imperfect CQI is presented.

In Chapter 3, the hybrid OFDMA scheme is introduced where two resource allocation
schemes are considered which differ in the order of allocation. With the Non-Adaptive
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First scheme, the resources assigned to the non-adaptive users are allocated in a first
step followed by the resources assigned to the adaptive users which are allocated fol-
lowing a WPFS approach. With the Adaptive First scheme, the order of allocation
is vice-versa. To fulfill certain user demands, it shown how to adjust the weighting
factors for the WPFS for both the Non-Adaptive First and the Adaptive First scheme
considering both antenna techniques OSTBC and TAS in combination with MRC and
considering both continuous and quantized CQI. To do so, analytical derivations of
the channel access probability have been carried out for the various cases. Further-
more, the main problem formulation of this thesis is introduced in this chapter. It is
shown that the main problem can be divided in two smaller problems, namely the SNR
threshold and the user serving problem without simplifying the main problem. The
SNR threshold problem deals with the question of which modulation scheme shall be
applied such that the user data rate is maximized while the target BER is fulfilled. In
order to solve this problem, complex derivations of analytical expressions of the user
data rate and BER as function of the CQI impairment parameters and the number
of adaptive users have been performed in this work. This also includes the derivation
of the post-scheduling SNR distribution assuming continuous and quantized CQI for
both the Non-Adaptive First and Adaptive First scheme. These expressions are then
used to solve the SNR threshold problem via a Lagrange multiplier approach in case of
a TDD system and via a 2¥e-dimensional search with reduced solution space in case
of an FDD system which applies Ng bits for CQI quantization. Being able to deter-
mine the maximum achievable user data of each possible number of adaptive users, the
combinatorial user serving problem can be solved, i.e., different from approaches in the
literature, the applied access scheme is selected based on analytical calculations of the
expected performance taking into account imperfect CQI and the number of adaptively
served users, where it has been shown that it is not necessary to check all possible 2Y
user serving combinations in order to find the best solution. The chapter is concluded
by a complexity analysis of the proposed user serving algorithms.

In Chapter 4, also the overhead in terms of pilot transmissions and signaling is taken
into account, since the non-adaptive transmission modes requires much less overhead
due to its property of working independently from any transmitter sided CQI. Thus,
it is important to incorporate the overhead in the achievable user data rate applying
either the adaptive transmission mode or the non-adaptive transmission mode to get a
meaningful and realistic result. For both the adaptive and non-adaptive transmission
mode, the effort in terms of pilot transmissions and signaling of side information are
identified. Since pilot and signaling overhead does not only effect the DL, also the UL
is considered since in the UL, resources have to be spent such that the BS is able to
acquire information about the UL and DL channel quality. To do so, a super frame
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structure for the transmission in both UL and DL direction for both TDD and FDD
systems is introduced and analytical expressions for the effective system data rates
using the hybrid scheme, the pure adaptive and the pure non-adaptive scheme are
derived. Furthermore, it is shown that the same user serving algorithms which has
been developed in Chapter 3 can be used to solve the user serving problem taking into
account the pilot and signaling overhead.

Chapter 5 provides performances evaluations for both TDD and FDD systems show-
ing that for a low to medium number of active users in the cell, the hybrid scheme
outperforms conventional pure adaptive and pure non-adaptive schemes in the pres-
ence of user-dependent imperfect CQI with or without considering pilot and signaling
overhead. When neglecting the overhead, the Adaptive First scheme outperforms the
Non-Adaptive First scheme due to its more exclusive resource selection. In case of con-
sidering the overhead, the Non-Adaptive First scheme provides the best performance
as this scheme requires less signaling compared to the Adaptive First scheme. For a
high number of active users in the cell, it is better to operate only in the non-adaptive
mode as the increasing effort of acquiring transmitter sided CQI for the adaptive users
undoes the multi-user diversity gains.

6.2 Outlook

In this thesis, only uncoded transmission has been considered as a general analytical
description of the performance of coded transmission is unfeasible. However, one could
approximate the achievable BER as a function of the applied modulation scheme and
the instantaneous SNR for certain classes of codes and code rates using, e.g., curve
fitting approaches. Applying an exponential function or a sum of exponential functions
to approximate the BER curve, the analytical expressions derived in this work could
be used again as can be seen from Eq. (3.60).

Furthermore, in this thesis, only multiple antennas techniques have been considered
which use the transmitter sided channel knowledge solely for adaptive resource allo-
cation and link adaption purposes, like Space-Time Coding and Transmit Antenna
Selection with Maximum Ratio Combining. Future work could also consider multiple
antennas techniques which use the channel knowledge to spatially multiplex several
data streams in order to increase the data rate of the adaptive transmissions as done
with Singular Value Decomposition (SVD), adaptive Beamforming or Zero-Forcing ap-
proaches. In this case, imperfect channel knowledge would not only effect the resource
allocation but also the spatial separation of the data streams.
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Another possibility that multiple antennas offer is the spatial multiplexing of the re-
sources for the adaptive and non-adaptive transmissions, i.e., for a given resource the
data transmissions for adaptively served users and non-adaptively served users are spa-
tially separated which increases the bandwidth efficiency. Hereby, it has to be noted
that the usefulness of spatial multiplexing in general MIMO scenarios is less clear
compared to time and frequency multiplexing as the spatial channels may lose their
orthogonality over time which requires further studies.

Moreover, hybrid OFDMA schemes which apply multi-hop relay transmissions to cope
with coverage limitations could be considered. In this case, the signaling overhead
in such relay networks is larger compared to conventional schemes as the relay trans-
mission schemes known in the literature strongly rely on accurate channel knowledge.
Since the effort of providing channel knowledge for the different relay nodes linearly
increases with the number of relays, one has to assume partial or imperfect channel
knowledge in a realistic scenario especially for the hop from the relay to the MS as
this link is the most unreliable due to the users’” mobility. This could imply that the
applied multiple access scheme does not only change from user to user, but also from
hop to hop.

Finally, also multi-cell scenarios could be considered. Assuming partial or full coop-
eration between neighboring cells offers the possibility of interference cancellation by
means of Joint Detection/Joint Transmission approaches resulting in significant system
performance enhancements [WMSL02]. However, transmitter sided channel knowledge
is required leading to a significant amount of overhead. Moreover, the channel knowl-
edge might be imperfect leading to performance degradations which has been studied
in [WWKKO09]. On that account, other interference avoiding approaches which do not
rely on channel knowledge such as interference averaging techniques might be more
suitable in certain scenarios. Analogue to the single cell scenario, one could think of a
hybrid solution where both techniques are applicable.
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Appendix

A.3 Derivation upper bound G, of number of de-
mand groups of (2.38)

In the following, the maximum number G, of demand groups, i.e., groups of users
with the same channel access demand D, is derived as a function of the number of
resource units V., and number of users U. This number is important for the providers
of mobile radio systems as it defines the maximum number of different demand groups
a system with N, resource units and U users can offer.

In a system with N, resource units and U users with N, > U it is obvious that the
maximum number of possible demand groups is at most U. However, not for every
constellation of N,, and U, it is possible to have U different channel access demands
D,, while fulfilling the side condition

U
> Dy = Ny with 1< Dy < Ny — (U — 1) (A1)
u=1

introduced in Eq. 2.37. In order to find the maximum number G, of demand groups,
it is assumed that with out loss of generality the user with the lowest demand requests
one resource unit and that the demand request of the next G.. — 1 users differs by
just one resource unit. Thus, the sum over the demands of these G, users is given
by % - Grax * (Gmax + 1). If the remaining U — Gyax users request just 1 resource unit,
i.e., there are G, different demands in total, the inequality

1
5 : Gmax ' (Gmax + 1) + (U - Gmax) S Nrm (Az)
must hold, otherwise (A.1) is not fulfilled. (A.2) can be rewritten to
G2~ Guax —2-(Npy —U) <0 (A.3)
which can be solved resulting in
1
Gmw§§-<1+\/1+8-(Nru—U)), (A.4)

ignoring the negative solution. Since G, has to be an integer number smaller or
equal to U, Gayx is finally given by Eq. (2.38).
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A.4 Proof of construction of Hamming distance
matrices of (2.90) and (2.91)

A.4.1 Hamming distance matrix for binary coding of (2.90)

In the following, it is proven by mathematical induction that the 2¥¢ x 2¥¢ Hamming
distance matrix By, for binary coding applying N bits is given by Eq. (2.90).

1) Basis with Ny = 1.
Applying one bit, there are two different binary codes X; with ¢ = 1,2, i.e.,
X; =0 and Xy = 1. Form this it follows that the Hamming distance matrix B,

01
5o (0 1)

Applying (2.90) with Ng = 1 yields

B, By 1+Bgy (01
'\ 1+B;, By “\10

what was to be shown.

is given by

2) Induction hypothesis.
If

By,-1 1+ By,
By — Q Q
Ne ( 14+Bng-1 Bng

holds, then

_ BN@ L+ BN@
BNQ+1 - ( 1+BNQ BNQ (A5)

also must hold for any Ng.

3) Inductive step.
Applying Ng + 1 bits to binarily encode M = 2Ne*! quantization levels results
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in

Ng+1
——

Ng
——

X(] - [0,0,,0]
X, = [0,0,...1]

(A.6)

XM/2_1 - [0,1,,1]
Xup = [1,0,...,0]
Xy = [1,1,..,1]

As one can see, the Hamming distance between the binary codes X; with ¢ =
0,..,M/2 —1 do not change compared to the case of Ng bits since there is only
a 0 added at the beginning. Thus, the Hamming distance between the binary
codes X; with ¢ =0, .., M/2 — 1 and the binary codes X; with j =0,..,M/2 -1
are expressed by By,11(1,.., M/2;1,..,M/2) = By,. Comparing the Hamming
distance between the binary codes X; with i = 0,.., M/2—1 and the binary codes
X; with j = M/2, .., M—1, we only have to increase the Hamming distance by one
due to the additional 1 at the beginning. Hence, the Hamming distance between
the binary codes X; with ¢ = 0,..,M/2 — 1 and the binary codes X; with j =
M/2,..,M —1 are expressed by By, 1 (M/2+1,.., M; M/2+1,..,M) = 1+By,.
For the Hamming distance between the binary codes X; with ¢ = M /2, .., M and
the binary codes X; with ¢ = 0,.., M, one gets the same result but vice-versa,

resulting in
B By, 1+ By,
BNQ+1 - ( 14+ BNQ BNQ )

which is equivalent to (A.5) what was to be shown.

A.4.2 Hamming distance matrix for binary-reflected Gray
coding of (2.91)

In the following, it is proven by mathematical induction that the 2¥¢ x 2V¢ Hamming
distance matrix By, for binary-reflected Gray coding applying Ng bits is given by Eq.
(2.91).

Note that the translation from a binary value X, to the corresponding binary reflected
Gray code Xgpay is given by Xy = Xpin @ Xpin/2 Where Xy, /2 denotes the 1-bit shifted
version of Xy, to the right and @ denotes the exclusive OR (XOR) operation.
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1)

Basis with Ng = 2.

Applying two bits, there are four different Gray codes x; with i = 1, .., 4 leading
to 1 = [0,0], z3 = [0,1], 3 = [1,1] and x4 = [1,0]. From this, it follows that
the Hamming distance matrix B, is given by

01 21
101 2
B2=19 101
1210
Applying (2.91) with Ng = 2 yields
01 21
B _ B, 2.-Ig,;+B;\ [ 101 2
7\ 2-1g,+ By B, 2101
1210
what was to be shown.
Induction hypothesis.
If
By — Bn,-1 21 ny-1+ Bng-1
@ 21 ny-1+ Bng-1 Bn,-1
holds, then
By 2-Ig N, + By
B = @ ] @ AT
No+t ( 2-Ip n, + By, B, ) (A7)
also must hold for any Ng.
Inductive step.
At first, the following lemma is introduced.
Lemma 1. Inverting the first element by of a binary sequence s; = [by,bs, . .., by]
which results in sy = [by, by, ..., by], the first two elements of the Gray encoded

sequence of sy referred to as Se are the inverses of the first two elements of the

Gray encoded sequence of sy referred to as S1 while the remaining N —2 elements
S1(7) and Ss(i) with 1 =3,..., N are identical.

Proof. The Gray encoded sequence of s; = [by, bg, b3, ..., by] is given by

S1 = [b1,b2,b3,...,bN]@[0,b1,bo, ..., bx_1] = [01 B0, by Dby, bsBba, ..., b Bby_1]
(A.8)

while the Gray encoded sequence of sy = [by, b, ..., by] is given by

Sg = [Bl, bg, bg, cee bN]@[O, Bl, bg, RN bN—l] = [51@0, bg@gl, bg@bg, cee bN@bN—l]-
(A.9)
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Comparing the first element of S;(1) = by & 0 = by with Sy(1) = b; 0 = by,
one can see that S(1) is the inverse of S;(1). For the second elements, one gets
S1(2) = by @by = by - by + by - by and S9(2) = by D by = by - by + by - by. Inverting
S5(2) and appyling De Morgan’s laws leads to S5(2) = (by+b1)- (b +b1) = S1(2).
Finally, one can see that the remaining N — 2 elements S;(i) and S5(i) with

1t =3,..,N + 1 are identical what was to be shown. O

Using Ng + 1 bits to Gray encode M = 2Ne*! quantization levels and the corre-
sponding binary sequences results in

No+1 No+1
—N— —_——
Nq Nq

——~ ——~
Xbino =1[0,0,0,0,..,0] = 1[0,0,0,0,..,0] = Xgray.0
Xbin1 =1[0,0,0,0,..,1] = 10,0,0,0,..,1] = Xgray 1

Xbin,M/4—1 = [0,0,1,1,..,1] = [0,0,1,0,..,0] = Xgray,M/4—1
Xbin,M/4 = [0,1,0,0,..,0] = [0,1,1,0,..,0] :Xgray,M/4
(A.10)
Xbin,M/2—1 = [0,1,1,1,..,1] = [0,1,0,0,..,0] = Xgray,M/2—1
Xbin,M/2 - [1,0,0,0,..,0] = [17170707"70] :Xgray,M/2

Xbin,3M/4—1 = [17071717"71] = [17171707"70] :Xgray,3M/4—1
Xbin,SM/4 = [17 17 07 07 .- [17 07 17 07 () 0] = Xgray,3M/4
Xbin,M—l = [17171717"71] = [17070707’-70] :Xgray,M—l

4

Similar to section A.4.1, one can see that the Hamming distance between the Gray
codes Xgray,; with ¢ = 0,.., M /2 — 1 do not change compared to the case of Ny
bits since there is only a 0 added at the beginning. Thus, the Hamming distance
between the Gray codes Xgpay; with @ = 0, .., M/2 —1 and the Gray codes Xgay ;
with j = 0,.., M/2 — 1 are expressed by By,11(1,..,M/2;1,..,M/2) = Buy,,.

From Lemma 1 we know that inverting the first element of a binary se-
quence, the Gray codes of the original and the modified sequence only differ
in the first two elements which are inverted while the remaining sequence of
the Gray code stays the same. Hence, the Hamming distance between the
Gray Codes Xgpay,; with ¢ = 1,..,M/4 — 1 and the Gray codes Xg.y; with
i = M/2,..,3M/4 — 1 is the same as the Hamming distance between Gray
Codes Xgray,; with ¢ = 0,..,M/4 — 1 plus an additional Hamming distance
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of 2 due to the two inverted elements, i.e., the Hamming distance is given
by Brg+1(1, .., M/4;M/2 +1,..,3M/4) = 2 + By, (1,..,M/4;1,..,M/4). The
same is true for the Hamming distance between the Gray codes Xg,y; with
i=M/4,..,M/2 —1 and the Gray codes Xgay; With ¢ = 3M/4, .., M — 1, ie.,
the Hamming distance is given by By 1(M/4+1,.., M/2;3M /4 +1,.., M) =
24+ By, (M/4+1,.,M/2;M/4+1,..,M/2).

The Hamming distance between Gray codes whose binary sequences differ in the
first element and the second element of the binary sequence is the same as the
Hamming distance between Gray codes whose binary sequences have an identical
first element and a different second element since due to Lemma 1, the first two
elements of the Gray code are inverted compared to the Gray code whose binary
code sequence has the same first element. However, the Hamming distance re-
mains the same. Hence, the Hamming distance between Gray codes Xgay; With
i=1,..,M/4—1 and the Gray codes Xy ; wWith ¢ = 3M/4,.., M — 1 is given
by Bng1(1, .., M/4;3M/4+1,..,M) = By, (1, .., M/4; M /441, .., M/2) and the
Hamming distance between Gray codes Xgay; with @ = M/4,..,M/2 — 1 and
the Gray codes Xgray; with @ = M/2,..,3M/4 — 1 is given by By,41(M/4 +
L., M/2;M/2+1,..,3M/4) = By, (M/4+41,..,M/2;1,..,M/4). For the Ham-
ming distances between Gray codes Xgray; with ¢ = M/2,.., M and Gray codes
Xgray,; With ¢ = 0, .., M one gets the same result but vice-versa, resulting in (2.91)

what was to be shown.

A.5 Derivation of N,g of (3.245)

In the following, it is proven that the number N,g of possible realisations of the mod-
ulation scheme vector b® = [ p{*)] with bf]u_)l < b and B e NV g =1.L
representing the number of bits per data symbol corresponding to the applied mod-
ulation scheme in the g¢-th quantisation level is given by N,s = f(L, M) assuming
there are M different modulation schemes available. To do so, the following lemma is

formulated.

Lemma 2. The number Ny of possible realisations of a vector x with length L whose
elements x; € {1,2,.., M} with l = 1,.., L where x;_1 < x; is given by

N, = f(L, M), (A.11)
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where f(L, M) is a recursive function given by

f(L,M) = f(L—1,M)+ f(L,M —1) (A.12)
with  f(1,M) =M
and f(L,1)=1.

Proof. The number f(L, M) of possible realisations of a vector x with length L and
M possible element values decomposes in two sets. In the first set, the first element
1 of x equals 1, i.e., 1 = 1. In the second set, the first element and, thus, all other
elements are larger than 1, ie., x; > 2V ([ =1,.., L. If in the first set the first element
is omitted, a vector X with length I — 1 and M possible element values remains for
which f(L — 1, M) possible realisations exist. In the second set, no element of the
vector is equal to 1, i.e., a vector X with length L but only M — 1 possible element
values is left for which f(L, M —1) possible realisations exist. In case that there is only
one possible element value (M = 1), only one possible realisation exists no matter L,
i.e., f(L,1) = 1. In case that the length of vector is L = 1, there exists M possible
realisations, i.e., f(1, M) = M. O

Since, without loss of generality, it can be assumed that the modulation scheme with
the lowest number of bits per symbol is represented by bg") = 1 while the next higher
modulation scheme is represented by béu) = 2 and so on, Lemma 2 can be applied, i.e.,
the number Ng of possible realisations of the modulation scheme vector is given by
N,s = f(L, M) what was to be shown.
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List of Acronyms

3GPP Third Generation Partnership Project
AF Adaptive First
AWGN Additive White Gaussian Noise

B-EFDMA Block Equidistant Frequency Division Multiple Access

B-IFDMA Block Interleaved Frequency Division Multiple Access
BER Bit Error Rate

BS Base Station

CDF Cumulative Probability Density Function
CE Channel Estimation

CLT Central Limtit Theorem

cQl Channel Quality Information

CSlI Channel State Information

CpP Cyclic Prefix

DFT Discrete Fourier Transform

DL Downlink

DL-PT Downlink Pilot Transmission

ES Exhaustive Search

FB Feedback

FDD Frequency Division Duplex

FDMA Frequency Division Multiple Access

FFT Fast Fourier Transform

FRS Fair Resource Scheduling

FTS Fair Throughput Scheduling

Gl Guard Interval
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LS
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M-QAM
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MS
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OFDMA
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PDF
PFS
PRB

PSK

Inter Carrier Interference

Inverse Discrete Fourier Transform
Interleaved Frequency Division Multiple Access
Inter Symbol Interference

Localized Frequency Division Multiple Access
Line-Of-Sight

Least Squares

Long Term Evolution

M-ary Phase Shift Keying

M-ary Quadrature Amplitude Modulation
Multiple Input Multiple Output

Maximum Ratio Combining

Mobile Station

Non-Adaptive First

Non-Line-Of-Sight

Orthogonal Space Time Block Coding

Orthogonal Space Time Block Coding in combination with Maxium
Ratio Combining

Orthogonal Frequency Division Multiplex
Orthogonal Frequency Division Multiple Access
Pilot Assisted Channel Estimation

Probability Density Function

Proportional Fair Scheduling

Physical Resource Block

Phase Shift Keying
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QAM
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RedCom
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SNR
STC
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SS
T-CSI
TAS
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TAS-FB

TAS-MRC

TX
TDD
TDMA
TP

uL

UL-PT

Pilot Transmission

Quadrature Amplitude Modulation

Quaternatary Phase Shift Keying

Quantized Weighted Proportional Fair Scheduling
Receive Channel State Information

Reduced Complexity

Receive

Single Carrier Frequency Division Multiple Access
Signal-to-Interference plus Noise Ratio
Signal-to-Noise Ratio

Space Time Coding

Super Frame

Signaling of Side Information

Transmit Channel State Information

Transmit Antenna Selection

Transmit Antenna Selection Feedback All
Transmit Antenna Selection Feedback Best

Transmit Antenna Selection in combination with Maximum Ratio

Combining

Transmission

Time Division Duplex

Time Division Multiple Access
Throughput

Uplink

Uplink Pilot Transmission
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WPFS Weighted Proportional Fair Scheduling

XOR
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List of Symbols

a Normalisation factor

b®) Modulation scheme vector of user u

b Number of bits per symbol corresponding to the m-th modulation
scheme

bss Number of bits per symbol for signaling

B Bandwidth

B¢ Coherence bandwidth

Bng Hamming distance matrix for Ng bit coding

BERy Target bit error Rate

BER" Average bit error rate of user u

@%ﬁj) (4) Actual bit error rate selecting the m-th modulation scheme based on
the estimated SNR value #

c Speed of light

d, Distance between user v and the base station

dy Minimum distance between any user and the base station
) binary data of user u

OZ&)I estimated binary data of user u

d® Data symbol of user u

d, Pilot symbol

D, resource demand of user u

D User resource demand vector

D Modified user resource demand vector

e Base of the natural logarithm, also called Napier’s constant
E{-} Expectation operator

E Error probability matrix

fo Carrier frequency

fou Doppler frequency of user u

f(L, M) Number of the possible realisations of a vector with length L and M
possible element values

F® (%) CDF of measured SNR value ¥

Fq Discrete Fourier Transform matrix

Fq" Inverse Discrete Fourier Transform matrix
G Number of user demand groups

G nax Maximum number of user demand groups
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m
M

Mprpr-src

Mprpr-Tas

Myp_TAS—FA

Myp_rAS-FB

Mp
MP,CQI

Mss_stc

Mss_Tas

Transfer function of the radio link between transmit antenna element
7 and receive antenna j of user u on resource unit n in time frame k

Estimated channel transfer factor of user u in time frame k
Identity matrix

2Ne x 2Ne diagonal block unity matrix

Oth-order Bessel function of the first kind

Time frame index

Quantisation level index vector considering all users with a higher
weighting factor as user u

Quantisation level index vector considering all users with a lower
weighting factor as user u

Quantisation level index vector considering all users with the same
weighting factor as user u

Number of quantisation levels
Pathloss

Super frame length
Modulation scheme index
Number of modulation schemes

Number of OFDMA symbols used for downlink pilot transmission ap-
plying Space Time Coding

Number of OFDMA symbols used for downlink pilot transmission ap-
plying Transmit Antenna Selection

Number of OFDMA symbols used for downlink data transmission

Number of OFDMA symbols used for CQI feed back applying Space
Time Coding

Number of OFDMA symbols used for CQI feed back applying Trans-
mit Antenna Selection with Feedback All

Number of OFDMA symbols used for CQI feed back applying Trans-
mit Antenna Selection with Feedback Best

Number of pilots per resource unit
Number of pilots during CQI phase in the uplink

Number of OFDMA symbols used for signaling applying Space Time
Coding

Number of OFDMA symbols used for signaling applying Transmit
Antenna Selection

Number of OFDMA symbols per time frame
Number of OFDMA symbols used for uplink pilot transmission
Number of OFDMA symbols used for uplink data transmission
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n
nr

ngr

N

No

No Es
NO,RedCom

N, 0O,RedCom?2
Nps

Resource unit index

Number of transmit antennas

Number of receive antennas

Number of subcarriers

One-sided noise power spectral density

Number of operations applying Exhaustive Search algorithm
Number of operations applying RedCom algorithm

Number of operations applying RedCom2 algorithm

Number of all possible realisations of the modulation scheme vector
Number of quantisation bits

Number of all reasonable realisations of the modulation scheme vector
b

Number of resource units

Number of user demand group G-tuples

Number of partitions of 7 into x summands

PDF of measured SNR value 4

Feedback bit error rate

Weighting factor of user u

Weighting vector

Modified weighting vector

Extended weighting vector

Probability that SNR value lies in the ¢g-th quantisation level

Probability that SNR value lies in a quantisation level beneath the
g-th level

Probability that SNR value is assumed to lie in the g-th quantisation
level

Probability that SNR value is assumed to lie in a quantisation level
beneath the g-th level

Channel access probability of user u as a function of the weighting
vector p

Transmit power

Transmit power per subcarrier
Quantisation level index

DFT length

Number of subcarriers per frequency block

Data rate of Space Time Code with ny transmit antennas
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RY
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pureA eff ,opt

R(u)

pureN,eff,opt

S(u)
Rsys

Rsys ,opt

W

returns the index of the i-th 1 in the multi-index n
Cell radius
Average data rate of the adaptive user u

Maximum achievable average data rate of the adaptive user u applying
optimised SNR thresholds

Maximum achievable effective average data rate of the adaptive user
u applying optimised SNR thresholds

Minimum required data rate of user u
Average data rate of the non-adaptive user u

Maximum achievable average data rate of the non-adaptive user u
applying optimised SNR thresholds

Maximum achievable effective average data rate of the non-adaptive
user u applying optimised SNR thresholds

Maximum achievable effective average data rate of the pure adaptive
user u applying optimised SNR thresholds

Maximum achievable effective average data rate of the pure non-
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Time domain OFDMA signal of user «
Average system data rate

Maximum achievable average system data rate assuming optimized
SNR threshold and user serving vectors

User satisfaction

Time delay
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User index

Number of users

Number of adaptively served users
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Variance
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Allocation matrix of user u

Modulation scheme matrix of user u
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Pathloss exponent

Modulation scheme exponent
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A Estimated SNR value
Yu Average SNR of user u

yiorr.w(k)  Resulting SNR of user w in time frame & after IDFT operation

fyq(f’j )(n, k)  SNR value of link between transmit antenna i and receive antenna j
of user u on resource unit n in time frame k

vd(n, k) Quantized SNR value of the link of user u on resource unit n in time
frame k

fyt(;f) SNR. threshold vector of user u

fyt(;f?l [-th element of SNR threshold vector of user u

%(;i)opt optimized SNR threshold vector of user u

r Correlation coefficient vector

Af Subcarrier spacing

n Multi-index with n; € {0,1}Vj=1,.,Us —1

¥ User serving vector

KUL Uplink factor

A Lagrange multiplier

A Auxiliary variable
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HCLT u Mean value of central limit theorem approximation for the post IDFT
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Pu Correlation between the outdated channel and the actual channel of
user u

OCLT,u Variance of central limit therem approximation for the post IDFT

SNR of user u

0% Channel estimation error variance of user u

o2 Noise variance

o? Auxiliary variable

o2 Variance of the x- and y-component of the user velocity

X Estimation error variance vector

Tmax Maximum time delay of the channel

T Auxiliary variable

Gi Demand group of index

Qu,ng () Returns the quantisation level index of the argument considering the

quantisation levels of user u with Ng quantisation bits

S}(Iffv) Set of users with a higher weighting factor as user u



List of Symbols

Set of users with a lower weighting factor as user u
Set of users with the same weighting factor as user u
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