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~ Abstract—Future mobile radio systems have to fulfill challeng- (OFDM), and its MA derivate Orthogonal Frequency Division
ing requirements. Some of them are met by single carrier based Multiple Access (OFDMA) [5], are currently used, e.g., in
multiple access (MA) schemes like CDMA and others by multi \y/ AN standards HIPERLAN/2 and IEEE802.11a, and they

carrier based MA schemes like OFDMA. Thus, MA schemes .
integrating the characteristics of both are receiving more and are also key technologies of IEEE802.16e (WIMAX) and

more interest. In this article, candidate MA schemes based on 3GPP LTE [6]. Moreover, they are considered as promis-
the idea of integration are summarized and classified using a new ing schemes, e.g., in the European Union research project

fArameworlkF.Dl\/,\I/(l)Areqver,hlnterleavid Ffequhency Dri]ViSion '\gl_ﬂtimeh WINNER [1]. For multi carrier based MA schemes like
CCess Is shown to be a scheme that combines the H
advantaées of t)Joth, CDMA and OFDMA, and is a promising OFD.MA.’ Inter-Symbol _Interference (IS) can t?e avoujed by
candidate MA scheme especially for non-adaptive transmission appllcatlion of 6_‘ guar'd Ir?terval and orthogonqllty of dlﬁergnt
in the uplink of future mobile radio systems. users’ signals is maintained even for transmission over time
dispersive channels. Thus, low computational effort at the re-
ceiver for compensation of the channel and for user separation
l. INTRODUCTION is achieved which enables high data rate transmission with
Currently, research on beyond 3rd and 4th generatiacceptable computational effort. Moreover, OFDMA provides
(B3G/4G) mobile radio systems is in progress worldwidéow computational complexity due to efficient implementa-
A future mobile radio system will provide packet orientedion using the Fast Fourier Transform (FFT) algorithm and
data services carrying multi-media contents. Thus, on the dmigh spectral efficiency due to the concept of overlapping
hand, properties like high spectral efficiency as well as higlut mutually orthogonal narrowband subcarriers. However,
flexibility and granularity in terms of different data rates fronmulti carrier based MA schemes suffer from high envelope
a few kbit/s up to several Mbit/s are essential. On the othBuctuations of the transmit signals [7]. Thus, expensive linear
hand, low cost implementation and high power efficiency apower amplifiers are required which, especially for the uplink,
important, especially for mobile terminals. Moreover, highesults in undesirable additional costs for the mobile terminals.
user mobility has to be taken into account [1]. The choiddoreover, due to the high envelope fluctuations, a power
of the multiple access (MA) scheme has a great impact on thack-off is necessary which reduces the power efficiency of
achievable features of a future cellular mobile radio systetme amplifier and results in a waste of battery power [8].
[2]. The candidate MA schemes can be classified in singlereduction of the envelope fluctuations can be obtained by
carrier based and multi carrier based MA schemes. techniques like clipping, windowing or coding at the expense
Prominent representatives of single carrier based M# additional implementation effort, out of band radiation or
schemes are Time Division Multiple Access (TDMA), whichadditional overhead [7].
is used in 2nd generation (2G) mobile radio systems like Further interesting MA schemes can be obtained from
the Global System for Mobile Communications (GSM), anthe combination of techniques from single and multi carrier
Direct Sequence Code Division Multiple Access (DS-CDMA)iransmission. One concept is the combination of multi carrier
which is used in 2G mobile radio system like 1S-95 as wethodulation and spread spectrum techniques [9] that results
as in 3rd generation (3G) mobile radio systems like IMTin Multi-Carrier CDMA (MC-CDMA). Another concept is
2000/UMTS. Typically, single carrier based MA schemethe application of block transmission with cyclic prefix (CP),
provide low complexity for signal generation and, for thavhich is common for OFDM(A), also to single carrier based
uplink, low envelope fluctuations of the transmit signal. DSYIA schemes [3]. It enables the combination of properties of
CDMA and TDMA provide high frequency diversity since amulti carrier based MA schemes like low complexity for user
large bandwidth is used for transmission. However, especiaflgparation and channel equalization and properties of single
for high data rates, single carrier based MA schemes suffarrier based MA schemes like low envelope fluctuations.
from high computational complexity at the receiver for channel In the remainder of this article, in a first step, different
equalization [3] or, in case of DS-CDMA, user separation [4iultiple access schemes based on a combination of techniques
Recently, also multi carrier based MA schemes hafeom single and multi carrier transmission are briefly sum-
been receiving wide interest. The most prominent multi camarized and classified using a new framework. In a second
rier scheme, Orthogonal Frequency Division Multiplexingtep, a promising MA scheme which entirely combines the
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TABLE I. Overview over block transmission based multiple access schemes

H Spreading Precodinq Subcarrier AIIocatiQn Multiple Accq‘ss
OFDMA - - arbitrary FDMA
B-OFDMA - - blockwise FDMA
I-OFDMA - - interleaved FDMA
MC-(DS-)CDMA Walsh-Hadamard - full bandwidth CDMA
Block transmission DS-CDMA Walsh-Hadamard DFT full bandwidth CDMA
IFDMA - DFT interleaved FDMA
| FDOSS | DFT | = fullbandwidth | ¢ CDMA |
VSCRF-CDMA Walsh-Hadamard DFT interleaved CDMA+FDMA
LFDMA - DFT blockwise FDMA

Modulated data

Block of data block with guard
interval
symbols . : Subcarrier
—  Spreading Precoding | — allocation — IDFT cP

advantages of CDMA and OFDMA is discussed in detail. Thigy equalization using a one-tap frequency domain equalizer
scheme has been introduced in [10] as Interleaved FrequeflERE) [11] also for single carrier based MA schemes. How-
Division Multiple Access (IFDMA). Throughout this article,ever, as long as the users are separated by codes like, e.g.,
IFDMA is derived from a CDMA perspective as well as fromWalsh-Hadamard, in the uplink the orthogonality of different
an OFDMA perspective and the properties of the scheme amgkrs’ signals is lost due to multipath propagation and, thus,
its applicability for B3G mobile radio systems are discussettigh computational effort for user separation at the receiver is
Il. INTEGRATION OF SINGLE CARRIER AND MULTI required.

CARRIER CHARACTERISTICS In the sequel, a promising block transmission scheme with

CP that is robust to multipath propagation and, therefore,

S'T‘C‘e.bOth’ s_mgle and multi carrier bas?d MA SChemeﬁl’ovides low computational complexity at the receiver, even
provide interesting advantages, the integration of characte],gof uplink transmission, is discussed. The scheme has been
tics of both is receiving more and more interest for inves; . ' o
T . . described under several names: It has been denoted Inter-
tigation towards B3G/4G mobile radio systems. The SChemI%Sved Frequency Division Multiple Access (IFDMA) in [10]
discussed throughout this section which are all based on blo(é DM-FDMA in [12] and CDMA using FDOSS in [13] A,

trqnsm|35|on with C_P, are classified using a new framewo.rgombination of IEDMA and CDMA with Walsh-Hadamard
It is assumed that, in general, the schemes can be described

b . ) ; . . Spreading is denoted Variable Spreading and Chip Repetition
y an arbitrary spreading operation, a precoding operauqﬂjcmr (VSRF-) CDMA [14]. IFDMA can be derived from a
a specific subcarrier allocation and subsequent OFDM mag: j

) : . . S-CDMA perspective by replacing the conventional spread-
ulation performed by an inverse Discrete Fourier Transform .
Ing sequences like Walsh-Hadamard or Gold sequences by Fre-

(IDFT) followed by insertion of a CP as guard interval. The . .
resulting scheme depends on the type of spreading, precoc{iwency Domain Orthogonal Signature Sequences (FDOSS). At

and subcarrier allocation that is used. The different sche gsame time, it can be derived from an OFDMA perspective

es . . ) . ]
are summarized in Table I. E.g. conventional OFDMA usesnr}])e{. mtroductlor_l of an mter_leaved sub<_:arr|er allocation and

. . . . nitary precoding with a Discrete Fourier Transform (DFT).
spreading and no precoding. The subcarrier allocation mayq%e

arbitrary, or blockwise leading to B-OFDMA, or interleave S a scheme that can be regarded as both, single carrier
. ased and multi carrier based MA scheme, IFDMA benefits
leading to I-OFDMA.

The combination of multi carrier modulation and spreadlnfr,om the advaptages of both. Besides Iow.envelope quc’Fuat|ons
) . f the transmit signal and low computational complexity for
e.g., using Walsh-Hadamard codes, results in MC-CDMA. " "© " . . -
equalization and user separation, IFDMA provides an efficient

In general, MC-CDMA provides high spectral efficiency

and high flexibility. For synchronized downlink transmis-ImIOIementatlon at the transmitter which has an even lower

. . oo . . .. complexity than a transmitter for OFDM(A). Moreover, due
sion, low computational complexity is provided since, S'”mlatro sgread%/ng of the data over the total gv?ailable bandwidth
to OFDMA, ISI and Inter-Carrier-Interference (ICl) can quDMA provides high frequency diversity and, thus good,

avoided [9]. MC-CDMA with spreading in time direction . ; . .
(MC-DS-CDMA) provides lower envelope fluctuations Com_spectral efficiency even without channel state information at

pared to OFDMA [9]. However, since users are separated E]ye transmitter.

codes, in the uplink MC-DS-CDMA and MC-CDMA suffer Another scheme resulting from application of DFT precod-

from high computational effort for user separation. For furthéng to B-OFDMA is denoted localized FDMA (LFDMA) [6],

details of the scheme we refer to [9] and references thereifil5]. Similar to IFDMA, LFDMA also provides low envelope
Application of block transmission with cyclic prefix (CP)fluctuations of the transmit signal and low complexity for

to single carrier based MA schemes enables low complaxser separation and equalization, even for uplink transmission.
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However, since LFDMA provides low frequency diversitysubsequent phase rotation of each data symbol block, cf. [17].

high spectral efficiency has to be obtained by exploitatiofhe efficient implementation of block transmission CDMA

of multi-user diversity by adaptive multi-user schedulingwith FDOSS is well known as IFDMA [10].

Thus, in order to provide good performance, LFDMA requires The same scheme can be also derived from an OFDMA

channel state information at the transmitter. perspective. For that purpose a conventional OFDMA scheme,
Currently, IFDMA as well as LFDMA are investigated inwhich provides the same block structure with CP as assumed

3GPP LTE and WINNER as promising candidates for th&bove, is considered. Equidistantly interleaved subcarrier map-

uplink and for robust signalling [1], [6]. ping is applied in order to spread the signal over the total
available bandwidth which results in high frequency diversity.
IIl. IEDMA AND ITS RELATION T0 CDMA AND OEDMA In order to obtain single carrier like properties for an

OFDM(A) signal, before modulation a DFT operation can
In this section, IFDMA is derived from conventional DS+e applied to the data symbols [12]. Thus, compared to a
CDMA and the properties and the implementation are initiallyonventional OFDM(A) system, each carrier of a user specific
discussed. Further on, IFDMA is derived from an OFDMAset of equidistantly interleaved subcarriers carries the elements
perspective. of the DFT of a set of data symbols instead of the data symbols
In a first step, a block transmission system with consecutitgemselves.
modulated data blocks separated by CP is assumed. It is welhn efficient implementation of DFT precoded interleaved
known that application of block transmission with CP over @FDMA can be performed in time domain. It can be shown
time dispersive channel can be modelled as transmission opgit the combination of DFT precoding, interleaved subcarrier
a channel with circulant channel matrix [3], [16]. In frequencynapping and OFDMA modulation yields the same compres-
domain, the circulant channel matrix can be expressed €6n, repetition and phase rotation operation as described for
a diagonal matrix which can be easily compensated at thie efficient implementation of block transmission CDMA
receiver by a linear one-tap FDE [11]. with FDOSS [18]. From an OFDMA perspective, the user
Within each data block, we assume a DS-CDMA sigspecific phase rotation can be interpreted as a shift of a set of
nal resulting from spreading of a block of modulated dafaterleaved subcarriers to a user specific position in frequency
symbols, each multiplied with the elements of an arbitrayomain. Thus, IFDMA is a scheme which is equivalent, on the
spreading sequence. Application of conventional spreadioge hand, to DFT precoded interleaved OFDMA and, on the
codes like Walsh Hadamard or Gold codes results in a bloekher hand, to block transmission CDMA with FDOSS and
transmission CDMA signal with properties similar to those aghip interleaving.
continuous transmission DS-CDMA as used, e.g., in UMTS.
Since the orthogonality of Walsh Hadamard or Gold codes IV. PROPERTIES OHFDMA
is affected by multipath propagation, especially in the uplink

hiah computational effort has to be spent for Multiple Acce ' In this section, the properties of IFDMA are discussed and
9 P ) P ip Ye scheme is compared to other single and multi carrier based
Interference (MAI) cancellation and user separation.

. . MA schemes.
In [13] a set of Frequency Domain Orthogonal Signature

Sequences (FDOSS) has been proposed which maintains the

orthogonality of different users’ signals even for transmissidfy Computational Complexity

over multipath channels. The FDOSS consist of complex ex-As already discussed, IFDMA signal generation is given
ponentials similar to the complex rotation factors of the DF By compression in time by a factdf and subsequerf -fold

For further details of FDOSS we refer to [13]. A scheme usingpetition of a given block of data symbols followed by a phase
block transmission and CDMA with FDOSS thus providesotation. Thus, the computational complexity at the transmitter
low computational complexity for equalization due to thés very low. Assuming that each of the compressed and
applicability of a one-tap FDE and low complexity for userepeated data symbols within one block has to be multiplied
separation since the orthogonality of different user’s signalsby one complex exponential and assuming that each data block
maintained. At the same time, the envelope fluctuations of thensists ofQQ data symbols which are repeatéd times, the
signal are in the same order of magnitude as for CDMA sineemputational effort for IFDMA at the transmitter is given by
the elements of the FDOSS have an amplitude equal to on®. = @ - K complex multiplications.

An efficient implementation of the scheme can be obtainedFor CDMA, the effort for signal generation is also very low
by modification of the block transmission CDMA signal withsince typically the spreading sequences consist of elements +1
FDOSS according to Fig. 1, without affecting the signal pro@nd -1. However, the difference between the signal processing
erties. The additional phase rotation and the chip interleavieffort at the transmitter for IFDMA and conventional CDMA
results in a signal which can be obtained from compressi@small.
of the input data symbols from symbol durati@ to chip From an OFDMA perspectiveN can be also interpreted
durationT, = T,/ K for a spreading factok. Subsequently, as the number of subcarriers available in the system. Con-
the compressed data symbol blockAstimes repeated and, ventional OFDMA modulation can be implemented by a user
finally, the compressed and repeated data symbol block is mgpecific subcarrier allocation followed by a Inverdgpoint
tiplied elementwise by the complex exponentials. Thus, signaFT. Thus, for conventional OFDMA, omitting the effort for
generation can be summarized by compression, repetition autbcarrier allocation, the complexity for signal generation at
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Example: K=4, N=12

Additional phase rotation

Block of data —_— ——— "
P2 il W
symbols Symbol 0 -a' = 5, Symbal 1 -a' = 5, Symbol2 *a’ =5, | a=¢’
k= user index
CDMA with FDOSS
-
Symbol 0-a” - b" Symbol 1 -a' - b" Symbol 2+ @’ - b"
-"n'bn -"n'bl 50.52 -"n'bj sl-bﬂ _5.1.;,1 -‘1'52 _5.1.;,3 _,.E.bﬂ _5.2.51 _,2.1,2 _,.2.1,3 B = g irmiK
m=0, _K-1
N Chip interleaving
Egl?msﬂ\ssignal sy b°| 5B |5, B° 5B | sy B! [sybt |5y B |50b? | sy b | 5B | 0B | 5B
Efficient implementation: g IV g 11
— — — S N N N 4.%—. FDOSS CDMA signal
Block of data symbols Compression & Repetition Phase rotation

Fig. 1: IFDMA signal generation based on FDOSS CDMA

the transmitter is given by the computational effort requiredietermined by the modulus of the mapping scheme which

for an N-point IDFT. If N is chosen as a power of 2 and thanaps data bits to data symbols and by the pulse shaping. E.g.,
Inverse Fast Fourier Transform (IFFT) algorithm is used, tHer rectangular pulse shaping and using Phase Shift Keying

required effort for anV-point IDFT is1/2- N -1d(N) complex (PSK) a constant envelope is obtained.

multiplications.

Thus, compared to OFDMA, the signal processing effort Regarding the 99.9-percentile and taking realistic pulse
at the transmitter for IFDMA is slightly lower. However,shaping into account, for QPSK IFDMA provides a PAPR
OFDMA can be already regarded as low complex. which is more than 6 dB lower than the PAPR for OFDMA

The receiver structure for IFDMA in the uplink is typically[15]. Even for 64QAM IFDMA provides a PAPR which is
based on the fact that IFDMA can be regarded as DFWore than 3 dB lower than the PAPR for OFDMA, cf. [15].
precoded OFDMA. Thus, the receiver consists of OFDMA
demodulation, subcarrier demapping, FDE and subsequentor LFDMA, which is a DFT precoded OFDMA scheme
inversion of the DFT precoding by an IDFT operation. Thugvith blockwise subcarrier allocation, also a lower PAPR
compared to conventional OFDMA, IFDMA requires oné&ompared to OFDMA is expected. However, a comparison of
additional Q-point IDFT per user which is unproblematic inthe PAPR of LFDMA and IFDMA with realistic pulse shaping
the uplink. shows that the PAPR of IFDMA is more than 3 dB lower than

Compared to CDMA, the computational effort for IFDMAthe PAPR for LFDMA for QPSK and still more than 1 dB
and OFDMA is significantly lower since due to the robustower for 64QAM. [15].
ness to multipath propagation for IFDMA and OFDMA user o . .
separation is obtained by the demapping operation wheread NUS. €ven for realistic pulse shaping, IFDMA provides a
for CDMA in the uplink a high computational effort for userSignificantly lower PAPR than OFDMA and LFDMA. The
separation and interference cancellation is required. Especi&lffect is reduced but still significant also for higher modulation
for high cell loads, this is a major drawback of CDMA.  Order such as 64QAM [15].

Due to the low PAPR for IFDMA a cheaper power amplifier
B. PAPR can be used and, thus, the cost for the mobile terminals can
Since IFDMA can be regarded as a CDMA variant andde reduced. Moreover, the required power back-off is lower
since the elements of the FDOSS have amplitude 1, the PABR, thus, the power consumption at the transmitter is reduced
of IFDMA is similar to the PAPR of CDMA. It is solely which is an important property especially for mobile terminals.
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C. Flexibility the right originating from node E are not occupied and, thus,

It has been shown that IFDMA requires a specific regi§ould be assigned to other users.
larly interleaved subcarrier allocation. Moreover, for a given Since each node corresponds to a certain number of sub-
Modulation Coding Scheme (MCS) the data rate depenggrriers, assignment of a node according to the above given
on the number of subcarriers assigned to each user. THies guarantees interleaved subcarrier allocation for all users
accommodation of different data rates within one cell meaA§ Well as orthogonality of different users’ signals even for
co-existence of users with different numbers of subcarriers lfferent data rate requests of different users. Moreover, re-
user which all have to be regularly interleaved. In this contegpurces can be assigned as long as the requested data rate fits
the question arises how to support transmission with differel§t the number of unused resources. Thus, no resources are
data rates within one cell while keeping the interleaved subcfasted.
rier allocation for all users without destroying orthogonality of Since, in general, the number of subcarriers within one
different users’ signals, on the one hand, and without wastestem is high, sufficient flexibility and granularity in terms

resources due to not occupied subcarriers on the other ha®f different data rates is provided. The maximum granularity
is given for a total number of subcarriers chosen as a power

of 2. In this case, the tree structure is equivalent to the tree for
OVSF codes. However, it is also possible to choose another
c \[g | & total number of subcarriers as long as this number is not prime
\ [19]. Note that, if higher granularity in terms of data rates than

4 provided by the accommodation of numbers of subcarriers

G |
4 | |4
% - P 2"" ) 2’ i, which are a power of 2 is required, puncturing or different
H_‘ ﬁ H combinations of modulation and coding schemes can be used.

For further details of the presented scheme we refer to [19].
Thus, although the advantages of IFDMA such as low
computational complexity and low PAPR are obtained at the

expense of a reduced flexibility compared to conventional

b= OFDMA with arbitrary subcarrier allocation, the flexibility
Subcarriers: I I I I I I I I I I I I I I I I . and granularity in terms of different data rates is sufficient
1 16 7/ for mobile radio applications since for higher granularity also

Fig. 2: Tree structure for accommodation of different data rates i€ effort of required signalling overhead increases.

IFDMA . . . .
This problem is addressed in [19]. It is shown that, similar

to Orthogonal Variable Spreading Factor (OVSF) Codes whiéh Performance
are well known for CDMA, also for IFDMA a tree structure The coded performance of IFDMA with FDE is similar
can be used for assignment of the subcarriers avoiding MAb the performance of coded OFDMA with interleaved sub-
The tree structure is depicted in Fig. 2 for an exampl&/of=  carrier allocation [3]. Since for IFDMA the subcarriers are
16 subcarriers. Each tail of a branch is one-to-one assignedeiguidistantly interleaved over the total available bandwidth,
a specific subcarrier. The assignment is done such that all ta®MA provides a high amount of frequency diversity and,
originating from the same node are assigned to an equidistanHys, a significant performance gain compared to LFDMA and
interleaved set of subcarriers. E.g., the two tails originatirQFDMA with block allocation (B-OFDMA). The lower the
from node A as well as the two nodes originating from nodeumber of subcarriers assigned to a specific user the higher
B are mapped to a set of three equidistant subcarriers. At the performance gain since transmission in LFDMA and B-
same time, the 4 tails originating from node C are mapped GFDMA is localized on a restricted portion of bandwidth
a set of 4 equidistant subcarriers. whereas for IFDMA the signal is spread over the whole
Using this tree structure, the subcarrier allocation can Bgailable bandwidth. However, in the case, where only one
obtained by assigning one node of the tree to a specific us@bcarrier is assigned both schemes are identical. For a given
The rules for assignment of nodes within one cell are simplgfodulation and Coding Scheme (MCS), a lower number of
« Different nodes have to be assigned to different users.subcarrier assigned is equivalent to a lower data rate. Thus,
» When a node is assigned to a specific user, all nodesexcept for the assignment of one subcarrier per user, the
the branch originating from this node are occupied. diversity gains of IFDMA compared to LFDMA increase with
« Additionally, all nodes where the assigned node is origidecreasing data rates.

nating from are occupied. For LFDMA and B-OFDMA the frequency diversity can be
« Only the nodes that are not occupied can be assignedrioreased by means of frequency hopping (FH) of the blocks
other users. of subcarriers assigned to each user per OFDM symbol and

E.g., when node C is assigned to a specific user, nodeapplying coding and bit interleaving over several consecutive
and node B as well as node D and E are occupied. Node(#:DM symbols.
e.g., could be assigned to a second user. When in addition tdn Figs. 3 and 4 the performance of IFDMA is compared to
node C, also node F is assigned, node G and again node¢hb performance of LFDMA, LFDMA with FH and OFDMA
are occupied. Hence, node H and all nodes in the branchwith interleaved subcarrier allocation for different data rates
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BER —
=)

—— IFDMA
-l —&—FH-LFDMA ||
| ——LFDMA

= IFOFDMA

pilot symbols in frequency direction is restricted. As soon as
the distance between two subcarriers exceeds the coherence
bandwidth, i.e., especially for moderate to low data rates,
IFDMA requires one pilot symbol per subcarrier. For LFDMA,
instead, interpolation in frequency direction between the pilot
symbols is possible. Thus, for LFDMA only a few pilot
symbols per coherence bandwidth are required. However, as
long as the duration of one modulated block with CP is
small compared to the coherence time, interpolation in time
is possible for both LFDMA and IFDMA. The pilot symbol
overhead can be expressed as amount of energy that has to
be additionally spent for transmission of each information bit.

Ragliz o In other words, due to the pilot symbol overhead a higher
------ Rate 1/3 CC . . . .
10t : , amount of energy per bit is required in order to achieve the
0 5 10 15 20 same Bit Error Rate as without overhead. This additionally
E/MN indB— . . .

5 0 required amount of energy per bit can be directly compared

Fig. 3: Bit error performance at 5 Mbit/s to the performance gains of IFDMA due to higher frequency

N diversity [22] and, taking both aspects into account, an overall
107 ¢

BER —
)

T —— IFDMA
-} —o—FH-LFDMA |

Rate 1/2 CC
———-Rate /3 CC

10 : i
0

5 10
E/N_indB—>
s 0

Fig. 4: Bit error performance at 1.25 Mbit/s

in a typical wide area mobile radio scenario with parametei’j%)

according to Table II.

From Figs. 3 and 4 it follows that for a net bit rate of 1.25
Mbit/s (5 Mbit/s) IFDMA provides a performance gain of 0.9
dB (0.5 dB) compared to LFDMA with FH and a performanc
gain of 8.6 dB (4.7 dB) compared to LFDMA without FH
at a Bit Error Rate (BER) ofi0~3. In presence of spatial
diversity due to application of multiple antennas and Spac@
Time Coding (STC) the performance gain of IFDMA with

gain can be deduced.

Due to the interpolation in time, for the parameters given in
Table Il the additionally required amount of energy per bitdue
to pilot symbol overhead for channel estimation is smaller
than the frequency diversity gains. The overall performance
gain of IFDMA compared to LFDMA for 1.25 Mbit/s (5
Mbit/s) results in 8.3 dB (4.4 dB) at a BER af)—2. Note
that, considering realistic channel estimation, for LFDMA an
additional performance degradation due to the interpolation
error in frequency direction compared to IFDMA has to be
expected. For LFDMA with frequency hopping for moderate
to low data rates interpolation in time is not possible any
longer due to the frequency hopping period of one OFDM
symbol. Thus, for moderate to low data rates the pilot symbol
overhead is higher than for IFDMA. The overall performance
gain of IFDMA compared to LFDMA with FH at a BER of
—3 for 1.25 Mbit/s (5 Mbit/s) is increased to 3.5 dB (3.1

FH could be also applied to IFDMA in order to provide
nter-cell interference averaging. In this case, in a multi-cell

gcenario the performance is expected to be improved at the

expense of an improved pilot symbol overhead.

IFDMA has been shown to provide a significant overall
erformance gain compared to LFDMA although it requires a
higher pilot symbol overhead for channel estimation.

respect to LFDMA is reduced but is still considerable [21].
In the following, the losses due to pilot symbol overhead. Sensitivity to Frequency Offsets

for channel estimation are briefly discussed. Assuming pilot
assisted channel estimation, due to its interleaved subcarpFr
allocation, for IFDMA the possibility to interpolate betweer}0

TABLE II: Simulation parameters

.~ So far, IFDMA has been shown to provide many advantages.
owever, due to the interleaved subcarrier allocation, similar
OFDMA with interleaved subcarriers, IFDMA is sensitive
to frequency offsets in that the inter-carrier interference turns
into Multiple Access Interference since adjacent subcarriers
belong to different users [17]. Compared to LFDMA or

Carrier frequency 5 GHz Decoder MaxLogMAR oo .
Sandwidih 20 Mz Equalizer MMSE FDE B—OFDMA the.sens.|t|V|ty to frequency offsets is expect(_ed
No. of subcarriors 512 Interleaving Random to be higher since in case pf IFDMA, for eaph s.ubcgrner
Vodulation OPSK Interl. depth 03 ms the_number of interfering nelghbonn_g subcarriers is hlgher.
Code Conv. Codal Guard interval 5 Typ|ca_lly, frequency offsets result mainly from Do_pple_r shifts
Code rale 1/2.1/3 Channel WINNER [20] or oscillator |mperf§ct|ons. For the parameters given in Table
Constraint length 5 Urban, 70 km/h II, but for a velocity of 250 km/h, the maximum Doppler
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shift, which only occurs when the user moves with an angle V. IFDMA AND ITS APPLICATION TOB3G MOBILE
of 0° towards the base station, is smaller than 3% of the RADIO SYSTEMS

given scenario can be considered as small for the majorfymbines many advantages of single and multi carrier based
of the users. For a carrier frequency of 5 GHz, oscillatgja schmemes. Due to its properties, basically due to the low
imperfections of 1ppm result in a frequency offset of 13% Qfomplexity especially at the transmitter side, the low PAPR
the subcarrier bandwidth. However, frequency offsets due §@the transmit signal, the good power efficiency, IFDMA is a
oscillator imperfections are expected to change very slowlye|| suited candidate especially for the uplink of a B3G mobile
Thus, using appropriate synchronization algorithms [23] thggio system. Moreover, the high frequency diversity gains
offsets can be estimated at the base station and reported toghg the resulting good performance enable an extension of
mobile station at the expense of low signalling overhead. Age coverage. Thus, IFDMA is an appropriate scheme also for
soon as the frequency offset is known at the mobile statigfide area scenarios. For transmission based on high adaptivity
it can be easily corrected by insertion of a correction term Iising adaptive modulation and adaptive multi-user scheduling

the phase rotation of the IFDMA transmitter. in order to exploit multi user diversity, an OFDMA scheme
with blockwise subcarrier allocation would be preferred [1].
F. Spatial Diversity However, adaptive modulation and multi user scheduling re-

o . ) _quires reliable channel knowledge at the transmitter which in
The application of multiple antennas and space time codifghny cases is not available, e.g., due to high user velocities

has been shown to provide large performance and capagyhag Signal-to-Interference-and-Noise Ratio (SINR). Since
gains for wireless mobile radio applications. In the contextpa is based on the exploitation of diversity by mitigation

of thls article the question arises if |F is possible to ut|I!z%f the channel variations by means of averaging, it provides
multiple antennas and space time coding also for IFDMA in,64 performance without channel knowledge at the transmit-
way that the low PAPR for the signals at each transmit antenfia anq thus, is well qualified for a non-adaptive transmission
is maintained and at the same time spatial diversity can Rg,qe [1]. Due to its block transmission characteristic with

exploited. In [24] a method for application of Space Timegp i50 co-existence of IFDMA and adaptive OFDMA in one
Block Codes (STBCs) from orthogonal or quasi orthogongystem is possible [1].
design to single carrier block transmission schemes has beén
introduced. The applicability of the scheme to IFDMA as VI. CONCLUSION
well as to LFDMA_‘ IS discussed in [21]. The sc_heme 'S 1n this article, based on a new framework, different promis-
based on the application of a double DFT operation before . . o

) ! . : ing candidate MA schemes for future wireless communication
IFDMA modulation and Space Time Block Coding. Since thg stems have been classified and summarized, that combine
r¥ 1

double DFT can be implemented by a simple permutatio . : . X
of the elements of the data symbols within each block [24 haracteristics of single and multi carrier based MA schemes.
y ' has been shown that IFDMA, which can be regarded a

application of STBCs from orthogonal or quasi orthogon PMA variant as well as an OFDMA variant, combines

design requires negligible ad(_jmonal signal processing effortt?le advantages of CDMA, namely low complexity for signal
the transmitter. At the same time, the low PAPR of the signals . . . .
eneration, low PAPR and high frequency diversity, and the

at each transmit antenna is maintained. In [21] the SChe'g]gvanta es of OFDMA. namelv low complexity for Uuser sepa-
for application of STBCs to IFDMA from [24] is shown 9 ’ y plextty P

. ” o . : . ration and channel equalization. At the same time, it provides
to provide additional spatial diversity gains. Comparison 0? d P

from the additional spatial diversity than IFDMA. However ) ' P q b gsp

even when Alamouti Space Time Coding IFDMA stil Con_U|ver5|ty can be easily applied to IFDMA. Since IFDMA does

siderably outperforms LFDMA due to the higher frequencg](o.t require any chanqel state information at th.e transmitter,
. . : is a promising candidate MA scheme, especially for non-
diversity gains of IFDMA.

In [25], a simple Space Time Trellis Code denoted as CyCIadaptlve transmission in the uplink of B3G/4G mobile radio

Delay Diversity (CDD) is introduced for multi carrier systems stems.
with cyclic prefix. In [26] the applicability to IFDMA and VIL. ACKNOWLEDGEMENT

LFDMA is discussed. For application of CDD to IFDMA , i
This work was performed in the framework of the IST

also the low PAPR property for the signals at each transmit ', L
antenna is maintained and the scheme can be implemerRE€ct IST-2003-507581 WINNER, which is partly funded
with marginal additional signal processing effort at transmitt& the European Union. The authors would like to acknowl-

and receiver In [26]. However, the spatial diversity gains f§dge the contributions of their colleagues, although the views
CDD are smaller than for orthogonal STBCs. expressed are those of the authors and do not necessarily

Thus, applying CDD and applying STBC, respectively, gepresent the project.
IFDMA, spatial diversity can be exploited with only low
additional signal processing effort. At the same time the low . N _

for the sianals at each transmit antenna %] WINNER, Flnal_ report on identified Rl key technologies, system
PAPR property for g concept, and their assessment,” Tech. Rep. D2.10 v. 1.0, WINNER-

maintained. 2003-507581, December 2005.
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