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Abstract— In this paper, the overhead due to pilot data rates applying adaptive transmission schemes
transmission and signaling in an adaptive multi- can be achieved. On the other hand, these resources
user Orthogonal Frequency Division Multiple Access cannot be used to transmit data any more, i.e., sig-
(OFDMA) Time Division Duplex (TDD) system is pjing overhead is produced which can become pro-
considered. Applying adaptive transmission SChemes ;e Hence, when considering the performance
results in good performances. However, Channel State L . . .
Information (CSI) is required at the transmitter, i.e., of an adaptive transmission sche.me, the 3|gna!lng
resources have to be spent for providing accurate overhead also has to be taken into account, i.e.,
CSI. These resources cannot be used to transmit data We have a tradeoff between the achievable the data
anymore, i.e., overhead is produced which can become rate corresponding to a given CSI accuracy and the
prohibitive. Using less resources for providing CSI signaling overhead required for providing the CSI.
leads to imperfect CSI and performance degradations. The present paper will contribute to this aspect.
Hence, a tradeoff between the achievable data rate Assuming a Time Division Duplex (TDD) system,
corresponding to given CSI accuracy and the effort o hrovide a framework for the evaluation of the
providing this CSI has to be found. In this work, average system data rate applying adaptive multi-

analytical expressions for the user data rate and bit OEDMA t . h in th link
error rate are derived taking into account impact of user ransmission schemes in the upiin

imperfect CSI at the transmitter and the receiver. (UL) and the downlink (DL) taking into account
Furthermore, the effective system rate is derived imperfect CSland signaling overhead. The remain-

taking into account the overhead due to signaling and der of this paper is organized as follows. In Section
pilot transmission. Il, the considered OFDMA/TDD system model is
presented. In Section I, the modelling of imperfect
CSI due to channel estimation and time delays are
presented. In Section IV, closed form expressions
The impact of imperfect Channel State Informafor the data rate and Bit Error Rate (BER) are
tion (CSI) on the performance of adaptive OFDMderived analytically taking into account the impact
systems has already been studied intensely in tloé imperfect CSI. Section V introduces the impact
literature, e.g. [1]-[6] and references therein, wheref signaling overhead on the system performance. In
the CSI imperfectness arises from channel estim&ection VI, numerical results illustrate the tradeoff
tion, time delays and quantization. In [7] an adapbetween the system performance achievable with
tive multi-user single carrier system which exploitea given CSI accuracy and the required signaling
multi-user diversity is investigated where the CSI i®verhead providing this CSI.
assumed to be outdated. In [8] an adaptive multi-user
OFDMA system is analyzed assuming imperfect CSI Il. SYSTEM MODEL
due to channel estimation, time delays, quantization We consider a single cell OFDMA scenario with
and imperfect feedback link. However, not only theone base station (BS) arid mobile stations (MSs)
impact of the imperfect channel knowledge on theach having one antenna. The bandwidth in UL and
system performance is important but also the effoDL is subdivided intoN orthogonal subcarriers. We
that has to be spent in order to provide accurate CSlefine a block of) subcarriers, also called chunk,
On the one hand, by using resources for providings radio resource. Hence, a total numbeNgf =
accurate channel information at the transmitter, highV/@Q| resources is assumed with| the nearest

I. INTRODUCTION
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integer lower than or equal the argument. We assume | DL I UL I DL !
that@ is chosen in such a way that the channel doe
not vary significantly within a chunk. Since a TDD
system is considered, we assume that the UL an
DL channels are the same witt, (n, k) denoting  |MSS
the channel transfer factor of useron chunkn.
H,(n,k) is assumed to be constant fof; OFDM (k ! 1) Mz k}MT (k + 1)IMT (k + 2)]’\4T
symbols which corresponds to the duration of a time
slot with index k. Further on,H,(n,k) is a i.i.d. i ,

. . . ig. 1. Time frame structure
complex Gaussian random variable with zero mean
and variance one, where the channels of adjacent
chunks are assumed to be statistical independentAn Noisy estimated CS

frequency. We assume temporally correlated block Regarding channel estimation, there are two ef-

S\a4d|ng|:[g]Ml.e., tgelchar:jn_eﬂ{#(n,k) IS (;OPSJanE[hfotrh fects on the system performance which have to
hT | of shym o's and 1S lmcle(ﬁ;orre]:l 61WI ®be considered. Firstly, the scheduling decisions are
channel of the previous time sldf,(n, k —1). based on noisy estimated Transmitter CSI (TCSI).

The time frame structure of the considere&econgly, the equalization is performed using noisy
OFDMA/TDD system is depicted in Fig. 1. At the ogtimated Receiver CSI (RCSI).

beginning of each time slot in the DL, a pilot Transmitting a pilot sequenge = [p1, ..., par, "
transmission (PT) is performed in order to obtain ag¢ length Mp with pi'p = Mp over a constant
estimate of the DL channel at the MSs for Cha”nedhannelH, the received signal vector of length
equalization. Further on, signaling of the schedulingb is given byy = H - p + n with the complex
and modulation scheme information to the user§ormal distributed noise vectan of length Mp

is performed..W(_e conside( a Max-SNR Schedulingith zero mean and varianeg? = 1. Using Least
approach assigning chunkin time slotk to useru  gquares (LS) channel estimation at the receiver,

U

os ol gm] & | Mo [Prls g

Receive Transmit Receive
CE Data PT Data CE Data

which has the highest instantaneous SNR the estimated channdl = (p''p)~'plly can be
modeled asH = H + F, where E is a complex
Yu(n, k) =7 |Hy(n, k)? (1) normal distributed random variable with zero mean
and variance
with 4 denoting the average SNR. The remaining 0% = — 1 ) 2)
OFDM symbols are used for data transmission from YMp

the BS to the MSs according to the schedulinfrqualizing the received data with the estimated
decisions which are constant for the entire time slochannelH leads to an SNR degradation compared
In the UL, PT is performed as well in order to obtainto the case of equalizing the received data with the
an estimate of the complete UL channel of eacherfect channel given by
user at the BS. Based on the scheduling decisions 1 Mp
of the previous DL time slot made at the BS, each lpq = 1+702 1+ Mp ®)
userwu transmits data to the BS in the remaining E
OFDM symbols on the corresponding subcarriers. outdated CS
At the BS, a channel estimation (CE) is done in . : .
. . .. Until now, we only considered imperfect CSI due
order to equalize the received UL data transmlssmtn - . .
. . 10 channel estimation. However, as described in Sec-
and to perform a resource allocation and adaptive . -
) . tion Il, the estimated channél and the correspond-
modulation for the next DL time slot. . . -
ing scheduling decisions are already outdated when
the data transmission is performed. Wifh the 0-
th order Bessel function(/r the number of OFDM
symbols per time slot]s the symbol durationf
In this section, the modelling of imperfect CSIthe carrer frequ_ency; t_he_velocny of the MSs and
- . — . ¢ the speed of light, this is modeled by correlation,
arising from pilot-based channel estimation and time
) . ._r.e. the outdated channel and the actual channel are
delays are presented. The following conS|derat|oqs . "y
. . ime correlated by the correlation coefficient
are valid for each user, chunk and time slot. Hence,

the indicesu, n andk are skipped for simplicity. p = Jo(2nTs fov/c- Mr) (4)

IIl. M ODELLING IMPERFECTCSI
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assuming Jake’s spectrum. B. Bit Error Rate
Now, the relation between the outdated and noisy Approximating the instantaneous BER for M-

estimated channel/ and the actual channéfrg  oaAM and M-PSK modulation as done in [11] leads
seen by the receiver at the output of the equalizer j§

given by
ji. lp HEQ + /—1 _ p2X . (5) BERm(’yEQ) =0.2- exp(—ﬂm’yEQ) (20)
- ViEe o with m = 1,.., M, where3,, = %t~ using M-
where X is a complex normal distributed randomaoapm modulation and3,, = 21_9;“ using M-PSK

variable with zero mean and variance one. Using (Yhoqulation, respectively. The average BER is then
and [10, p. 43], the conditional probability densityjefined as the sum of the average bit errors of the
function (PDF) of the actual SNRizg seen by itterent modulation constellations divided by the

the receiver at the output of the equalizer and th&verage bit rate [7]. The average BERER is then
outdated and noisy estimated SNRvailable at the given by

BS is given by

Ym

M
w2y+vE 5 T 1 ~
~ERe [ 2/EQY BER= =) bm/ p5(%) - (11)
0 ’70’% Rm:l g

(val) = —

~ fr— e
p’YEQ|'Y nyQ Y 7}/0-721 m—1

| Lo ©) [ BERm(Q) - par s (vEQl) drmo d.
with 4 = \/IeQ 1z, 07 = lpQ—1357" and Iy(x) 0 " veely

) % 1tog :
denoting theoth-order modified Bessel function Oflnserting ), (8) and (10) in (11), (11) can be
rewritten to

the first kind.

V. IMPACT OF IMPERFECTCSION THE SYSTEM v M U-l g (—1)
BER=——= b . 12
 PERFORMANCE | T 2—31 m Z ( y > A v) 12)
In the following, analytical expressions for the m= i ”fAO(m " o
user data rate and bit error rate (BER) are derived N eTm @ amaed _ ev;&ﬁm%a%]
taking into account imperfect TCSI and RCSI.

i — = 2 = 2
A. Data rate with A(m,v) = (v+1)+ By ((v +1)707 +TE4?).

The average user rate is formulated as the sum ,
rate of the different modulation schemes weightefy: Maximum user data rate
by their probability, where we assume that there In the following, we are looking for the optimal
are M modulation schemes available. Let = modulation scheme threshold vectpmwhich maxi-
Y0, V1, -, yar) T, With 79 = 0 and y5y = oo mizes the average data rate under the constraint of
denotes the threshold vector which contains the SN®Rtarget BERBE Ry :

threshold values determining the interval in which 5
opt (M7, Mp) = R(y, Mr, M 13
particular modulation scheme is applied. Thus, the pe(Mr, Mp) mvax{ (v, Mz P)} (13)

average user data rafe can be formulated as subject to
M BER(v, My, Mp) < BERy.
R=Y [T bemta @ | |
1 Ym—1 As shown in [12], this type of problem can be solved

with b,, denoting the number of bits per symbol?Y & Lagrange multiplier approach, i.e., for each

corresponding to the applied modulation scheme arfg/ue ofMr andMp we can determine the optimal

the PDF of the outdated and noisy estimated SNRNR threshold vector,,, which maximizes the user
4 of the scheduled resource given by data rate under the constraint of a target BER.

. U = —a\U-t
py(y) = ——e 7= (1 —e ”E> (8) V. CONSIDERATION OF PILOT AND SIGNALING

YE
with ¥ = ¥(1 + 0%). Inserting (8) in (7) results in _ OVERHE_AD _ _
o Until now, we only considered the impact of im-
R=Y b [((1 3 e—;—g)U 3 ((1 e >U} _ perfect TCSI and RCSI on the system performance.
— In the following, also the overhead due to signaling
(9) and pilot transmission is taken into account.
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A. Sgnaling in DL of a target BER as function ¥/ and Mp is then

After the scheduling and adaptive modulation argiven by

performed at the BS, the user index and modulatioﬁgoﬁ(MT, Mp) = (17)
scheme index of each scheduled chunk have to bel _
signalled to the users before data transmission. Thig/.. ° (Mg = Mp L) - Roptur(2Mr, Mp)+

results in (Mp — Mppr, — Myig) - Ropt,pL (M7, Mp)] .

log,(U) + logy (M) (14) As the DL and UL data rates depend on the quality
Q - bsig of the available CSI and hence on the numbésp
OFDM symbols signaling overhead with;, denot- Of Pilots and the numbe/; of OFDM symbols per
ing the number of bits per symbol used for signalingiMe slot, we have a tradeoff between CSI accuracy
and signaling overhead, i.e., if/p is chosen large
to assure a good channel estimate M is cho-
B. Pilot transmission in DL sen rather small to guarantee an updated CSI, the
A : .estimated CSI becomes closer to perfect CSI and
ssuming that the channel does not chance Sl%e data rateoy u1.(2Mr, Mp) in the UL and the
nificantly within one chunk, it is sufficient to Senddata rategopt,DE(’MTaMP) in the DL will be high.

ilots only on one subcarrier per chunk. The remain- ) _ )
P y b I-Elonetheless, the effective system data rasg, will

Mg =

ing subcarriers can be used for data transmissio - <mall due to large overhead. Applving onlv a
This corresponds to u ge ov - Applying only

small numberM p of pilots or using a large number
My of OFDM symbols per time slot will decrease
the overhead but results in a poor CSI accuracy.

M
Mpp1, = ?P (15)

OFDM symbols pilot overhead in the DL. VI. NUMERICAL RESULTS

In the following, we assume an OFDMA scenario

C. Pilot transmission in UL with the parameters given in Table I. In Fig. 2,
In the UL, each MS has to send pilots on each TABLE |
chunk so that the BS is able to estimate the whole SYSTEM PARAMETERS
UL channel of each user in order to equalize the UL
data and to perform the scheduling for the next DL Bandwidth 10 MHz
time slot. As with the pilot transmission in the DL, N”m%;ﬁ;fsis:gamers 512
it is sufficient for each MS to send pilots on only NuUmber U of users 3
one subcarrier per chunk. This corresponds to Carrier frequencyfo 2 GHz
Target BERBERT 1072
MpuL="U - % (16) Numberb,;, of bits per symbol (signaling 2

the effective system data rafe.¢ is depicted as a
OFDM symbols pilot overhead in the UL. function of the numben/; of OFDM symbols for
different pilot sequence lengitf » for a MS velocity
of v = 10 km/h and an average SNR = 12 dB.

My is limited to My < 5TTCS with the coherence
As shown in Section 1V, the maximum user dataime T = 7.7, in order to fulfill the block fading
rate can be determined for each valueMf and assumption, i.e., the duration of the time slot shall
Mp solving (13). Hence, the maximum user dataot exceed 20 % of the coherence time. As one can

rate in the DL is given byROpt,DL(MT,Mp). For see, there exists an optimaf; where an optimal
the user data rate in the UL, we have to keep itradeoff between CSI accuracy and overhead can be
mind that the scheduling decisions used for the Ufound, and thus, an maximum effective system data
data transmission in time slét are based upon the rate can be achieved. In this example, the effective
TCSI estimated in time slat — 2. Hence, the user system data rate is the highest wiip,,. = 2
data rate in the UL is given bfRop v (2Mr, Mp). and My = 50, i.e., the CSI has to be updated
Considering the overhead in UL and DL, theafter 9.5 % of the coherence time using a pilot
effective system data rat8.; under the constraint sequence of length 2. Increasing the MS veloeity

D. Effective system data rate
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the maximum system data rate decreases, since we VIlI. CONCLUSIONS
have to update the CSI more often in order to cope | this paper, the tradeoff between CSI accuracy
with the channel variations. Far = 30 km/h, the 5ng signaling overhead in an adaptive multi-user
optimal Mo, = 19 which corresponds to 10.8 % oFpMA/TDD system has been investigated. An-
of the coherence timéc, as shown in Fig. 3. In gjyiical expressions for the average user data rate
this case, the optimal numb@édp.,; = 1, i.e., for  ang BER are derived taking into account imperfect
an increasing it is beneficial to use less pilots in cg) at the transmitter and the receiver. Considering
order to optimize the effective system data rate. 4qditionally the overhead due to signaling and pilot
In Fig. 4, the optimized effective system data ratgansmission, the effective system data rate is intro-
Ret opt 1S depicted as a function of the MS velocityqyced. For increasing MS velocity, it appears that the
v for different values of average SNR where &g has to be updated more frequently. This leads
degradation of the achievable system data rate fg§ an increased overhead resulting in a degradation
increasing MS velocity can be observed. of the effective system data rate. Furthermore, for
an increasing it is beneficial to use less pilots to
3 ‘ ‘ ‘ ‘ ‘ optimize the effective system data rate.
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