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1 Abstract— In this paper, we propose a robust STBC length of the original channel impulse response (CIR)
transmission scheme to combat the timing synchronization gnd introduce correlation among its taps. For frequency-
errors over frequency-selective multiple-access chanrel o active channels, space-time block codes (STBC) have

First, the equivalent channel model in the presence of b bined with orth £ divisi i
timing synchronization errors is derived and we find that een combined with orthogonal frequency division muiti-

the synchronization errors result in an equivalent channel Plexing (OFDM) by implementing STBC at a block level
model with larger number of correlated channel taps. Based instead of symbol level, namely ST-OFDM [2]. Based
on this correlated equivalent channel model, the statistal on the special structure of the statistical channel profile
power profile is analyzed and a robust statistical bit loading introduced by the equivalent channel model, we propose a

g:gggtrgirg Srupg&r;gsgg 'thpét Xllaemrc?lft? |\geTr,Bgy aexcr;)lfsltclagqfotpni robust transmission scheme to combat the synchronization

expression of the QR receiver is derived which further €rrors. At the receiver, by exploiting the speical algebrai
simplifies computational complexity. Simulation results kow  structure of STBC in [7], we propose a closed-form one-

that our proposed scheme is robust to timing synchronizatio step QR space-time detector which outperforms the 2-step

errors. MMSE interference cancellation algorithm in [6].
The paper is organized as follows. In Section II, the
I. INTRODUCTION system set-up and the equivalent channel model with

. . . synchronization errors are presented. The statisticakpow
Multiple input multiple output (MIMO) systems take y P P

advantage of the spatial diversity available using sp;atialprome of the equivalent channel model and a robust

. ; i . st?tistical bit loading algorithm are presented in Section
separated antennas in a multipath scattering environment. 1~ ocod-form OR detector is described in Section

Since wireless communication is challenged [_)y limite . In Section V, simulation results are presented and
s_pect_ral resources, frequenc_y reuse and multl—user MUk clusions are drawn in Section V1.
tiplexing have received considerable attention. Recently

[1] demonstrated that multi-user MIMO systems can have
better performance in terms of maximum throughput than
time-division-multiple-access-based schemes via trinsiA. System Set-up

signal processing if the number of transmit antennas is|n this paper, we consider an uplink system, in which
much larger than the number of receive antennas. Multiple users access the base station at the same time
this context, a space-time transceiver has been invg§thin the same bandwidth using spatial division multiple
tigated in [6] over flat-fading channels assuming twaccess (SDMA). Each user has two transmit antennas and
users perfectly time synchronized. However, in practicghere are multiple receive antennas at the base station (to
systems, it is very difficult, if not impossible, to getdecode the information from different users, the number
perfect synchronization among all uplink users. In [Shf receive antennas should be at least equal to the number
the authors consider an equivalent channel model fef users). We use the Alamouti STBC in a ST-OFDM
a flat fading system with synchronization errors in gystem with N sub-carriers. At the base station, FFT is
cooperative network. Since in broadband systems, thgst implemented and then an interference cancellation
channels are usually frequency-selective, this motivatesheme (which is called STBC-IC detector) is adopted
us to investigate the multi-user MIMO transceiver wittbn each sub-carrier to decode the independent information
synchronization errors over frequency-selective channedtreams from different users. We consider a system with
In this paper, we first derive the equivalent chann@iming synchronization errors, i.e. signals from differen
model in the presence of synchronization errors and fingders arrive at the base station with different delays. Fig.
that the effect of synchronization errors is to extend theillustrates the scenario of two users access to the base

, _ _ station with two receive antennas.
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II. SYSTEM MODEL
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T THFH S Comparing (6) and (7), we can see that the timing errors
o/ T | extend the length of the original channel taps and the

equivalent extended channel taps are correlated no matter
T ) the original channel taps are independent or not. To further
distribution of the channel taps between different trans

and receiver antenna pairs are assumed to be the sggr%the essence of the effects of the timing errors, we
The transmitted signals from thggh transmit antenna of consider an originally independent sample-spaced channel

theith user in the time domain arg ; (k) withi,j = 1,2  taps.

Fig. 1. System set-up

andk = 1,2,.... The transmitted signalg; ;(t),i,j = 1) Example:Fori =1, j = 1, we assumé.; ; = 3,
1,2 are T11=0m12=1,7,13=2, then
o rii(niaT +t11)
dij(t) = Z @i, (k)o(t — kT)54,5 = 1,2, 1) =gi1[z1,1(n)p(t1) +z1,i(na — Dp(tis + 1)
k=—oc

+zi1(nig + Dpltis — 1)) + g2z, — Dp(te,n)
whereT is the symbol period. The channel between the 211111 = 2)p(T + t11) + @11 (na)p(tin = T)]

jth antenna of theth user and the first receive antenna+ g1,1.3[z1,1(n1,1 —2)p(t1,1) + z1,1(n1a — 3)p(tia +T)
S o +azi1(n — Dp(ty, — 1))

Li, (8)
9i5(t) = 9i10(t — 7i3uT), )
=1

Then, the equivalent channel vector &;; =
) ) ) riapttin — T),gaap(t11) + graep(tin —
where g; ;; are the channel tap gains with different’), g, 1 1p(t11 + T) + g11,20(t1,1) + g1.1,3p(t11 —
delays. Denote the combined transmit and receive putsg ¢, | op(t; 1 + T) + g1.1.3p(t1.1), 91.1.30(t11 + T)]7.
shaping filter ag(t). Then, at the first receive antennayy this paper, (.)” means transpose and) means
the signal received from thgh antenna of theé-th user transpose coﬁjugate. Lot = p(ti1 —T), p1 = p(t11),

is andp, = p(t; 1 + T) and define

rij(t) = di (1) @ gi5(t) @ p(t) o 0 0
oo L j 0
(3) P1 Po gi1,1,1
= Z xi’j(k) giﬁjﬁlp(t — T,L',j’lT — k:T) P = P2 P1 Ppo andgm = gi,1,2 . (9)
k=—oo =1 0 p2 m 91,13
0 0 D2

Let ¢, ; denote the timing error with respect to the ideal
samples for thes; ;th symbol of thej-th antenna of the Then,hy ; =Py * g1
i-th user. Then, the sampling time for thg ;th symbol
(c){)rlrjgse;;énginng;hseafwﬁglgri]stenna isn; ;T + t;,;, and the I1l. ROBUST STATISTICAL BIT LOADING SCHEME
From the previous section, we observe that the synchro-
7i (i T+ ti5) nization errors render the original channel taps into lenge
s Lig correlated channel taps. We show next how to exploit

= Z @i, (k) ngylp("MT +tij = TigaT —kT) knowledge of this correlation profile to combat the effect

’Z:""’ =t @) of synchronization errors through statistical bit loading
1,7 oo
= gig1 >, @i (R)p((niy —7ig)T + tiy — kT)
=1 k=—o00 A. Statistical power profile
. . . -~ In the following, the statistical power profile of this
aI;etp(t) be the raised cosine pulse shape function g'V%rhuivalent channel model is analyzed. LEL,; =

sin(wt/T) cos(ant/T) [Hi s Higoo oo Hygn]"00,j = 1,2 denote the fre-
TOR (5) quency domain channel response of the equivalent cor-
mt/T  1-—4a2t2/T related channel tap vectdy; ;. DenotelM; ; as the length
of h; ;.Without loss of generality, we consider the channel
21 is N times the sub-carrier spacing between the first antenna of user 1 and the first receiver

p(t) =




antenna. The covariance matrix of the channel frequenayhere C,, ,, is implicitly a function of 7. The average

responses is

C = E(H:,1H{,) = E(Vhy 1h{, V) = VRV?  (10)

whereR = E(h;;h{’}) andV is the truncated DFT
matrix whose(n, m) element is defined as

_j2m(n—=1)(m—1)
N .

in=1,2.Nm=12,..,M;
(11)

Vam =e

Now, let us check the average power on each sub-

carrier, i.e. the diagonal elements 6f From (10), we
obtain that

=
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where R, i, is the (m, k) element ofR.
From (12), we can see that iR were a diagonal

power profile withr uniformly distributed ovef0, 7T"] and
N = 64 is shown in Fig.2.
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Fig. 2. Average power on different sub-carriers for différeynchro-
nization errors

B. Statistical bit loading scheme

In the previous subsection, the statistical channel power

matrix, i.e.hy ; fj‘\;\d independent channel taps, we woulrofile is derived. In this subsection, we will present a
haveC,,, = ,,21 Rm,m indicating the same averagestatistical bit loading scheme to fully utilize this stétal

power on all sub-carriers. However, the correlation amoruhannel power profile. A bit loading scheme, typically
the equivalent channel taps makes the average powsed in wireline systems, assigns a high data rate to

13)

(15)

) +po +pi + 3}

on different sub-carriers unequal. We can see this magab-carriers with high SNR and a low data rate to sub-
clearly from the example used in the previous section. carriers with low SNR. In wireless systems, it is difficult
1) Example in Section Il. BAssume that the original tg obtain the instantaneous channel information for the
channel tapg ;,1, 91,2 andgi ;3 are independent, i.e. ¢, time-varying channels at the transmitter and thus
o2 0 0 it is not not feasible to adopt an adaptive bit loading
Rg,, = ( 0 o2 0 ) . algorithm. However, as shown in Fig. 2, the average
3 power profile has very special structure. Although we
Then, do not know the instantaneous channel information, it
" o on . can be seen that there are some sub-carriers which have
R =E(hi1hiy) = E(P1g1181.P1) = PaRyy ;P17 (14) (g average power than the other sub-carriers. With this
Substituting (9), (13) and (14) into (12), we obtain  average power profile, we propose a statistical bit load-
3 ing scheme. The major difference between our proposed
Chm = (Z o) {2(pop: +p1p2)COS(W) statistical bit loading scheme and the bit loading scheme
1=1 for discrete multitone transmission presented it [4] ig tha
2m(n —1)%2 the normalized noise power in [4] is replaced by the ratio
+ 2pop2cos(—————— ¢ |
N of the noise power to the average channel power gain on
The early-late gate is a simple and practical method th#ifferent sub-carriers numerically evaluated in (16). Our
is used widely for symbol synchronization and samplingbjective is to minimize the average bit error rate (BER)
at the receiver [8]. Let; and» denote the delays from over all sub-carriers with the total bit rate held fixed. In
user 1 and user 2 respectivelyrif= 7, — 7 is a multiple the following, we summarize our proposed statistical bit
of the symbol intervall’, which is the symbol interval loading scheme in five steps:
after parrel to serial transformation, the sampling time ) )
decided by the gate is ideal for both signals. Without loss 1) Step 1: Select active sub-carriers
of generality, we now assume< || < T. In [5], it is
shown that the sampling time decided by the gate is about _ %F n ﬁlo& <HleIIWz>
I I W,

R; an

5 ahead of the ideal time for one signal ahdehind the
ideal time for the other, i.¢; ; = 5. The power profiles
with different synchronization errorsobtained from (15)
are shown in Fig. 2. In practical systemsis unknown at
the receiver. Thus, we can only average the power profile
over all possibler. In this paper, we assume thatis a . , - Ve
random variable with probability density functigf(r), channel power gain on thih sub-carrier. Initially,
then the average power profile is obtained by averaging I = {1,2,...,N}. |I| denotes the size of the set
(15) overr as I. If R; < 0, then removei from I. This is

_ o0 done iteratively until all rates of the remaining sub-

Can = [m Cnn f(r)dr, carriers are positive.

where Ry is the target bit rate over all sub-carriers

and W; = ]IX? with N, being the noise power

on the ith sub-carrier andP, being the average

(16)



2) Step 2:R; is quantized taRg ; with the transmitted signal vector of these two uséfs=
[N1,1,n5 N1,2.n, N2.1.n, N2,2,0]" is the noise vector onth

Rmax Ri >= Rmax — 0.5 sub-carrierH is the space-time equivalent channel model
Rqi = { Floor(R; +0.5) 0.5 < Ri < Rmax — 0.5 on thenth sub-carrier given as

0 R; < 0.5,

(18) Hiin Gian Hein Goin
where R« is the predefined maximum constella- 11 = /S, % _I?T’M gfl»n ;{G;M g§,1,n 7
tion size on a sub-carrier. _63:13’2” H}’z’” _GQ:;’; H%’j”
3) Step 3: If Y ,.; Rgi, < (>)Rr, the rate of the o o o =" 20)

channel with the largest (smalles§R;, = R, — Wwhere,H; ;,i,j = 1,2,n = 1,2,..., NV is the channel
R, is incremented (decremented). The initial biféSponse on theth sub-carrier from theth antenna of

. . o useri to the first receive antenna whilg, ;,, is to the

aIIocatllon stops i ;¢ i = Rr. _ econd receive antenna correspondinglyBAsonsists of

4) Step 4: Based on the results from Step 3, adjust th§r Alamouti matrix [9], we obtain a closed-form QR
bit allocation on the sub-carriers witR; = 1 such decomposition of as in the following theorem:

that half of these sub-carriers with higher (Iower)l_heorem_ For a matrix H — A B in which
power profile are assigned witkg; = 2 (Rg; = 0) ' o ¢ D) _
so that}, ., Ro; = Ryp. If the number of sub- A, B, C and D are all Alamouti matrixes, i.e.
carriers withRq; = 1 is odd, then reduce the mod-4 — @@ p o= bl* bi o =
ulation size of the sub-carriers with smallest averag —a —by b

power among those with the highest modulatio{ “a e ) andD = ( dcll* Zi ) the QR decom-
scheme by '1’ bit. 6 O —ay Oy

5) Step 5: Transmit power is assigned to the sulosition ofH is

carriers recorded in the sétso that all sub-carriers A 5C_ 1 gpH
yield the same error probability, i.e. Qu = 1 ( T\ @4 Var ) 22)
o 1 H
g = STWZ'QRQ'L (19) vV XA + ac C ﬁ MCF
' e W2l and
H H
where St is the fixed total transmission power. Ry = < VA gad? % > ) (23)
We have the following two remarks about the results: vars
« For Alamouti space-time coding, two antennas from SApHo_ [ecpH A ¥ f
- where F = Y<°c A = P
the same user are designed to have the same bit" - aatac -\ —f5 )
loading scheme. It would be interesting to investigate, = |f1|? + | f2|?, aa = la1]? + |azl?, and
other space-time codes which can have differeat; = |c;|? + |co|?.
modulation schemes on different antennas. This closed-form QR expression utilizes the special

« So far, we have assumed that the timing error &ructure of Alamouti space-time codes and it saves
0 < t;; < T. When the timing error isD —= almost half of the computational complexity compared

. . with the general approaches of QR decomposition, such
dT +t; ;, whered is an integer and < #;; < T, a5 Givens rotation. After we obtain the QR decomposition
the shift in time domain corresponds to a phasgf H, multiplying Q*' to the both sides of (20), we obtain
change in frequency domain. We need to dddore

cyclic prefix symbols to avoid the interference among y=Rux+7

different OFDM blocks. vaa +ac 0 er —e a1,n
o 0 Vvaa + ac e e1 a2,n L7
B 0 0 A/ OF 0 b177L ’
IV. INTERFERENCE CANCELLATION SCHEME 0 0 0 NG ban
In the previous sections, we showed that the effects (24)

of synchronization errors increase the length and intro- ,
duce correlation between CIR taps. Therefore, at thwhereZ :QH[NLL"’N172=”’N271=”’N272=”]T'
transmitter, the length of the cyclic prefix (CP) should From (24), we can first decode , and bs,,, then
also be extended so that the interference among differeamove the interference of ,, andb ,, t0 a1, andbs ,,,
OFDM symbols can be avoided. At the transmitter, Wghich is the iterative procedure of QR detector. It is note-

first implement the statistical bit loading scheme al ) i
then implement ST-OFDM. The receiver is assumedn%?c‘il)orthy that our closed-form QR decomposition can be

know the result of the statistical bit loading scheme. THéSEd not_ only_for QR detect_or, but also for any _‘?ther
channels are assumed to be constant over two continu€géector involving the calculation of QR decomposition.

OFDM blocks. We consider that two users access to the

base station and there are two receive antennas at the base V. SIMULATION RESULTS
station. Then the received signals on thth sub-carrier i ) )
can be written as In our simulations, the channels are modelled as inde-

pendent 3-tap Rayleigh fading channels with an exponen-
tial power delay profile. The equivalent channels impaired
wherey = [yl,l,nv—?/ik,z,nay2.,1,m—95,2,n]T is the re- by the timing synchronization errors are assumed to
ceived signal vector ang = [alﬂn,agyn,blﬂn,bQ,n]T is be perfectly known at the receiver. The synchronization

y=Hxx+Z (20)



errors are assumed to be uniformly distributed qoef").

We consider ST-OFDM systems wittv. = 64 sub- 102\\
carriers. The detection of ST-OFDM is done per sub-
carrier, i,e, STBC-IC detector is implemented on each 107}
sub-carrier. We compare the following four STBC-IC .
detection schemes: @ w0y

o Linear MMSE: the scheme proposed in [6] is imple- 10!

mented on each sub-carrier. —&— Statistical bit loading LR with T 1 (0,T)
« QR: the transmitted signal on each sub-carrier is 10°°| == no statistical bitloading LR with t [ (0.T)
detected iteratively using the closed-form QR decom- < without synhronieation errors
position of H. 5 10 15 20
« Ordered QR: According to the effective channel ED/NO (dB)
power gains of different signals (i.e, the summatiohig- 4. Performance comparison with/without statisticilleding
of the absolute value of different columns &f), VI. CONCLUSIONS

reorderH so that the signal with the largest effective A robust STBC transmission scheme to combat the

channel power gain is decoded first. timing synchronization errors over frequency-selective
« Lattice-aided reduction receiver (LR): In [3], a 9 sy q Y

lattice-aided reduction receiver is presented for a \pjultiple-access channels is proposed in this paper. The
BLAST system. In fact, the received signal model ir:;ynchronization errors result in an equivalent channel

(20) can be viewed as an equivalent 4 by 4 V-BLAS odel with larger number of correlated channel taps.
system with a special channel model ¥hus the L]{ghe analysis of the statistical power profile based on
. , R

receiver in [3] can be used as the STBC-IC detectdhis correlated equivalent channel model shows that the

Also, since the first step of LR is to perform QRaverage power on some sub-carriers are always less than

decomposition ofl, our proposed closed-form QRthe others. A robust statistical bit loading algorithm is

can be used to simplify the computation complexit roppsed t(.) utilize this average power profile. At the
of LR. eceiver, using the structure of Alamouti STBC, a closed-

. form QR decomposition of the equivalent channel matrix

In Fig. 3, we compare the performance of these fow derived which simplifies computation complexity of
STBC-IC detection schemes with the statistical bit loading| the interference cancellation schemes involving QR
scheme. It can be seen that the QR detector has almg@stomposition. Simulation results show that our proposed

the same performance as the linear MMSE detect@gheme achieves 3.5 dB SNR gain at BER) .
However, with ordering, about 1dB gain can be obtained

at BER=10—* while LR can achieve about 3 dB gain.
Also, the slope of LR is different from the other schemes, _ _
which shows that LR can achieve a higher diversity ordef! Rt-Choi, M. T. Ivrlac, R. D. Murch, and W. UtschickDn

. L ." strategies of multiuser MIMO transmit signal processingEE
In Fig. 4, the advantage of our proposed statistical bit Trans. on Wireless Communications, vol. 3, no. 6, pp. 1938119
loading algorithm is shown with LR detector, where it  Nov. 2004.

ot ; ; ; ] N. Al-Dhahir, Overview and comparison of equalization schemes
can be seen that the statistical bit loading algorithm hal$ for space-time-coded signals with application to edge IEEE

about 3.5dB gain at BER®~*. Fig. 4 also gives the Transactions on Signal Processing Special Issue, Octdifi. 2

performance without synchronization errors, which meang] W. hZTang and I>< Maperformance analyf]is for V-BLAST systems
_ ; with linear equlization CISS, JHU, March, 2005

the average power on all the sub carriers are the same and o™ "0 Sher and 0 B Huber new loading algorithm

no statistical bit loading scheme is needed. Thus, we can for discrete multitone transmissipriGlobal Telecommunications

see that the statistical bit loading scheme is more robust conference, 1996, Globecom96.
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