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Abstract—This paper investigates a downlink multiple-input estimated data symbols, ICE achieves a further reduction of
multiple-output (MIMO) multi-carrier code division multiple the bit error rate (BER).
access (MC-CDMA) system with pilot aided channel estimation Previously, we proposed several MIMO MC-CDMA sys-

(PACE) and iterative channel estimation (ICE) in the receiver. .
Due to the superposition of different users’ spread data signals, tems and studied the effect of CE errors on these 4-th Genera-

zero-valued chips can occur after spreading, which can cause tion (4G) schemes [9]. In [8], we proposed SISO ICE methods,
noise enhancement when using data estimates as reference signalin particular the modified LS ICE method to solve the problem

in ICE. Hence, we propose a MIMO channel estimation method of zero-valued chips after spreading in ICE. In this paper, we
to overcome the above problem and avoid noise enhancement iNaxtend the idea of ICE to a MIMO MC-CDMA system with
ICE. Simulations results for PACE and ICE were computed for Walsh-Had d (WH di d At the t itt
a realistic outdoor MIMO channel model. The results show that alsh-Hadamard (WH) spreading codes. € transmitter,
frame error rates of ICE are smaller than the ones of PACE. ~ We employ orthogonal STBCs, such as the Alamouti scheme.
We compare the performance of PACE and ICE for a downlink
. INTRODUCTION MIMO MC-CDMA system with two transmit and two receive
Orthogonal frequency division multiplexing (OFDM) [1] isantennas. Simulation results are obtained for a realistic outdoor
a suitable technique for broadband transmission over multipAthMO channel based on the 3GPP/SCM MIMO channel
fading radio channels achieving high data rates. In addition ieodel [10].
the coherent OFDM modulation, spreading in frequency or
time direction is introduced for multi-carrier code division Il. SysTEM MODEL
multiple access (MC-CDMA). MC-CDMA is a promising Figure 1 represents the block diagram of the downlink
candidate for the downlink of future mobile communicatioMIMO MC-CDMA system with ICE. At the transmitter, a
systems and has been implemented in experimental system®ipary signal of a single user out & active users is encoded
NTT DoCoMo [2] and the European IST projects MATRICEDY a channel coder and interleaved by a random bit interleaver.
[3] and 4MORE [4]. High data rate MC-CDMA systemsThe bitsb;, (Figure 1(b)) are modulated and serial-to-parallel
can additionally employ multiple-input and multiple-outputonverted to)M data symbols per user in an OFDM symbol.
(MIMO) techniques, e.g., the Alamouti space-time block codfter spreading with a WH sequence of lendti{L > K), the
(STBC) [5]. spread signals are combined and serial-to-parallel converted to
Coherent STBC OFDM systems require channel state fiorm the data symbol vecta$;, = [S1,,...,S~.]" ({1} €
formation (CSI) at the receiver. Thus, pilot symbols are ofteR). Here, N. denotes the number of subcarriers per OFDM
periodically inserted into the transmitted signal to supposymbol,/ the OFDM symbol number, an® the set of data
channel estimation (CE). CE is performed by interpolatingymbol positions in a frame. Nex§, (Figure 1(a)) is space-
the time-frequency pilot grid and exploiting the correlationsme coded and eacl;" ({/} € D™, m = 1,...,Ntx)
of the received OFDM signal, which are introduced by this multiplexed together with pilot symbolﬁ'ﬁ, {I'} € P,
time- and frequency-selective radio channel. Exploiting these = 1,..., Nyx. P denotes the set of all pilot symbol
correlations, the pilot aided channel estimation (PACE) ositions in a frame. HereNtx = M - L subsequent full
performed by cascading two one-dimensional (1-D) finit®@FDM pilot symbols are inserted at the beginning, in the
impulse response filters whose coefficients are based on thieldle and at the end of each frame (Figure 1(c)). For each
minimum mean square error (MMSE) criterion [1]. transmit antenna, a unique WH spreading code is applied to
To further improve PACE, [6]-[8] use previously decidedhe pilot symbols in time direction. If the time variation of
data symbols as reference in iterative channel estimatittre channel is small enough over the consecutively spread
(ICE). In [6], the authors propose an ICE algorithm for OFDMpilots, the pilot symbols for each transmit antenna can be
that feeds back information from the output of the channdkespread at the receiver to obtain localized estimates (LES)
decoder to the estimation stage to reduce decision feed-batkhe CSI. Here, we assume that the pilot and data sets are
errors. Since the CE gets additional information from theisjoint, i.e., ? N D = (). The resultingNtx frames with



N, subcarriers andvy OFDM symbols are OFDM modulated The optimum solution of (4) in the MSE sense is the 2-

and cyclically extended by the guard interval (GI) before thdy Wiener filter [1]. Assuming the delay and Doppler power

are transmitted over a time-variant MIMO multipath channespectral densities (PSDs) to be statistically independent, the

which adds white Gaussian noise. 2-D filter can be replaced by two cascaded 1-D filters, one for
The received symbols are shortened by the GI and OFDfMering in frequency and one for filtering in time direction.

demodulated for each of th¥rx receive antennas. Then, theSince in practice the channel statistics are not perfectly known

received pilot symbolslj?, ('} € P, p=1,...,Ngrx) are at the receiver, the CE filters are designed robust using for

separated from the received data symh®@fs({/} € D), and example a uniform Doppler PSD ranging fromfp,,,.. to

fed into the CE. In the initial ICE iterationi (= 0), the CE fp,,... Note, the maximum Doppler frequendy_ . of the

only uses pilot symbols to estimate the CSI. channel can be different from the maximum Doppler frequency
After demultiplexing and space-time decoding the receivefy,, .. of the CE filters.

data symbolsR} ({l{} € D), either one multi-user detector

(MUD) or K single-user detector (SUD) blocks return soft- IV. ITERATIVE CHANNEL ESTIMATION (ICE)

coded bitsh; of all users [8]. Subsequently, the bits are used |, the following, we investigated ICE in detail for a MIMO

to reconstruct the transmit signﬁfi)’m, m=1,...,Ntx,in MC-CDMA system. [8] demonstrates that due to the super-
ICE (Figure 1(a)). position of WH spread data signals zero-valued chips can

In the 4th iteration of, ICE { > 0), the CE exploits the occur in the transmit signal. For instance, a zero-valued chip
received pilot symboIsEf, ('} € P), the received data occurs with2% probability for a 4-QAM symbol alphabet and
symbolsR? ({I} € D), and the reconstructed transmit signaé WH spreading code of lengfi2. Consequently, we need to
Sl(i)’m({l} €D, m=1,..., Nrx) to improve the accuracy of takg _special care _When computing the LEs at the data _symbol
the CSI estimates. The newly obtained CSI estimates are Refitions. Otherwise, zero-valued or small amplitude chips can
back to the space-time decoder and the MUD/SUD block f&use noise enhancement in ICE.

improve the estimates of the transmitted bits. When employing orthogonal space time block codes
(STBCs), e.g., the Alamouti scheme, we can exploit the
lIl. PiLOT AIDED CHANNEL ESTIMATION (PACE) orthogonality to compute? (). This is in contrast to [7],

Since the pilot symbols for different antennas are transmithere the authors use interference cancellation to compute the
ted on the same positions, we first need to compute LEsIdEs from different transmit antennas. Exploiting the orthog-
the CSI for each pair of transmit and receive antenna. Fomnality in the case of the Alamouti scheme [5], (2) becomes
notational convenience, we drop the subcarrier and symbot the data estimates
index. Ntx consecutive pilot symbols in time direction at each ) .y
transmit antenna are then given by [ﬁl(i)’lq V2 [ St S

Ry
Cnanl = e | L el 5)
) / ) H®.2p S)2 | _(&y« (0 [RP] o
S, 8] Ty 0 (8W) (557)" (517) 2

where w,_ is the m-th column of the Nyx x Npyx WH Where " denotes the hermitian transpose of a matrix and
ing ' i i T S22 = 51124 18(V)2 Note that due to the WH spreadin
spreading matrix [1] and is a pilot symbol. Notew,,w, (S%) |57 1%+ 1557 u p ing

is one only form = p and otherwise zero. The averaged?f) and SS) can be both zero. Therefore, we propose to use
LE H™P of the channel transfer function between transmibe following estimates foff ():7-»

antennam and receive antenna of the pilot symbol block

“ (s < (s H
is obtained by despreading th¥rx consecutively received s 50 S R?
pilots RY, ..., Ry,  with the WH spreading vectan,,, i.e., (S®)2 (5‘5’))* (S’(”)* R\’
B , , T (). 1p o
HmP = EM% [Rfl’,...,R?\,TX . @) {f{(i),&p} = if (SD)2> pen,
Assuming that the channel is approximately constant for the 0 _ 4 (6)
length ofw,,, we obtain ol if (S)2 < py,.

- 1
mp _ gm.p 4 — T 7p . . :

H™P=H™" + Sme ’ ®) With (6), the LEs will not cause noise enhancement and

whereZ? denotes an equivalent additive white Gaussian noigggrade the channgl estimates in any |tgrat|on of ICE. .

component at theth receive antenna After reconstructing the transmitted signal from the esti-
The final estimates of the channel transfer function are offated information bits, the estimated data symbols and the

tained from the LES7""~, by two-dimensional (2-D) filtering: transmitted pilot symbols form the .SQICE =PU D. of
nrr OY (2-D) 9 reference symbols known at the receiver. Thelzet: defines

ﬁ;nip = Z wp  HIVP T, C P, ¥{n,l} € D, the complete frame of pilot and data symbols. For ICE with
' ' one or more iterations ¢ 0), the following steps have to be
(4) executed in each iteration:

where w, ;- is the 2-D filter impulse response. The subset 1) Reconstruct the transmit signﬂl(i)’m v{l} € D and
7., C P is the set of LESH"}, used to obtainf,";". m = 1,...,Ntx from the estimated information bits.

{nV}eTn,
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(b) Modulation and multiple access: MOD & MA (c) Downlink frame: S = synchronization, P = pilot, G = guard,
and D = data OFDM symbol

Fig. 1. Downlink MIMO MC-CDMA system with ICE

Note thatSl(z)’m has been computed using hard decisioA. Simulation Parameters
decoding. ‘
2) Calculate the LEsﬁlz)’m’p V{l} € D according to (6).
3) Obtain the final estimate of the channel transfer fun
tion between transmit antenna and receive antenna
p through filtering the LEs over the sé®cg of all
reference symbols, i.e.,

At a carrier frequency off. = 5.2 GHz, the MC-CDMA
gystems transmit32 OFDM symbols per frame (Figure 1(c))
divided into 768 useful data subcarriers over a bandwidth of
46.2 MHz resulting in a subcarrier spacing &ff = 60 kHz.
The size of the fast Fourier transforms in the OFDM modu-
lation and demodulation i$024. Thus, the sampling duration
A(z%mw _ Z W(i/)z/ H(i,);f"”’, Typ1 = 1/61.44 MHz = 16.276ns. The guard intervallgy

" (YT e is S?\t t025(§3 Tspl.hThe system ulsesﬂazmlﬂ co)nvcz{u(t?i(;rballl

’ mother code with generator polynomidlst1, 753)s, 4-

Tn1 C Prce, ¥{n, 1} €D, (7) symbols with Gray mapping, and WH spreading codes of
wherew?) , is the Wiener filter coefficient obtained forlength L = 32. In the case of 64-QAM modulation, the
the ith iteration. ‘ mother code is punctur_ed to a r_aE: 3/_4: Except for the

4) Use the newly estimated Csﬁl(z),m,p from (7) in the single-user bound (mz?\x!mum-ratlo combining (MRC), 1 user),
subsequent space-time decoder and MUD/SUD bIockg)F 32 users transmit in parallelf = 24 data symbols per

obtain a new estimate of the transmitted information bits; DM symbpl that are not frequency mtgrleaved. Six p||9t
symbols are inserted into the frame as in Figure 1(c) clustering

V. SIMULATIONS two consecutive pilot symbols and spacing the clusters 12 data
This section presents simulation results for a downlinymbols apart. So out of the total 32 OFDM symbols in a
MIMO MC-CDMA system applying WH spreading and theframe 24 symbols are dedicated to data transmission. The re-
Alamouti STBC with two transmit and two receive antennasulting data rate varies between.65 Mbit/s and124.4 Mbit/s
and perfect CE (PCE), i.e., perfect channel knowledge at ti# 4-QAM, R = 1/2 and 64-QAM, R = 3/4, respectively.
receiver, PACE, and ICE. In the simulations the MIMO BRAN E channel is based



on 3GPP/SCM definition for a MIMO channel exploitingperformance of ICE in the subsequent iterations. Thus, the
multipath angular characteristics. The model parameters #&o&al number of bit errors and the BER increases at the decoder
adapted to thé.2 GHz carrier frequency and use the BRANbutput in thesth iteration ¢ > 0), but the FER stays constant.
E channel average power delay profile [11], which refers tola the second case, the decoder can correct almost all errors in
typical outdoor urban multi-path propagation. The velocity thale received frame. So, very few erroneous bits will propagate
is studied is 180 km/h, which relates to a maximum Doppléack in ICE, but most of the bits will be correct. Hence,
frequency fp_.. = 867 Hz. Note, the two antennas at theCE degrades for very few subcarriers and OFDM symbols
base station are spaca@)\ apart and the two antennas at thand improves for almost all others. Next, the STBC decoder,
mobile terminal0.5\ apart [12]. This model provides realisticequalizer, and demodulator will input improved estimates to
PSDs and correlations in space-time-frequency based on the decoder, which now can correct some additional errors.
sum of rays approach. This will reduce the BER and the FER or keep the FER
Since the system proposal uses full pilot OFDM symbolspnstant. Consequently, ICE does not outperform PACE for
frequency filtering is omitted to obtain the final channehe BER in Figure 2(a) as at low,FNo more bad than good
estimates in (4) and (7). However, a robust 1-D Wiener filt@hannel states occur. As the FER cannot increase for bad
is applied with3 filter coefficients in time direction for PACE channel states, but can decrease even for the few good channel
to compute the final CSI estimates in (4) from the 3 LEstates, ICE always shows a small improvement compared to
(cf. (3)). To keep the same complexity for filtering in ICEPACE in the FER plot (Figure 2(b)).
the robust 1-D Wiener filter usésconsecutive localized pilot  Considering 64-QAM with a punctured convolutional code
and data estimates in time direction ((3) and (6)). The Ckth rate R = 3/4 in Figure 2(c), we first note that the
filter's Doppler PSDs is uniformly distributed with a maximundegradation due to MAI has increased fran3 dB to more

Doppler frequencyfp,,,.. = 867 Hz=0.014/Af. than 1 dB E,/Ng for PCE. The differences for PACE and
_ _ ICE have increased even more. Considering only 1 active
B. Simulation Results user and MRC detection, we infer from 2(c) that ICE does

In Figure 2, we compare the performance of PCE, PACROt converge, but degrades the BER performance with each
and ICE for the single-user bound (MRC, 1 user), a fu||yadditional itgration. In the single user case, a spread c_:hip of
loaded system with 32 users and MMSE SUD, differefife data estimates only containg32 of the energy of a pilot
modulation schemes, and coding rates. Dashed lines der®t@bol. Thus, the LEs in (6) will be5 dB more noisy and
the single-user bound and solid lines the fully-loaded systeffgrade ICE vs. PACE.

The single-user bound for PCE performs approximatelydB A fully-loaded system with MMSE SUD yields similar
better than the fully loaded system with MMSE SUD irfesults for i5/No smaller than17.5 dB. Above that /No,
Figure 2(a). The small difference is due to the fact that sprel{eE is able to outperform PACE by at mostdB. In contrast
chips are placed on adjacent subcarriers. The channel codffithe 4-QAM case, the channel estimation error for PACE at
cients of these subcarriers are strongly correlated. Hence, f#igh B/No should be mainly dominated by the interpolation
channel is not very frequency selective over these neighbori@gor between the LEs in time direction. Moreover, the number
subcarriers and causes only little multiple access interfererfefeedback errors is decreasing with increasingNe. If the
(MA|) for the fu||y-|oaded System and MMSE SUD. In theBER of the initial iteration in |CE, i.e., the BER of PACE,
case of PACE and ICE, the difference between single-udérbelow 107*, there are only very few feedback errors in
bound and fully-loaded system increasesit8 dB as the a frame. Thus, the additional LEs from (6) will reduce the
channel estimation error causes additional MAI. interpolation error in (7) and ICE can outperform PACE at

Apparently, ICE does not show any improvement ovepe cost of increased complexity.

PACE in Figure 2(a). However, when comparing the frame Examining the FER in 2(d), we observe that in the single
error rate (FER) for the same simulation scenario, we alwayger case ICE degrades compared to PACE due tdtdB
experience a small improvement of ICE vs. PACE in Fighore noisy LEs. However, the FER does not increase with
ure 2(b). Note that we use only hard decision feedback to tAgditional iterations. For a fully-loaded system, ICE always
channel estimation and no feedback information for the STB®Itperforms PACE as previously explained. In contrast to
decoding, detection, or demodulation. The iterative receivrQAM, there exists a significant gain in,BNo at a FER
can only improve the performance if the channel estimat@s10~> for ICE vs. PACE, which isl.5 dB and2 dB with 1

due to the additional data symbol estimates are improved. f§)d 2 iterations in ICE.

demonstrates that ICE can mainly compensate interpolation
errors if B,/Ng is large enough. However, in the low, BNo
region for 4-QAM in Figure 2(a), the channel estimation error In this paper, we present a downlink MIMO MC-CDMA

is mainly due to the noisy pilot and data estimates. system with Walsh-Hadamard spreading codes and orthogonal

Furthermore, the hard decision feedback will cause err8TBCs applying PACE and ICE at the receiver. Since the su-
propagation. Taking a closer look at the error propagation, ywerposition of Walsh-Hadamard spread data signals can result
can distinguish the following two cases. In the first case, tle zero-valued chips after spreading, a method must be found
channel decoder can correct only few errors in the receivdtht avoids noise enhancement in ICE. In ICE, hard decided
frame for theOth iteration of ICE due to a bad channekstimates of the transmitted data are fed back as reference
state. Then, error propagation will further decrease the Gifnals to the channel estimation. Orthogonal STBCs enable

V1. SUMMARY AND CONCLUSIONS
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Fig. 2.

the computation of localized channel state information for the]
estimated transmit data. Thus, we propose a MIMO channel
estimation method for ICE that avoids noise enhancement.
Simulations were carried out using a realistic outdoor MIMQ[3]
channel based on the 3GPP MIMO channel model. The resu
demonstrate that ICE can improve bit error rates over PAC
only at high E/No. However, ICE can improve PACE for
small to medium §/No when comparing frame error rates. [6]
To conclude, frame error rates seem to be a better perfor-
mance measure for ICE than bit error rates. We further need [g
study the performance of soft decision feedback to reduce the
effect of error propagation. Finally, the filtering in ICE s:hould[8
adaptively take the reliability of data estimates into account.
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