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Abstract— This paper considers a downlink
multiple-input multiple-output (MIMO) multi-
carrier code division multiple access (MC-
CDMA) system with pilot aided channel esti-
mation (PACE) and iterative channel estima-
tion (ICE) in the receiver. Exploiting orthogonal
space-time block coding (STBC), we investi-
gate ICE schemes as a simple extension of
PACE using estimated data chips as additional
pilots. Due to the superposition of different
users’ spread data signals, zero-valued chips
can occur after spreading, which can cause
noise enhancement when using data estimates
as reference signals in ICE. Hence, we propose
MIMO channel estimation methods to over-
come the above problem. Simulations results
for PACE and ICE were computed for a realis-
tic outdoor MIMO channel model and high data
rates. They demonstrate that ICE can nearly
double the throughput compared to PACE for
high data rates.

Index Terms— channel estimation,
MC-CDMA, MIMO channel model, STBC

INTRODUCTION
Orthogonal frequency division multiplexing
(OFDM) [1] is a suitable technique for
broadband transmission over multipath fad-
ing radio channels achieving high data rates.
In addition to the coherent OFDM modula-
tion, spreading in frequency or time direction
is introduced for multi-carrier code division
multiple access (MC-CDMA). MC-CDMA is a
promising candidate for the downlink of future
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mobile communication systems and has
been implemented in experimental systems
by NTT DoCoMo [2] and the European IST
projects MATRICE [3] and 4MORE [4]. High
data rate MC-CDMA systems can additionally
employ multiple-input and multiple-output
(MIMO) techniques, e.g., the Alamouti space-
time block code (STBC) [5].

Coherent STBC OFDM systems require
channel state information (CSl) at the re-
ceiver. Thus, pilot symbols are often periodi-
cally inserted into the transmitted signal to
support channel estimation (CE). First, CE is
performed using the least-squares (LS) algo-
rithm on pilots only; then we interpolate these
localized estimates (LEs) on the time-
frequency grid, exploiting correlations of the
time- and frequency-selective radio channel.
In case of pilot aided channel estimation
(PACE), the interpolation is achieved by cas-
cading two one-dimensional (1D) finite-
impulse response (FIR) filters whose coeffi-
cients are based on the minimum mean
square error (MMSE) criterion [1].

To further improve PACE, [6], [7], and [8]
use previously decided data symbols as ref-
erence in iterative channel estimation (ICE).
In [7], the authors propose an ICE algorithm
for OFDM that feeds back information from
the output of the channel decoder to the es-
timation stage to reduce decision feedback
errors. Since the CE gets additional informa-
tion from the estimated data symbols, ICE
achieves a further reduction of the bit error
rate (BER).

Previously, we proposed several MIMO
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Fig. 1. Downlink MIMO MC-CDMA system with ICE

MC-CDMA systems and studied the effect of
CE errors on these 4th Generation (4G)
schemes [9]. In [8], we proposed SISO ICE
methods. In this paper, we extend the idea of
ICE to a MIMO MC-CDMA system with
Walsh-Hadamard (WH) spreading codes,
and propose modified LS (MLS) methods to
solve the problem of zero-valued chips after
spreading. At the transmitter, we employ or-
thogonal STBCs, such as the Alamouti
scheme. We compare the performance of
PACE and ICE for a downlink MIMO MC-
CDMA system with two transmit and two re-
ceive antennas. Simulation results are ob-
tained for a realistic outdoor MIMO channel
based on the 3GPP/SCM MIMO channel
model [10], [11].

SvYSTEM MODEL

Fig. 1 represents the block diagram of the
downlink MIMO MC-CDMA system with ICE.
At the transmitter, a binary signal of a single
user out of K active users is encoded by a
channel coder and interleaved by a random
bit interleaver. The bits by (Fig. 1(b)) are
modulated and serial-to-parallel converted to
M data symbols per user in an OFDM sym-

bol. After spreading with a WH sequence of
length L (L < K), the spread signals are com-
bined and serial-to-parallel converted to form
the data symbol vector

S; :[Sl,l,...,

N, =M - L denotes the number of subcarriers
per OFDM symbol, / the OFDM symbol num-
ber, and 9 the set of data symbol positions in

T, . :
SNCJ} (l€9). In this paper,

a frame. Next, S, (Fig. 1(a)) is space-time

coded and each S} (le 9, m=1...,Ny) is
multiplexed together with pilot symbols
Spt (I'e®, m=1,...,N,,). ¢ denotes the set

of all pilot symbol positions in a frame. Here,
Nrx subsequent full OFDM pilot symbols are
inserted at the beginning, in the middle and
at the end of each frame (Fig. 1(c)). For each
transmit antenna, a unique WH spreading
code is applied to the pilot symbols in time
direction. If the time variation of the channel
is small enough over the consecutively
spread pilots, the pilot symbols for each
transmit antenna can be despread at the re-
ceiver to obtain LEs of the CSI. Here, we as-
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sume that the pilot and data sets are disjoint,
i.e., 2n9=C . The resulting Ny frames
with N, subcarriers and N, OFDM symbols
are OFDM modulated and cyclically extended
by the guard interval (GI) before they are
transmitted over a time-variant MIMO multi-
path channel, which adds white Gaussian
noise.

The received symbols are shortened by the
Gl and OFDM demodulated for each of the
Ngrx receive antennas. Then, the received

pilot symbols @f (I'e?, p=1,...,Ny) are
separated from the received data symbols
RP (1€ 9), and fed into the CE. In the initial

iteration (i = 0), the CE only uses pilot sym-
bols to estimate the CSI. After demultiplexing
and space-time decoding the received data

symbols B;’ (le9), either one multi-user

detector (MUD) or K single-user detector
(SUD) blocks return soft-coded bits 5 of all

users [8]. Subsequently, the bits are used to
reconstruct the transmit signal

5}”"" (le 9, m=1...,N.),in ICE (Fig. 1(a)).
In the ith iteration of ICE (i > 0), the CE ex-

ploits the received pilot symbols 5;? (I'e ),

the received data symbols gf (le9), and

the reconstructed
c(),m
5

transmit signal
(/ € 9) to improve the accuracy of the

CSI estimates. The newly obtained CSI esti-
mates are fed back to the space-time de-
coder and the MUD/SUD block to improve
the estimates of the transmitted bits. The
next section describes PACE and ICE and
investigates how ICE needs to be adapted for
a downlink MIMO MC-CDMA system using
orthogonal STBCs.

CHANNEL ESTIMATION
Pilot Aided Channel Estimation
(PACE)

Since the pilot symbols for different anten-
nas are transmitted on the same positions,
we first need to compute LEs of the CSI for
each pair of transmit and receive antenna.
For notational convenience, we drop the sub-
carrier and symbol index. Nrx consecutive
pilot symbols in time direction at each trans-
mit antenna are then given by

Sy
Col=w -8, (1)
Sm

where w, is column m of the Nrx X Nrx
WH spreading matrix [1] and S is a pilot
symbol. Note, v_vIv_vp is one only for m = p

and otherwise zero. The averaged LE H™”
of the channel transfer function between
transmit antenna m and receive antenna p of
the pilot symbol block is obtained by the LS
estimate; i.e., we despread the Nrx consecu-

tively received pilot symbol R/,...,R} ~ with
the WH spreading vector w
Ry
— 1 ] .
H" ==w | :© | (2)
ST .,
Nrx
Assuming that the channel is approxi-
mately constant for the length of w , we ver-

ify
e (3)

where Z” denotes an equivalent additive
white Gaussian noise component at receive
antenna p.

The final estimates of the channel transfer
function are obtained from the LEs H™?’ by
two-dimensional (2D) filtering:

H = > w,H%, Hnles (4)

{n0Yes,,

where a,., is the 2D FIR filter. The subset
7 <9 is the set of LEs H"” used to ob-
tain H".

The optimum solution of (4) in the MSE
sense is the 2D Wiener filter [1]. Assuming
the delay and Doppler power spectral densi-
ties (PSDs) to be statistically independent,
the 2D filter can be replaced by two cas-
caded 1D filters, one for filtering in frequency
and one for filtering in time direction. Since in
practice the channel statistics are not per-
fectly known at the receiver, the CE filters are
designed robust using for example a uniform
Doppler PSD ranging from —f, ~to f, .

Note, the maximum Doppler frequency f; .,

of the channel can be different from the
maximum Doppler frequency f, of the CE

filters.
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Iterative Channel Estimation (ICE):
localized estimates (LES)

We investigate ICE in detail for a MIMO
MC-CDMA system. After reconstructing the
transmitted signal from the estimated infor-
mation bits, the estimated data symbols and
the transmitted pilot symbols form the set
See =PV 9P of reference symbols known at

the receiver. The set 9. defines the com-

plete frame of pilot and data symbols. When
employing orthogonal STBCs, we can exploit

the orthogonality to compute HO™ n the
case of the Alamouti scheme, (2) becomes
for the data estimates

S ()L 5 P ]
{H”‘ ”’}_i ) S {Rﬂ
FO2r (5(1') )2 _(Ez‘f)) (51(1)) R

(07 = sl 1

(5)
with 1/y =0 to obtain the LS LEs. Setting y
equal to the signal-to-noise ratio (SNR) re-
sults in the biased MMSE LEs.
Note that due to the superposition of WH

spread data signals, S/” and S can be

both zero. For instance, a zero-valued chip
occurs with 2% probability for a 4-QAM sym-
bol alphabet and a WH spreading code of
length 32. Consequently, if we do not want to
cause small amplitude chips noise enhance-
ment in ICE, we need to take special care
when computing the LEs at the data symbol
positions. Therefore, we propose two solu-
tions to compute channel estimates H®"”
with a compromise between performance
and extra complexity.

MLS1) Our first simple solution will avoid

noise enhancement in each iteration of

ICE:
(50)[=(89) (s@) | LR

F](f)ylyp
goer |~

if (5@ )2 > P

0 ()2
|:0} if (5©) < P
(6)

However, if the MLS1 estimation is applied
directly to (4) for data estimates, the CE will
be biased as the average input power of
the received reference symbols has
changed. To avoid this bias, we introduce a
weighting factor between the computation

of LEs in (5) and the subsequent filtering in
(4), acting as reliability in the following.
MLS2) Our second solution respects

the reliability of 7977 = (s©)". (7
Consequently, the filter coefficients in (4)
when exploiting (7) will be recomputed as

1 12
R _ 5 ()
@y = (& . ) @,

S (89) @

1,

{n'[}ed,,.
(8)
Thus, we avoid noise enhancement for

small amplitude values of the data esti-
mates and the biased estimate.

Iterative Channel Estimation (ICE):
Complete Algorithm

For ICE with one or more iterations (i > 0),
the following steps have to be executed in
each iteration:

1. Reconstruct the transmit signal

o m

S, Vie9 from the estimated information

bits. Note that we used hard decision de-

coding in the simulations.
= (D)m,p

2. Calculate the LEs H,
ing to (5) or (6).
3. Obtain the final estimate of the channel
transfer function between transmit antenna
m and receive antenna p through filtering
the LEs over the set 4. of all reference
symbols, i.e.,
"= Y e O,
{n'1}es, 1 (9)
1 S Jce {n'l'}e 9

VIl e 9 accord-

where o). is the Wiener filter coefficient

obtained for iteration i. To simplify the proc-
ess, we will first use a 1D filter in frequency
direction over adjacent subcarriers. The
coefficients are pre-computed from a ro-
bust Wiener filter. If we chose the MLS2
solution the frequency filter coefficients for
the 1D filter in frequency direction are mul-
tiplied in addition with the reliability

(59)" as in (8). Next, another 1D robust
Wiener filter in time direction is applied
over adjacent OFDM symbols.

4. Use the newly estimated CSI H,,"

from (9) in the subsequent space-time de-
coder and MUD/SUD block to obtain new
estimates of the information bits.
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SIMULATIONS

This section presents simulation results for
a downlink MIMO MC-CDMA system apply-
ing WH spreading and Alamouti STBC, with
two transmit and two receive antennas, and
perfect CE (PCE), PACE, or ICE.

Simulation Parameters

At a carrier frequency of f. = 5.2 GHz, the
MC-CDMA systems transmits 32 OFDM
symbols per frame (Fig. 1(a)) divided into 768
useful data subcarriers over a bandwidth of
46.2 MHz resulting in a subcarrier spacing of
Af = 60 kHz. The size of the fast Fourier
transforms in the OFDM modulation and de-
modulation is 1024. Thus, the sampling dura-
tion is Tgy = 1/61.44 MHz = 16.276 ns. The
guard interval Tg is set to 256 Ts,. The sys-
tem uses a R, = 1/2 convolutional mother
code with generator polynomials (561, 753)s
punctured to a rate R, = 3/4, 64-QAM sym-
bols with Gray mapping, and WH spreading
codes of length L = 32. Except for the single-
user bound (SUB), where we use maximum-
ratio combining (MRC) and 1 active user, K =
32 users transmit in parallel M = 24 data
symbols per OFDM symbol that are not fre-
quency interleaved. Six pilot symbols are in-
serted into the frame as in Fig. 1(c), cluster-
ing two consecutive pilot symbols and spac-
ing the clusters 12 data symbols apart. So
out of the total 32 OFDM symbols in a frame
24 symbols are dedicated to data transmis-
sion. The resulting data rate is 124.4 Mbit/s
for 64-QAM, R, = 3/4.
In the simulations the channel is based on
3GPP/SCM definition [3], [10] for a MIMO
channel exploiting multipath angular charac-
teristics. This model provides realistic PSDs
and correlations based on the sum of rays
approach. The model parameters are
adapted to the 5.2 GHz carrier frequency and
use the BRAN E average power delay profile
[11], which refers to a typical outdoor urban
multi-path propagation. A velocity of 180
km/h corresponds to a maximum Doppler
frequency fpmax = 867 Hz. The two anten-

nas at the base station are spaced 10 A apart
and the two antennas at the mobile terminal
0.5 A apart. Resultant correlations in fre-
quency, time and space are detailed in [12],
with their effect on MIMO MC-CDMA detec-
tion.

To provide a realistic solution, we focus on
a low complexity detection, i.e., Alamouti
MMSE SUD [12], and show the results in the
worst case of fully-loaded system with 32
users. Average power of data and pilots is

% L300+
+ —+ PCE, MMSE,
== PCE,MRC. ]

10

Fig. 2: Performance of 64-QAM, R.=3/4,
180kmih.

the same, and we use a limited set of coeffi-
cients for filters, assuming the same values
whatever the modulation, noise, and iteration
i, to verify the robustness of our solutions
with parameter mismatches. Since the sys-
tem proposal uses full pilot OFDM symbols,
frequency filtering mainly mitigates noisy es-
timates; thus, we generally use 3 coefficients
at high SNR. For PACE, a robust Wiener fil-
ter is then applied in time direction with 3 co-
efficients to compute the final estimates in (4)
from the 3 LEs in (2). The Doppler PSDs are
assumed uniformly distributed with a maxi-
mum frequency f; .., - To maintain a low fil-

tering complexity in ICE, we mainly apply (9)
with 3 or 5 coefficients in time direction, on
consecutive localized pilot and data esti-
mates.

Simulation Results

In the results, E./N, denotes the total en-
ergy per bit over the average noise spectral
density at each receive antenna. In the leg-
end fXtY denotes the X and Y filtering size in
frequency and time, and #i the number of
iterations i.
Fig. 2 compares the performance of PCE,
PACE and ICE for a fully-loaded system.
Solid lines represent the BER results of ICE
schemes, and show that our solution MLS2
with a filtering over 3 subcarriers and 15 time
coefficients provides the best performance.
The slope of the curves increases with i.
When the channel is in a deep fade, the error
propagation of the hard decision feedback
degrades BER performance. However, at
high SNR, the degradation f gets down be-
low 1 dB for BER < 10™°. Our MLS2 solution
with a filtering on only 3 subcarriers and 5
time coefficients presents good results. The
channel estimation error (CEE) for PACE at
high Ew/Ny is dominated by the interpolation
error between the LEs in time direction.
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Fig. 3: Throughput for different CE and
64QAM R.=3/4.

Thus, a good filtering in time and additional
LEs using MLS reduces the interpolation er-
ror in (9) and ICE outperforms PACE at the
cost of increased complexity.

As a remark, CEE, BER and FER are not
behaving the same way. In the configuration
of Fig. 2, while the gain from PACE to ICE is
around 0.6 dB to obtain BER = 10™ and is
only slightly increasing with iterations, the
gain is superior to 2 dB for FER and in-
creases with J. Iterations allow to gather
packets of errors, and remove scattered er-
rors. Thus, we propose as better measure of
performance for packetbased transmissions
the throughput versus SNR in Fig. 3, com-
puted from perfectly received frames [10]. At
a given SNR, the data rate can double using
ICE MLS2 compared to PACE for the high
data rate and high speed scenario. For in-
stance, at 17.5 dB, PACE can hardly provide
50 Mbit/s while ICE MLS1 provides 84 Mbit/s.
MLS2 can offer 13 or 19 extra Mbit/s with 1
or 2 iterations respectively, and this differ-
ence increases with speed.

SUMMARY AND CONCLUSIONS

In this paper, we present a downlink MIMO
MC-CDMA system with WH spreading codes
and orthogonal STBCs using PACE and ICE
at the receiver. At high speeds, high data rate
scenarios become very sensitive to channel
variations. In addition to a good filtering in
time, high modulations require channel track-
ing; then, ICE is the unique solution to get
close to PCE. Since the superposition of WH
spread data signals can result in zero-valued
chips, we propose methods to use estimates
of the transmitted data as reference signals
for ICE without implying noise enhancement
at each iteration. Our MLS2 solution com-
bined with robust filtering presents better
throughput performance than traditional LS or
MMSE LEs without causing high complexity
and avoiding error propagation and noise
enhancement. As a result, MLS2 shows a

faster convergence than the other MLS solu-
tion. Moreover, this tradeoff preserves the
use of a simple robust Wiener filter optimized
for unbiased LEs, allowing pre-computed co-
efficients. We do not need to optimize a
threshold or measure precise channel pa-
rameters like noise or PSDs. Simulation re-
sults demonstrate that ICE can nearly double
the throughput compared to PACE for high
data rates.

To conclude, this work is a first step towards
high data rate solutions, and further optimiza-
tions can fill the gap to PCE. In particular, an
adaptation of the filtering with iterations and
soft decision feedback should reduce the ef-
fect of error propagation. Besides, the itera-
tive receiver should benefit from using the
soft decision feedback as a-priori information
in the detector and demodulator.
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