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## 4570741421 : MAJOR ELECTRICAL ENGINEERING
KEY WORD: PILOT-SYMBOL / CHANNEL ESTIMATION / MC-CDMA / MIMO / UPLINK

WILAIPORN  LEE : PILOT-SYMBOL-AIDED CHANNEL ESTIMATION FOR
UPLINK MIMO MC-CDMA SYSTEMS. THESIS ADVISOR: ASSOC. PROF.
SOMCHAI JITAPUNKUL, Dr.Ing. 138 pp. ISBN 974-17-7076-6.

In this thesis, a novel scheme of pilot transmitting for the Pilot-Symbol-Aided
channel estimation and a novel scheme to improve channel estimation are proposed.
First, this thesis proposes a novel scheme of pilot transmitting for the Pilot-Symbol-
Aided channel estimation for uplink MIMO MC-CDMA systems, which can support
more number of concurrent users. The pilot sequences are constructed by means of
orthogonal design in order to reduce the complexity of inverse matrix process in LS
algorithm therefore the overall complexity reduces dramatically. Second, this thesis
also proposes another novel method for improving the accuracy of channel estimation
when multipath channel includes the paths with non-integer time delay. In addition,
this thesis proposes the new technique to improve channel estimation during the data
symbol transmission which is able to track the varying channel with high Doppler
spread. Finally, simulation results demonstrate that the proposed scheme of pilot
transmitting for the Pilot-Symbol-Aided channel estimation can support more number
of concurrent users and the method for improving the accuracy of channel estimation
when multipath channel includes the paths with non-integer time delay outperforms the
conventional method. Furthermore, ‘the proposed. method is also able to track the

varying channel with high Doppler spread.
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MSE =%(ﬁ —h)2 (2.29)
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Channé Estimatio for the Uplink of MIM O
MC-CDMA Systens
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Abstract—In this paper, a new schere of transmit trainin g
sequene is proposal for estimating the time-varying channd
in the MIM O MC-CDM A system The key idea behind the
presented scherre is to stretch out the existing pilot-symbol-
aided approach with single multicarrier pilot symbd to our
extendal one with multipl e multicarrier pilot symbols Rather
than the limitation of M < |K/L| in the conventiond method,
the proposel schene can support more number of concurrent
users under the derived relation M < |T x K/L|, where |e]
denotes the operator to find the leag integer of e, and 7', K,
M, and L are represental respectivey as contiguous training
sequene period with all T pilots, number of subcarriers, number
of users or number of transmit antennas and number of multi-
path or nonzero taps. Numerical simulations are conducted to
demonstrate the advantage of longer trainin g period proposed
It appeard that in the situation where M < |K/L]|, the new
schene almog yields the same performance as the conventiond
method under the same of typical urban delay profiles. As
expectel in the condition M < |T x K/L|, the conventiond
approach fails to carry out, where as our technique based on the
multipl e multicarrie r pilot symbols still be possibk to handle the
encounteral situation where the number of users is higher.

I. INTRODUCTION

Multicarrier coce division multiple acces (MC-CDMA) [1],
[2], which is a combination betwea the orthogoné frequeng
division multiplexing (OFDM) and the dired sequene code
division multiple acces (DS-CDMA), is one of the mod
promisirg technologis to enabé the high-rae communicatio
in the nea future MC-CDMA. It is more robug to the
multipath fading and timing synchronizatia than the single
carri¢ DS-CDMA. In addition similar to othe multicarrier
modulation techniquesMC-CDMA has high spectra utiliza-
tion efficieng/ becaus-of .the overlapirg spectra Compare
with the OFDM, MC-CDMA can achiee highe leved of
frequenyg diversity It also gairs severd advantage from
the rich literatures in the DS-CDMA contexs sudh as the
employmenm of multiuse detection sott handoff etc

The use of multiple transmi and receive antenna (or
multiple input multiple output MIMO, technology has alo
receival much attention due to its potentid to suppot large
capaciy in wireless communicatia systens [3], [4]. MIMO
technoloy exploits rich scatteriig natue of the mobile chan-
nels as a nev dimensia for signd separationRecently the
MIM O technolog has been integratel with the OFDM ard
the MC-CDMA system

In orde to successfull deted¢ the transmittel symbol the
MIMO MC-CDMA systen requires channé estimation to
enabé the cohereh combining Severd channé estimatim
technigqus for the MIMO OFDM systen can be applied
to the MIMO MC-CDMA. In this paper we focus on the
realistc pilot-assistd channé estimatian techniqueln [5], the
2 tranmt 2 receiwe antenna systen was consideredThe Leag
squae (LS) estimate was propose ard its performane in
the terms of mean squae erra (MSE) was analyzed Baseal
on the MSE analyses the optimum training sequene was
constructedIn [6], the estimato in [6] was extendd to the
more generd M transmt N receive antenna case In [5]
ard [6], the equivalemn sample space time-doman impulse
respone mode is exploited ard the estimato requires only an
OFDM symbad from ead transmi antenm to estimae M x N
different channel The maximum numbe of M is limited by
the numbe of subcarries K and the numbe of nonzep taps
L. This maximun allowane of M may be insufficiert to
suppot the requiremen of large numbe of uses in the MC-
CDMA system

In this paper we propo® a generalizd estimato with
a capabiliy to suppot ary desirel numbe of M. Numbe
of requirel pilot symbok is varied accordig to M, K,
and L. The proposéd estimato was evaluate by compute
simulations Simulation resuls demonstrate merits of our
proposé technique

The reg of this pape is organize as follows. In sectim
II, the MIMO MC-CDMA systen modé is described The
conventionhchanné estimate is reviewel in sectio Il and
the propose- estimato is presentd in sectio IV. Simulatin
resuls and. discussio are presentd in sectimm V. Finally,
section VI concluds this paper

II. DATA MoODEL FOR MIM O MC-CDMA

Conside the uplink scenam of a MIMO MC-CDMA
systen in the presene of frequency-selecti multipath The
overal schemat is shav in Fig. 1, where the i-th transmi
antennais locatal at the i-th MS (i € {1,2,...,M}) ard N
receie antenna are placed on BS. Sud a systen is denotel
asa M x N MIM O MC-CDMA system In Fig. 1, the origind
dat bit of the i-th use a symbd duration n, designatd
by b;[n] (b;[n] € {—1,1} for BPXK constellation) is copied
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Fig. . MIM O MC-CDMA System

into ead subcarrie and then multiplied by a chip of the i-
th use signatue sequencec;(k). The sprea dag symbd
s;[n]€{—1,1}%*1 can be expressd as

si[n] = by[ale, (K = 1)]"

(@)
wherr K is the totd numbe of sub-carriersAt the transmit-
ting end the sprea data symbok are modulatel onto the k-th
subcarrie by using the inverse Fag Fourie transfom (IFFT),
and then transmittel by the antenm for its correspondig
strean after insertirg the guad intervd (Gl). Therefore all
M transmi antenna simultaneougl transmi the sprea data
symbols After removirg Gl, the receival signak at eadh
antenna which can be regardé as the superpositia of all
distortion transmittel signals can be representa in frequeny
doman via the Fag Fourie transfom (FFT). The receivel
signd at the j-th antenm of the symbd duratian n, denotel
by r[n, k] € CN>*1, can be written as

ry[n, k:]]T

@

where ke€{0,1,..., K—1} istheindex of subcarrierAssurre
that a perfed sampe timing is provided in sud away that the
underlyirg Gl are long enoudp to mitigate the ISI effect Then
the receiwe signd vecta r[n, k] at the k-th subcarrie of the
symbd duratian the n-th from the j-th receive antenma can be
expressd as

r[n, k] = [7“1[71, k] ra[n, k]

r[n, k] = Hn, k|s[n, k] + win, k]| (3)

where Hn, k] € CV*M js the channé respone matrix of the
k-th subcarrie of the n-th symbd duration written as

hll[n,k] hMl[n, k]

H[n, k] = (4

hyn([n, k] harv[n, k]

Correspondig to the k-th subcarrie of the n-th sym-
ba duration the vecta s[n, k] € {—1,1}*! in (3) de-
notes transmittel signak and wn, k] € CV*! represers the
additive zero-mea Gaussia noie vecta with covariane

E(win, k]wh[i, k]) = 0216, (6,4, Wher d. o signifies the
Kronecke delta function

For the i-th transmt and the j-th receive antennathe vecta
h;;[n, k] € C1*1 is the (i, j)-th entry in H[n, k]. In accordiry
to the channé time responsgthe channé frequeny respone
can be representa as [5]

L-1

hij[n k] =) hajln, TWR
=0

where Wy = e~*™/K) with » = /1, and T}, Ty, ard Af
are the block length the symbd duration and the subcarrie
spacing respectively We then have 7, = 1/Af ard Ty =
Ty + T, where T, is the duratin of the guad interval It
can be assumd that the impulse respons sample &t a rate
of KAf has L nonzeo taps

Let us introduce two vectos h;j[n] € CE*! amd h;;[n] €
CH 1 due to the i-th transmi ard the j-th receive antenm at
the n-th symbad duratian as

(®)

hijln, L—1]]"  (6a)
hyjln, K —1]]" (6b)

[, [n] = [hij[n)o] hij[na 1]
hij [n] = [hu [n70] hij [nv 1]

for the time domah with L patts and the frequeng domain
with K points of DFT, respectively.

IIl. CONVENTIONAL CHANNEL ESTIMATION FOR MIMO
MC-CDMA

For taking into accoun OFDM, a MIMO channé time
respone estimatoy which is optimum in the minimum mean
squae erra (MMSE) sense has bean proposd in [5]. Here
we recal the concig description of sud a channé estimato
in orde to accour for the MIM O MC-CDMA system

During the training period the transmittel signak for eadh
antenna i.e, s;[n, k] ;Vi € {1,2,...,M}, are of coure
known When the systen is in the dai transmissia mode,
decodd dat are usal to generat the referene signals In
sectin Il, the receival signd at the j-th antenm can be
expresse as

B [
T sy | ™
r;[n, K- —1] hj;[n]

where S[n] € {—1,0,1}E*x(MEK)) js defined as

S[n] £ [diag(s1[n]) diag(s2[n]) diag(sn[n])] (8)

with
s1[n, 0] 0 e 0
. 0 si[n,1] ... 0
diag(si[n]) = . . ) .
0 0 si[n, K — 1]

©)



Note tha S[n| is rank-deficientNext we may write

hy;[n] D O ... O] [hyln]
hll] |0 O D| i,
J . mj[n] (10)
hy;[n]
_q| ™
hasjn)
with Qe (M *MD) definad by
D O ... O
O D ... O
Q= (11
O O ... D
Substitutiry the reg of (10) into (7), we hawe
han] rj{n, 0]
hoiln r '[TL, 1]
2]_[ H_ (xHx)-ixH | 12
ile [n] rj[n, K — 1]
where X € CEXML js definal as
X 2 5Q. 13)
In the above the DFT matrix D € CE *% is given by
1 1 1
D1 i Wi 14
1 % W;(K_%

Here we provide a simple analyss on-the existene of the
abow solution in (12).

Remak 1: Accordirg to (12), the pilot-symbol-aide chan-
nd estimatim need to calculae the inverse of X"X. It is
worthwhile to emphasie tha (X"X)~! is computabé when
the matrix X defina in (13) is of full rank Since the matrix Q
defina in (11) is of full rank we haweto confine oursef to the
condition K > M L for the existene of chann¢estimate This
immediatey reveat the limitation implicit in the propose
approab [5]. Strictly speaking the single multicarrier. pilot
symbd shown abow is thus affordabk to ded with only
M < | K/L] numbe of transmt antennaswhere |e| denotes
the operato to find the leag intege of e.

IV. PROPOS®H CHANNEL ESTIMATION FOR MIM O
MC-CDMA

Normally, the mobile communicatio hawe to accommodate

large numbe of users which implies the requiremenof large
numbe of transmi antennasTherefore the single multicar-
rier pilot symbd schene may not be able to suppot sudh
requirement

T time

Fig. 2. Proposd schene of multiple multicarrig pilot symbols

In order to enabé larga numbe of transmi antennaswe
propo® a new pilot-symbol-aide channé estimation scheme.
The proposé techniqee is basel on multiple pilot symbols
rathe than only single pilot symbol The so-calla “multiple
multicarrie pilot symbol$ can be illustrated in Fig. 2.

First, we derive the proposé schene in time domain As
sea in (3), we exterd the expressia in multiple pilots for
estimatiry the channé responseLater, it can be shown tha
the maximun numbe of allowabk transmt antenma in our
proposeé channé estimation schene is large tha provide by
the previows approach.

We will presenh the expressia to estimaé the channé
respons only at the j-th receive antenmfor the sale of conve-
nience An extensim to the othe receiwe antenna is straight-
forward In accordiry to (7), we refer thene{1,2,...,T}-th
symbad duratian as the p-th pilot. Let us defire the received
vecta r;[p] € CKX*1 at the p-th pilot as

rj[ 7K—1] }T

r;[pl = {rlp, 0} “1;lp, 1] (15)

We assune the channéis nat vary over the training sequene
periad and pilot hawe to be serd contiguousy in 7' time, i.e,,

hijlpl = hij[p]  ;Vp,pe{l,2,...,T}. (16)
rj[1] hy;[p]
rj :[2] 1 hy J [p] (17
r;[T] hyy;[p]
where T € {—1,0, 1}{(TK)x(MK) js defined by
diag(s1[1]) diag(sp[l])
T diag(.sl[Q]) dz'ag(s'M [2]) 18)

diag(s,[T) diag(sy 1)



Unde the sarre line of (10), one can procee on

hylp] ] [Q] [hulp

hojlp] | Q] | Ayl
hlpl] Q) Lhw, (19)

I}lj [p]

_p hzg; [p]

s, )

where the matrix P e C{M ) *ME) s implicity definad in
(19). Let us introdu@ Y £ TP e C(TK)X(ML) jn orde thet

r;[1] ha[p)
rj [2] _v hs J [p] 20
r;[T] izM'j [p]

Propositin 1: Basal on the multiple multicarrier pilot
symbols we can find the channé estimaé in time doman
from

hyjlp) r,[1]
m@ T @] i
}AL ]\4.]' [p] r; [T}

Remak 2: Note tha the matrx Y in (21) is of size
(TxK)x(MxL),wheeT, K, M, and L are represented
respectivef as contiguots training sequene periad with-all 7'
pilots, totd of subcarriernumbe of use or numbe of transmi
antennasand numbe of multi-pat or nonzeo taps In (21),
the quantiy (Y"Y)~! can be found if (M x L) is less than
or equa to (T x K). Henceforth the proposé schene systen
can suppot the numbe of uses unde the regulation of

M<|T x %J. (22)

In the condition of M < |K/L|, it follows from the

expressia (22) tha the channé estimatian in this-way-will

outperfom the methal utilized single multicarrie pilot. sym-

bol. Furthermore the extende methal enable us to a more

variety of allowabk transmi antenm numbe with respet to
the previows one

V. COMPUTER SIMULATION S

To demonstra the performane of the channé estimation
compute simulatiors are conducte by using the spreadig
cocke of MC-CDMA in (1). Before presentig the numerica
results we first descrile the parametes to be simulatel in
MIM O MC-CDMA systems

3L
— Proposed scheme
- - - Conventional scheme

L L
0 2 4

é 1‘0 1‘2 1‘4 1‘6 18
SNR (dB)

Fig. 3. Performane comparisa of the conventionaschene ard the proposel
schene channé estimato with systen |.

A. Systen Parametes

Channé with the typicd urban (TU) delay profile [8] ard
the links betweea differert transmi or receiwe antenna are
independentHowever they hawe the same globd statistics

To evaluaeé the performane of our propose algorithms
the compute simulatiors are conducté via assumig Binary
Phag Shift Keying (BPSK) modulation We presen two
scenaris whethe the relatimn M < |K/L] is satisfie or
not Thet is we first assune tha ther are 2 concurreh uses
as employal in conventionh schene [5], and secondly we
assune tha there are 8 concurreh users Note tha the numbe
of uses in the secom scenarm is over the limitation of
conventionhscheme We assign the pseud randon sequene
of length 128 for sharirg to a channé with 128 sub-carriers
The Rayleich distributed channé is simulatel in conjunction
17 paths The users datl symbok are detectd by Zero-
forcing technigue The pilot is generatd by randomizirg the
slp, k] € [—1,1] for all users In addition othe simulati:n
parametes are summarize in Table I.

Table | Simulation Parametey

Paramete Systen | Systen I
T 1 time 2 time
M 2 8
N 2 8
K 128 128
L 17 17
limitation of M | 128/17 =7 | 2*(128/17) = 14

where T' denoe Transmi pilot schemeM, N, K ard L are
Transmt antennasReceie antennasNumbe of subcarrier
and Numbe of nonzep taps respectively

B. Simulation Resuls

The systen performane is measurd by the well-known bit
erra rate (BER), which is averagd over 10,00 MC-CDMA
symbd duration The lag row of table is signify limitation of
conventionhschene abou numbe of transmi antennas

Figs 3 ard 4 plot the BER versts signal-to-noig ratio
(SNR) for 2 concurreh uses and 8 concurreh users re-
spectively Unde the sane typicd urban delay profiles the
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Fig. 4. Performane comparisa of the conventionaschene ard the proposel
schene channé estimato with systen Il.

proposéd schene almog yields the sane performane as
estimatel by the conventionh schene in Fig. 3. Fig. 4 is
intendel to demonstrat tha the conventionh schene fails to
estimaé the channé becaue the numbe of uses is ove its
limitation, wherea the proposeé schene still suppors the high
load system

VI. CONCLUSION

A new pilot-symbol-aide channéestimation schengis pro-
posel for uplink situatian in the MIM O MC-CDMA systems
The proposé techniqee is basel on multiple pilot symbok
rathg than only single pilot symbol Maximum numbe of
allowabk transmi antenm numbe was derived from the
new solution The relationshp of this indicata betwea the
propose schene and the previols one can be see by mean
of the multiple pilot factar 7'. It appeard tha the numbe
of uses to be handlel by the nev methal is highe with
T times compare with the previows approach Unlike con-
ventiond schemesthe proposé technigwe is more suitabk
in the practica seng than the conventiom schems since it
can provide more numbe of users In addition the technique
proposé heren can be implied to be applied in MIMO-OFDM
as well.
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Abstract

In wireless communication systems, the use of multiple
antennas at both transmitter and receiver, called multiple-
input multiple-output (MIMO) architecture, is one of the
most promising techniques to improve spectral efficiency
and performance communication links. This paper pro-
posed a new scheme of training sequence transmission for
estimating the time-varying channel in the MIMO MC-
CDMA system. Such training sequences can be regarded
as an optimal manipulation by mean of orthogonal design.
The proposed scheme can support more number of users
than the conventional scheme. The optimum training se-
quences reduce the complexity of the channel estimation at
the compensation of a negligible performance degradation.
The proposed estimator was evaluated by computer simula-
tions to demonstrate the merits of proposed technique.

1 Introduction

Multicarrier code division multiple access (MC-CDMA)
[2, 8] that is a combination between the orthogonal fre-
quency division multiplexing (OFDM) and the direct se-
quence code division multiple access (DS-CDMA), is one
of the most promising technologies to enable the high-rate
communication in the near future. MC-CDMA is more ro-
bust to multipath fading and timing synchronization than
the single carrier DS-CDMA:. In addition, the same as other
multicarrier modulation techniques, the MC-CDMA has
high spectral utilization efficiency because of the overlaping
spectra. To compare with the OFDM, the MC-CDMA can
achieve higher level of frequency diversity. It also gains sev-
eral advantages from the rich literatures in the DS-CDMA
contexts, such as the employment of multiuser detection,
soft handoff, etc.

The use of multiple transmit and receive antennas (or
multiple input multiple output; MIMO ) has also received

much attention due to its potential to provide large capacity
in wireless communication systems [1, 5, 7]. MIMO tech-
nology exploits rich scattering nature of the mobile chan-
nels as a new dimension for signal separation. Recently, the
MIMO technology has been integrated with the OFDM and
the MC-CDMA system.

In order to successfully detect the transmitted symbol,
the MIMO MC-CDMA system requires channel estimation
to enable the coherent combining. Several channel estima-
tion techniques for the MIMO OFDM system can be ap-
plied into the MIMO MC-CDMA. For the system with 2
transmit and 2 receive antennas, the least square (LS) es-
timator was proposed and its performance in the terms of
mean square error (MSE) was then analyzed in [4]. Based
on the MSE analyses, the optimum training sequence was
also designed therein. In [3], the LS estimator was further
extended to support the general M transmit and IV receive
antennas case. In [4] and [3], the time-domain impulse
response model of equivalent sample space was exploited
and the estimator required only one OFDM symbol in each
transmit antenna to estimate all M x N different channel.
The maximum quantity of M was limited by the number
of subcarriers K and the number of nonzero taps L. This
maximum allowance of M should be insufficient to support
the requirement of large number of users in the MC-CDMA
system.

This paper focuses on a realistic pilot-assisted channel
estimation technique. We present a new scheme of transmit
training sequence_ for estimating the time-varying channel
in the MIMO MC-CDMA system. -In order to reduce the
complexity of channel parameter estimation, the optimum
training sequences are explored based on the principle of
orthogonal design. The proposed scheme can be seen as a
generalized estimator that is capable is to support any de-
sired number of M. In this technique, the number of re-
quired pilot symbols is varied according to M, K, and L.
The performance of the proposed estimator will be evalu-
ated by computer simulations. Simulation results demon-



strate the merits of our proposed technique over the previ-
ous approach.

For terminology concise, the scalar, vector and matrix
for time and frequency domain are expressed as the follow-
ing table:

Domain Matrix | Vector | Scalar
Time A a Aa
Frequency A a Aa

The rest of this paper is organized as follows. In sec-
tion 2, the MIMO MC-CDMA system is described . The
conventional channel estimator is reviewed in section 3 and
the proposed estimator is presented in Section 4. In section
5, the design of optimum training sequences is presented
to reduce the complexity of channel parameter estimation.
Simulation results are presented in section 6. Finally, we
will summarize the extended approach and the numerical
simulations in section 7.

2 Data Model For MIMO MC-CDMA

Consider the uplink scenario of a MIMO MC-CDMA
system consists of M-th transmit antennas and /V receive
antennas, where the ¢-th transmit antenna is located at the
i-th MS (mobile station) (i € {1,2,...,M}) and N receive
antennas are placed on BS (base station). The original data
bit of the é-th user at symbol duration n, designated by b; [n]
(b;[n] € {—1,1} for BPSK constellation), is copied into
each subcarrier and then multiplied by a chip of the ¢-th user
signature sequence, ¢; (k). The spread data symbol s;[n] €
{—1,1}5>! can be expressed as

b;[n]ei (K — 1)]T

(1)
where K is the total number of subcarriers. At the transmit-
ting end, the spread data symbols are modulated onto the
k-th subcarrier by using the inverse Fast Fourier transform
(IFFT), and later transmitted by the antenna for its corre-
sponding stream after insertion of the guard interval (GI).
Therefore, all M transmit antennas simultaneously transmit
the spread data symbols. After removing GI, the received
signals at each antenna, which can be regarded as the super-
position of all distortion: transmitted signals, can be repre-
sented in frequency domain via the Discrete Fourier trans-
form (DFT). The received signal at the j-th antenna of the
symbol duration n, denoted by r[n, k] € CVN*1, can be writ-
ten as

si[n] = [bi[n]cl-(O) b;[n]ec; (1)

r[n, k] = [ri[n k] raln, k] el k] @

where k€{0,1,..., K — 1} is the index of subcarrier. As-
sume that a perfect sample timing is provided in such away

that the underlying GI is long enough to mitigate the ISI
effect. Then, the receive signal vector r[n, k| at the k-th
subcarrier of the n-th symbol duration can be expressed as

r[n, k] = Hin, k|s[n, k] + w[n, k] 3)

where H[n, k] € CV*M is the channel response matrix of
the k-th subcarrier of the n-th symbol duration following as

hy1[n, k] hasi[n, k]
Hin, k] = : : L@

h]\/[N[n7 k‘}

h1 N [n, k]

Corresponding to the k-th subcarrier of the n-th sym-
bol duration, the vector s[n, k] € {—1,1}*1 in (3) de-
notes transmitted signals and w[n, k] € CV*! represents
the additive zero-mean Gaussian noise vector with covari-
ance &(wn, klw"[n, k]) = o216, (0.5, Where d, o signi-
fies the Kronecker delta function.

For the 7-th transmit and the j-th receive antenna, the
scalar h;;[n, k] € C**1 is the (i, j)-th entry in H[n, k]. Ac-
cording to the channel time response, the channel frequency
response can be represented as [4]

L-1
=0

where Wy = e 727/K) T, T, and Af are the block
length, the symbol duration and the subcarrier spacing, re-
spectively. We then have Ty = 1/Af and Ty = T, + T,
where Ty, is the duration of the guard interval. It can be
assumed that the impulse response is sampled at a rate of
KA f and has L nonzero taps.

Let us introduce two vectors h;;[n] € CL*! and h;;[n] €
CE>1 due to the i-th transmit and the j-th receive antenna
at the n-th symbol duration as

hij {’I’L] = [hZJ [’ﬂ, O] hij [n, 1] hij [’FL, L— IH T
(6a)
(6b)

for the time domain with L paths and the frequency domain
with K points of DFT, respectively.

3 Conventional Channel Estimation for

MIMO MC-CDMA

For the OFDM system, a MIMO channel time response
estimator, which is optimal in the minimum mean square
error (MMSE) sense, was proposed in [4]. Thus, this pa-
per will extend the channel estimation to the MIMO MC-
CDMA system.



During the training period, the transmitted signals for
each antenna, i.e., s;[n, k] ;Vi € {1,2,..., M}, are known
and the decoded data is used to generate the reference sig-
nals in transmission mode. In section 2, the received signal
at the j-th antenna can be expressed as

A
RR T et @
rj[n, K —1] hyy;[n]

where S[n] € {—1,0, 1} E*(MEK)) is defined as

S[n] = [dz’ag(sl[n]) diag(sa[n)) diag(sM[n])]

(8)
with
S1 [’FL, 0] 0 0
0 s1[n, 1] 0
diag(s1[n]) = . ;
0 0 si[n, K — 1]
9

When K x L > M, S[n] is rank-deficient. Next we may
write

hy[n] D O 0] [ hjln
hgj [ﬂ} O D (0] hgj n
hyj[n] O O D] A M [
. (10)
hy;[n]
_ Q hgj [n
hajn]
with Qe CMFI ML) g defined as
D O ... O
O D .. O
Q=|. . . (1)
O O ....D
Substituting the rest of (10) into (7), we obtain
}:"13' [n] r;[n, 0]
hoi[n riln,1
alnl | _ i | 00 -
i),]\/[j [TL} Lj [n’ K - 1]
where X € CEXML ig defined as
X £ 8Q. (13)

In the above expression, the DFT matrix D € C]f *L is given
by

1 1 1
1 L ... 1
1 Wk Wit
D= K |: : - : (14)
1

1 N S

W}I((—l W[((K—l)(L—l)

Here we provide a simple analysis on the existence of the
above solution in (12).

Remark 1. According to (12), the pilot-symbol-aided chan-
nel estimation needs to calculate the inverse of X"X. It
is worthwhile to emphasize that (XHX)~1 is computable
when the matrix X defined in (13) is of full rank. Since the
matrix Q defined in (11) is of full rank, we have to con-
fine ourself to the condition K > ML for the existence of
channel estimate. This immediately reveals the limitation
implicit in the proposed approach [4]. Strictly speaking,
the single multicarrier pilot symbol shown above is thus af-
Sordable to deal with only M < | K/L| number of transmit
antennas, where |®| denotes the operator to find the least
integer of e.

4 Proposed Channel Estimation for MIMO
MC-CDMA

In general, the mobile communication has to accommo-
date a large number of users that may be seen as the require-
ment of large number of transmit antennas. As explained in
remark 1, the single multicarrier pilot symbol scheme may
not be able to support such requirement.

This paper proposes a new pilot-symbol-aided channel
estimation scheme to enable larger number of transmit an-
tennas. This technique is based on multiple pilot symbols
rather than only single pilot symbol. By mean of this ex-
tension, the so-called “multiple multicarrier pilot symbols”
can be illustrated in Fig. 2.

First, we derive the proposed scheme in time domain. As
seen in (3), we extend the expression in multiple pilots for
estimating the channel response. Later, it can be shown that
the maximum number of allowable transmit antennas due to
the proposed channel estimation scheme is larger than that
provided by the previous approach.

We will present the expression to estimate the channel
response only at the j-th receive antenna for the sake of
convenience. An extension to the other receive antennas
is straightforward. In according to (7), we refer the n €
{1,2,...,T}-th symbol duration as the p-th pilot. Let us
define the received vector r;[p] € CE*! at the p-th pilot as

r;lp] 2 [r;[p,0] 15lp,1] rlp, K -1 ] (15)
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Figure 1. Proposed scheme of multiple multi-
carrier pilot symbols.

We assume the channel to be constant during the training
sequence period, i.e.,

hi;[p] = hi;[p]

Then, the received signal vector with noiseless data be-
comes

Vp,pe{l,2,..., T} (16)

r;[1] lﬁlj (]
S| g | b o
r; (1] b [p]
where T € {—1,0, 1}(TE)x(MK) jg defined by
diag(s[1]) diag(s[1))
. | diag(s1[2]) ... diag(sm(2])
T2 ) : (18)
diag([T)) ... diag(sy[T))
Under the same fashion of (10), one can proceed on
hy;{p] hislp)
h,; hs;
bl | _ g [l o
b [p] hoai[p]

By defined Y £ TQ & CTK)*(ML) 'we can rewrite (19)
as

r;[1] b o]
r; '[2] _v h2]; [p] 20)
r; [T B[]

Proposition 1. Based on (19) - (20) following, we can ob-
tain the estimation of channel as

hajp) r;[1]
bl | _ gy |58
syl (7]

To illustrate the benefit of the multiple pilot-symbol-
aided technique, a better condition of matrix inversion is
pointed out.

Remark 2. The dimension of matrixY in (21) is (T'x K) X
(M x L), where T, K, M, and L are represented respec-
tively as contiguous training sequence period with all T’ pi-
lots, total number of subcarriers, number of users or num-
ber of transmit antennas, and number of paths or nonzero
taps. In (21), the quantity (YNY)™! can be computed if
(M x L) is less than or equal to (T x K). Henceforth, the
system of the proposed scheme can support the number of
users under the regulation of

MSLTX%J. (22)

In the condition of M < |K/L], it follows from the
expression (22) that the channel estimation in this way
will outperform the method utilized single multicarrier pilot
symbol. Furthermore, the extended method enables us to a
more variety for the number of allowable transmit antennas
with respect to the previous one.

S Optimum Training Sequences

In [3], the optimum training sequences was proposed for
estimating the channel in OFDM with multiple transmit an-
tennas. However, in this section, we will derive the expres-
sion to insert the optimum training sequences into a new
scheme of pilot-symbol-aided channel estimation.

In the proposed scheme, we assume that the modulation
results in a constant-modulus signal, |¢;[n, k]| = 1 and the
number of transmit antennas, M, is less than or equal to
TK/L.

For ¢ = 2,..., M, the previous training sequences are
constructed by

tiln, k] = ty[n, kW20~ (23)

where L = |TK/M| > L and ti[n,k]’s for k =
0,..., K —1is the training sequence at training time 7 that

is good for timing and frequency synchronization and pos-
sibly other properties in MC-CDMA systems.



Consequently, the optimum training sequences enable
the term Y"Y in (21) to be a diagonal matrix and then the
result of the proposition 1 becomes

ha;[p) r; 1]
L e :[2} L4
o, o] o[

Note that the above equation does not require any matrix
inversion for channel estimation. The computational com-
plexity due to optimal training sequences is thus reduced
numerously.

6 Computer Simulations

To demonstrate the performance of the channel esti-
mation, computer simulations are conducted by using the
spreading code of MC-CDMA in (1). Before the numerical
results will be presened, we first describe the parameters to
be simulated in MIMO MC-CDMA systems.

6.1 System Parameters

Channel with the typical urban (TU) delay profile [6] is
used and the links between different transmit or receive an-
tennas are independent.

To evaluate the performance of our proposed algorithms,
the computer simulations are conducted via assuming Bi-
nary Phase Shift Keying (BPSK) modulation. We present
two scenarios whether the relation M < | K/L]| is satisfied
or not. So, we first assume that there are only 2 concur-
rent users as used in conventional scheme [4], and then, we
will assume that there are 8 concurrent users. Note that the
number of users in the second scenario-is-over the limita-
tion of conventional scheme. We assign the pseudo random
sequence of length 128 for sharing to a channel with 128
sub-carriers. The Rayleigh distributed channel is simulated
in conjunction with 17 paths. The user’s data symbols are
detected by zero-forcing technique. The pilot is generated
by randomizing the s[p, k] € [=1,1]-for-all users. In-ad-
dition, simulation parameters are summarized in Table 1.
The last row of the table signifies the limitation of transmit
antenna number due to the conventional scheme.

Table 1: Simulation Parameters

Parameter System 1 System 2
T 1 time 2 time
M 2 8
N 2 8
K 128 128
L 17 17
limitation of M | 128/17 =7 | 2*(128/17) = 14

6.2 Simulation Results

The system performance is measured by the well-known
bit error rate (BER), which is averaged over 10,000 MC-
CDMA symbol duration.

— Proposed scheme
- - - Conventional scheme

10"

o 2 4 & 5 _ 1 12 1 1 1
SNR (dB)
Figure 2. Performance comparison of the con-

ventional scheme and the proposed scheme
channel estimator with system 1.

BER

=
— Proposed scheme
- = Conventional scheme

5

10"

o 2 4 & s 10 1 11 15 1 2
SNR (dB)

Figure 3. Performance comparison of the con-

ventional scheme and the proposed scheme

channel estimator with system 2.

Fig. 2 and 3 represent the BER versus signal-to-noise
ratio (SNR) for 2 concurrent users and 8 concurrent users,
respectively, are under the same typical urban delay profiles.
In Fig. 2, the proposed scheme with multiple pilot-symbol-
aided technique almost yields the same performance as es-
timated by the conventional scheme with only one pilot-
symbol-aided approach. Fig. 3 is intended to demonstrate
that the conventional scheme fails to estimate the channel,
whereas the proposed scheme still supports the higher num-
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Figure 4. Performance comparison of the con-
ventional scheme channel estimator with sys-
tem 1 between using random and optimum
training sequences architecture.

ber of users than the conventional technique. This is be-
cause the number of users exceeds its limitation.

In Fig. 4, the conventional scheme with random training
sequences almost yields the same performance as estimated
by the use of optimum training sequences. A major advan-
tage of optimal training sequence is that it can reduce the
computational complexity. Fig. 5 presents the effects of or-
thogonal design in the proposed scheme. It can be observed
that the optimum training sequences not only require lower
computational complexity but also provide more estimation
accuracy. This is because the principle of orthogonal design
can reduce the MAI due to each user in the system.

7 Conclusion

A new pilot-symbol-aided channel estimation scheme is
proposed for uplink situation in the MIMO MC-CDMA sys-
tems. The proposed technique is based on multiple pilot
symbols rather than only single pilot symbol. As being
introduced the multiple pilot factor T, the relationship-be-
tween the proposed scheme and the previous one is inves-
tigatable. By mean of the introduction factor, the conven-
tional method can be seen as a special case of the proposed
approach and thus both schemes become the same when T’
= 1. It appeares that the number of users handled by the
new method is higher with 7" times than that of the previous
approach. Unlike conventional schemes, the proposed tech-
nique is more suitable than the convention schemes for the
practical systems aspect because it can accommodate more
number of users. In general, the application of the proposed
technique is not limited for only the MIMO MC-CDMA
systems, it can also be applied into the MIMO-OFDM sys-
tems as well.

BER

—— Proposed scheme using
random training sequences

—# Proposed schame using
optimum training sequences

——Ideal channel parameters

0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Figure 5. Performance comparison of the pro-
posed scheme channel estimator with system
2 by using random and optimum training se-
quences architecture.
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