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Performance Comparison of Space-Time Block
Coding for Single and Multicarrier CDMA Systems

César A. Medina Tiago T. V. Vi

Resumo— Este trabalho propde compara@®es entre sistemas
de miltiplo acceso baseados em CDMA em combindg com
0 esquema de codificap espaco—temporal de Alamouti. Quatro
sistemas diferentes&o considerados: CDMA multiportadora com
intervalo de guarda tipo prefixo ciclico (MC—CDMA CP), CDMA
multiportadora com intervalo de guarda tipo preenchimento de
zeros (MC—-CDMA ZP), CDMA de portadora (nica com intervalo
de guarda tipo prefixo dclico (SC-CDMA CP) e CDMA de
portadora (nica com intervalo de guarda tipo preenchimento
de zeros (SC-CDMA ZP). As compara@es §0 realizadas com
o receptor de ninimo erro quadratico méedio (MMSE). Os
resultados apresentados &o: taxa de erro de bit, resiséncia ao
efeito perto-longe e robusteza carga do sistema.E mostrado
através de simulages que os sistemas CDMA multiportadora
tém um melhor desempenho que os sistemas CDMA de portadora
Unica, e em termos de taxa de erro de bit, sistemas MC—CDMA
ZP com addigos Alamouti apresentam melhor desempenho.

Palavras-Chave— Alamouti, CDMA Multiportadora, CDMA
de portadora Unica, codificagio espago-temporal.

Abstract— This work provides comparisons between CDMA-
based multiple access systems in combination with Alamouti’s
space-time coding scheme. Four different systems are considdre
multicarrier CDMA with cyclic prefix guard interval (MC—
CDMA CP), multicarrier CDMA with zero padding guard
interval (MC—-CDMA ZP), single carrier CDMA with cyclic prefix
guard interval (SC-CDMA CP) and single carrier CDMA with
zero padding guard interval (SC-CDMA ZP). Comparisons are
carried out with the minimum mean square error (MMSE). Bit
error rate (BER), near-far resistance (NFR) effect and robusness
to system load results are show. It is shown through computer
simulations that multicarrier CDMA-based systems performs
better that single carrier CDMA-based systems, and in terms
of bit error rate, MC-CDMA ZP with Alamouti’'s space-time
codes performs better than the others.

Keywords— Alamouti, Multicarrier CDMA, Single-Carrier
CDMA, Space-time coding.

I. INTRODUCTION

nhoza Raimundo Sampaio-Neto

100 Mb/s for high—mobility applications td Gb/s for low—
mobility applications [1] and high spectrum efficiency up to
10 b/s/Hz [2].

In recent years, single carrier (SC) block transmission and
OFDM systems have been widely studied in multiple user
access schemes, such as CDMA. Single carrier CDMA (SC-
CDMA) is the well known CDMA with a guard interval
between each symbol [3], [4]. The chips are transmitted
sequentially over the whole bandwidth allocated for thatrus
Multicarrier CDMA (MC-CDMA) is based on the concatena-
tion of DS (direct sequence) spreading and OFDM technique.
The data symbol of a user is spreaded and the chips are simul-
taneously transmitted, each one over a narrowband subehann
by the multicarrier modulation (frequency domain spregjlin
The combination of direct sequence code division multiple
access (DS-CDMA) and multi—carrier modulation was first
proposed in 1993 [5], [6].

On the other hand, MIMO technology which uses multiple
antennas to transmit and receive signals has gained a lot of
attention as an effective diversity technique to combainfad
and/or increase the capacity of wireless networks [1], [7].
One of such techniques is the Alamouti space-time coding
[8] which uses two transmit and multiple receive antennas.
Alamouti's code is the only existing complex orthogonal
design with full rate, full diversity and minimal delay [1B].

The aim of this work is to provide a comparison between
these multiple access systems (SC, MC— CDMA) in combi-
nation with Alamouti's scheme. Both zero padding (ZP) and
cyclic prefix (CP) types of guard intervals are considered.
Comparison is carried out with the decision directed mimimu
mean square error (DD-MMSE) receiver, bit error rate (BER),
near-far resistance (NFR) effect and robustness to systach |
results are show.

This paper is organized as follows: Section Il describes a
unified framework of a Alamouti block transmission system

Future wireless communication systems have to supporuader which both SC-CDMA and MC-CDMA are described.
wide range of multimedia services such as speech, image, @uttion Il addresses the Zero—Forcing receiver and therdiv

data transmission with different and variable bit rates SQaity gain of these systems. In Section IV the minimum mean
and latency. These requirements cannot be entirely colsredsquared error (MMSE) receiver is presented. The decision
the second generation systems, primarily designed forcbpeeirected MMSE (DD-MMSE) is introduced in Section V. In
transmissions. An important challenge for fourth generati Section VI we present the results obtained trough computer
systems is the selection of an appropriate multiple accesmulations. Finally, Section VIl gives the conclusions.
scheme which provides the data transmission at rates of
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A discrete model of a block space-time system employing
Alamouti’s [8] scheme is depicted in Fig. 1. This scheme uses
two transmit antennas and one receive antenna, although any
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number of receive antennas could be used with an appropriatg2i + 1) = [h;0(2i)...h;—1(2i)]7, the transmission
combining method such as maximal ratio combining (MRCjhrough the multipath channel can be represented By-aP
Block Alamouti proceeds as follows. The modulated symbolswer triangular Toeplitz convolution matri¥;(2¢), whose
passes through the space-time encodgfi), which maps the first column is[h;(2i) ... hj—1(2i) 0 ... 0]7

symbols of userk according to: Assuming downlink scenario, where the users experience
. Y the same channel conditions, the received vectors catlecte
X (i) = s (21) (20 +1) o _ ool od
V Pk (21 + 1) s%(2i) over two consecutive symbol periods are
where p, = Ay/2, A is the power of the transmitted , K . ,
symbol for userk, and (-)* denotes complex conjugate. It is y(2i) = Y /PelH1(20)TyiGeypsi(2i)
assumed that symbols, (i) are independently and identically k=1 '
distributed (i.i.d.) with zero mean and varianeé = 1. +H;(2)Tyi Gearsi (20 + 1))
Different rows of X (i) refer to different branches of the +n(27) + n(2i) (2)
transmitter (see Fig. 1) whereas different columns refer to K
different symbol periods. y(2i+1) = > /orl-Hi(20)T,Gesi(2i+ 1)
Tx =1
Na + H5(20) T Geap ) (20)]
I ’ . )
[ SPieadetf Precoder | ingdrion | 02+ 1) + (2 +1) )
. T .
M, Coding s Tx, Wheren(i) is a complex white Gaussian noise vector whose
Y covariance matri [n(i)n” (i)] = 02Ip, n(i) represents the
Gl . n
X L Sp{g:lder» Pre(c;oder_’ InSertion| IBI, and ()7 denote the Hermitian transpose. The operator
Ty, E[-] stands for ensemble average.
For block transmission with CP, the receiver must remove
Stack the guard interval from the received signal to eliminate IBI
Rx _ . - .
w(20) \V4 (7(7) = 0). Inthe ZP case, these removal is not necessary. This
56 Fitter lr@) Y(0)|Rehval | \S| ] removal is represented by the matdR,; = R., = Ip for
Wi (4) ‘@it 1) i b\ ZP systems an@®,; = R., = [0 x| Iy for CP systems.
Y Stacking the column vectorg(2:) and y*(2i + 1) we get

Fig. 1. Alamouti block transmissions system the observation vector

. 21
Two spreading codes of/ binary chips per symbol are r(i) = { ?2(2721) }
assigned to each user, one for each rowXofi:). The two _
spreading codes may be formed from a single spreading code _ Z N [ 1(28)c1k H_2(22)_02k ]
c as follows: ¢y, = [¢7,07] and ¢y, = [07, cT], a scheme H 5 (2i)cor,.  —H{ (2i)car
for UMTS W-CDMA orcy;, = [T, ¢T] andeyy, = [T, —cT], s1(21) _
adopted in the 1S2000 standard [10]. : { 5e(2i +1) ] + 7(i) (4)

Each spreaded symbol is precoded by fHex M matrix
G that represents an arbitrary linear operation performemeref{j(zi) = R, H,;(2))T,;G, and
before transmission. After that, in order to avoid intedilo
interference (IBI) at the receiver, a guard interval of léng A(i) = { Ryin(2i) } )
is inserted (G must be at least the channel order. This operation Ryn(2i+1)
is represented by & x M matrix T,;, whereP = M +G. For . . .
the particular cases of zero padgdmg and cyclic prefixing t eAs will be detailed below, for all flavors of space-time coded

guard interval insertion is implemented by the matrid@s DMAhsystemgs(stumed in this wortlj the vectI;Tf(Z;)cjk for
andT,,, given below. a synchronousk -user system can be written &8; (2i)c;, =

Cjxh;(2i) and H; (2i)cj, = Cjp.h(20) WhereCjk is a code

T _ { Iy ] T - [ Ocxm-c|Ia ] related matrix for usek. Then,
zp — cp —
0Gx M Iy x
where I, represents & x k identity matrix and0,,, ,, repre- r(i) = Z Jor [ Cikhi@?) C2lih2£21)
sents ann xn null matrix. Finally, each block is serialized and — C3h3(2i)  —C7hi(20)
transmitted through antenrid,; or 7.5, according toX (7). s (20) o
The channel impulse response from thi¢h (j = 1,2) : { sk (204 1) } + 1(i) (6)

transmitter to the receiver is modelled here as a FIR filter

with L taps whose gains are samples of the channel impulselhere are usually four choices for these matrices, leading

response complex envelope. to four systems whose parameters are summarized in Table 1,
Assuming that during two symbol periods each multipatiwhereF' is a M x M matrix that implements &/-point FFT,

channel impulse response remains constant, thad;i2i) = normalized such thatF? F = FFH = I,;.
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TABELA |

where
BLOCK TRANSMISSION SYSTEM CONSIDERED
H(i) = P 'HY()H@G)P (12)
Transmission system G | Ty | Ry; oK times
SC-CDMA-CP Iy | Ty | Rep —_——
SC-CDMA-ZP Iv | T | Ry = diag(|[9]?--- ,|19]%) (13)
H
oo | | e | P where 9] = ||hy(20)? + ||h2(2i)]|2. This result is valid
a4 for any R,;, Ty, and G with the restriction that the guard
interval insertion and removal allows a free IBI transnossi
A. SC-CDMA-ZP

IV. MMSE RECEIVER

To facilitate the derivation of the MMSE receiver we use
the following expression of the observation vectgf) in (4)

In this case,Cj, is an P x L Toeplitz matrix containing
shifted versions of the spreading sequeagepadded withGG

Zeros.
r(i) = (i) Ps(i) + n(i) (14)

B. SC-CDMA-CP where
In this case,C;, is an M x L circulant matrix containing W(i) = [W1(i) - ¥r(i)] (15)

circularly-shifted versions of the spreading sequeage and ~ ~
_ | Hi(2i)ere  H3(2i)eak
H; (Qi)CQk —Hf (2i)c1k
The MMSE receiverW , vskE, iS obtained by minimizing
ethe mean-squared error criterion

(i) (16)

C. MC-CDMA-ZP
As in the SC case’;;, is an P x L Toeplitz matrix contain-

ing shifted versions of the transformed spreading sequefc
the kth user,F ¢;;, padded withG zeros. Wivse = minargy, E [|[s(i) — WHr(i)[|?] 17

The solution to (17) is given by [11]
D. MC-CDMA-CP

Wyumse = R.IR,s 18

As in the SC case(}, is an M x L circulant matrix MMSE " (18)
containing circularly-shifted versions of tigh user spreading where R, = E[r(i)r”(i)] and R,, = E[r(i)s”(i)].
sequence transforrFchk. Assuming perfect channel knowledge at thth instant of

time, we can useR,; = E[¥(i)] P, where it is assumed
that the elements 0&(i) are independently and identically
distributed (i.i.d.) with variance? = 1.
The observation vector (6) can be more compactly written Note that for the solution (18) is necessary the knowledge
as of the signatures of all of the users, which it is a hon—réalis
r(i) = CH(i)Ps(i) + 7(i) (7) situation for downlink systems. If only the first user is of
interest, the MMSE receiver reduces to

Ill. ZERO-FORCING RECEIVER AND DIVERSITY GAIN

where C = [C;---Ck], H(i) = Ix ® h(i), P =

dlag(\/ﬁ?\/ﬁ’ a\/ﬁv\/ﬁ)' Wl:\//TlR;’rlE[\Ill(z)] (19)
o _ Cy. 0 0 C;, @® which uses only the signatures of the first user.
g 0 C; -Cu O
V. DECISIONDIRECTED MMSE RECEIVER
hi(2i) 0 The solution to (19) is possible if we know the channel
hiiy = | M) 0 (9) state information (CSI) and the amplitude of the desired use
0 hi(2) to construct,/p, ¥ (i) and estimateR,s, = \/pxE [¥1(3)).
0 ho(2) The CSI can be obtained by blind [12] or training—based
) methods. Another approach makes use of training symbols
s1(1) to estimate recursivelyR,;, and then switch to a decision
s(i) = : (10) directed scheme, as follows:
sk (i) In the training phase:

sk(i) = [sk(21), sx(2i + 1)], and® represents the Kronecker 1) EstimateR,., (i) through

product. Then the zero—forcing receiver is given W, = R, (i) = ARy, (i — 1) + (1 = Mr(i)s{' (i)  (20)

(CHHH(i)P~! where C is assumed to have full column 2) EstimateR...(s) throuah

rank and the signatures of all the users are knaw,is the ) EstimateR,, (i) throug

pseudo—inverse matrix. It follows that R, (i)=AR,.(i— 1)+ (1 — )\)r(i)rH(z’) (21)
2(i) = Wer(i) = H(i)s(i)) + P H" ()C™a(i) (11)  3) Wi(i) = R (i) Ry, (4)

T
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In the decision directed phase:

1) Detection: 3(i) = disc {W{’(i — 1)r(i)}, where the
componentz; of the vectorz = disc {x} is the symbol
of the signal constellation closer to the componegnt
of x.

2) EstimateR,., (i) through

Ry, (i) = ARys, (i = 1) + (1= V()31 () (22)
3) EstimateR, (i) through
R,.,.(i) = AR,.(i — 1)+ (1 = Nr(i)rH (i) (23)

4) Wi(i) = R, (i) Ry, (i)

rr

VI. SIMULATION RESULTS

The simulation results presented are for BPSK synchr

K =4 users, NFR = 20dB
T T T T

P ATX IRx

2Tx 1Rx

BER - User 1

- © = MC - CDMA CP
- B = SC-CDMACP
=% = MC - CDMA zP
3| | = A =SC-CDMAZP

0 5 10 15 20 25 30 35 40
E,/N, (dB)

nous MC- and SC- CDMA systems that employ Hadamaiu

sequences of length/ = 16. Because we focus on a downlinkgig ».

BER versuss;, /Ny (dB)

scenario, users experience the same channel conditiohs. Al

channels assume th& = 3. It is also assumed here that
the channels experienced by different users are statigtice
independent and identically distributed. For fading clesn
the sequence of channel coefficients for each usgi) =
paoy(i) (1 = 0,1,2, ...,L — 1) is obtained with Clarke's
model [13], where it is assumed that channel orbler]l = G.
This procedure corresponds to the generation of indepénd
sequences of correlated unit power complex Gaussian rand
variables E [|a7(i)|] = 1) with the path weightg; normal-
ized so thaty);®, [pi|> = 1. In this work py = 0.5957 +
j0.0101, p; = —0.3273 — j0.3472, po = 0.2910 — 50.0533
and ps = 0.1285 — j0.5599. The results are shown in terms
of the normalized Doppler frequendy;T), where f; is the
Doppler frequency and’ is the duration of two blocks. In all
the simulations the decision directed MMSE receiver wasl us
with 500 symbols in the training phase and00 symbols in
the decision directed phase. Results are the averad@0of
ensembles.
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Eb/No =15dB, NFR = 10dB
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Y2 ot
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i i
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In Fig. 2 we assess the desired user BER performance™§f 3 BER versus Number of users

the analyzed receivers versiig/Ny. The system ha& =4
users. Regarding power distribution, we simulate a sevese-n
far scenario where each interferer has a power level 20 i
above the desired user, that is, near-far rabF(R) is equal
to 20 dB. The channel is time-varying withT = 0.001.

In Fig. 3 we assess the desired user BER performance
the analyzed receivers versus the number of us€rdor a
fixed signal-to-noise ratio angl;7" = 0.001. The desired user
hasE, /Ny = 15 dB and itsNFR = 10 dB.

In Fig. 4 we assess the desired user BER performance
the analyzed receivers versus different valuesVaf R. The
system had{ = 4 users, the desired user h&s/N, = 15 dB
and f4T = 0.001.

BER - user 1

Eb/ND =15dB, K = 4 users

- © = MC - CDMA CP
= B = SC- CDMACP
=3 = MC - CDMA ZP
= A - SC-CDMAZP

i
8 10 12
Near far ratio (dB)

Fig. 4. BER versusVF'R (dB)

i i i
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