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ABSTRACT

In this paper, we propose multicode multiple-input multiple-
output (MIMO) systems with quaternary low correlation zone
(LCZ) and zero correlation zone (ZCZ) sequences as spread-
ing codes. Quaternary LCZ and ZCZ sequences have very
low correlation values when the time shifts of correlation func-
tion are within the predetermined correlation zone and thus
the multi-user or multipath interference can be substantially
reduced when the delay is within a few chips. The bit error
probability of the proposed systems is theoretically analyzed,
which is numerically confirmed. It is also numerially shown
that the performance of multicode MIMO systems with qua-
ternary LCZ and ZCZ sequences is better than that of the con-
ventional multicode MIMO systems with quaternary spreading
codes constructed from a pair of binary Hadamard codes.

I. INTRODUCTION

Multiple-input multiple-output (MIMO) system is a very at-
tractive technique for increasing the capacity of wireless com-
munication systems [1]. By utilizing high spatial dimension by
multiple antennas, high spectral efficiency can be achieved in
the wireless communication systems. In code division multi-
ple access (CDMA) systems, higher data rate communication
can be achieved by using multicode channelization [2]. To ac-
commodate the demand for various high data rate services, we
can construct a system by combining these two techniques, that
is, multiple antennas and multicode schemes, which is called a
multicode MIMO system. Multicode MIMO systems are con-
sidered as a standard technique for high speed downlink packet
access (HSDPA) systems [3]. In the multicode MIMO systems,
each transmit antenna uses the same set of spreading codes and
usually, a pair of binary Hadamard codes have been used as a
quaternary spreading code.

If the channel is frequency selective, there are delayed mul-
tipaths that make an irreducible error floor. Power allocation
technique is proposed to improve the performance [4], but ac-
curate feedback information is needed.

Low correlation zone (LCZ) and zero correlation zone
(ZCZ) sequences [5, 6] have very low autocorrelation and
cross-correlation values when their time shifts are within the
predetermined correlation zone. Therefore, they are suitable
for the quasi-synchronous CDMA systems and multipath res-
olution for CDMA systems [7]. In this paper, we assume that
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the delays are much smaller than the symbol duration (or the
period of spreading code) and propose multicode MIMO sys-
tems which use quaternary LCZ and ZCZ sequences instead
of binary Hadamard codes as spreading codes. Thus, the pro-
posed multicode MIMO system can be used for the high speed
data transmission with multipath resolution in the isolated cell
environments. Because of two-dimensional (spatial and code
domains) interference, we need two-dimensional successive in-
terference cancellation (SIC) detection. However, it is shown
that in our systems only one-dimensional (spatial domain) SIC
detection shows negligible performance degradation compared
with two-dimensional SIC detection. The bit error probabil-
ity of the proposed systems is theoretically analyzed, which is
numerically confirmed.

II. SYSTEM MODEL

We assume the multicode MIMO system with Nt trans-
mit antennas and Nr receive antennas, such that each
transmit antenna uses the same set of spreading codes
{c1(t), c2(t), · · · , cK(t)}, where K denotes the number of
spreading codes. Fig. 1 shows the multicode MIMO sys-
tem. We assume that the quadrature phase shift keying (QPSK)
modulation is used and quaternary LCZ and ZCZ sequences
are used as spreading codes, that is, complex spreading is used.
Spreading codes have a period G, which corresponds to the
processing gain. A data stream is demultiplexed into Nt groups
and each group is partitioned into K streams of data symbols.
The transmitted signal at the nth transmit antenna for one data
symbol duration is given as

xn(t) =
K∑

i=1

dni ci(t), n = 1, 2, · · · , Nt, 0 ≤ t ≤ GTc (1)

where dni is a data symbol at the nth transmit antenna for the
ith spreading code ci(t) and Tc is a chip duration. Since delay
is assume to be much smaller than the symbol duration, the
intersymbol interference can be ignored. Note that, generally
the intersymbol interference in the multicode MIMO systems
cannot be ignored. Thus interferences in the spatial and code
domains are greater than the intersymbol interference.

The channel impulse response from the nth transmit antenna
to the mth receive antenna with L multipath components is
given as

hmn(t) =
L−1∑
l=0

hlmnδ(t − τl) (2)
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Figure 1: Multicode MIMO system.

where hlmn is the channel coefficient of the lth multipath from
the nth transmit antenna to the mth receive antenna with zero
mean complex Gaussian distribution, δ(·) a delta function, and
τl a time delay of the lth multipath. We assume τl = lTc with
L � G and the exponential multipath intensity profile so that
the powers of channel coefficients Ωl = E[|hlmn|2] are expo-
nentially distributed, i.e., Ωl = Ω0e

−lζ , l = 0, 1, · · · , L − 1,
and

∑L−1
l=0 Ωl = 1, where ζ is the rate of the exponential decay.

The received signal at the mth receive antenna at time t is
given as

rm(t) =
Nt∑

n=1

hmn(t)∗xn(t)+nm(t), m = 1, 2, · · · , Nr (3)

where ∗ denotes the convolution and nm(t) an additive white
Gaussian noise. Using (1) and (2), (3) can be rewritten as

rm(t) =
Nt∑

n=1

L−1∑
l=0

hlmn

K∑
i=1

dnici(t − lTc) + nm(t). (4)

In this paper, we propose and analyze the multicode MIMO
system using quaternary LCZ and ZCZ sequences as spreading
codes, which consist of elements in Z4 = {0, 1, 2, 3}. Since
QPSK modulation is used to transmit symbols in Z4, the qua-
ternary LCZ and ZCZ sequences can be easily used for com-
plex spreading. In the next subsections, quaternary LCZ and
ZCZ sequences are briefly introduced and the detection scheme
is explained.

A. Quaternary LCZ and ZCZ Sequences

Quaternary LCZ (ZCZ) sequences [5, 6] are sequences which
have low (zero) correlation values when their time shifts are
within the predetermined correlation zone. In this subsection,
we introduce the quaternary LCZ and ZCZ sequences which
are used to construct the multicode MIMO systems.

First, we explain a construction method of quaternary LCZ
sequences [5]. Let b(t) be a binary m-sequence of period
N = 2s − 1. Let e|s and M = 2e − 1. Then, LCZ sequences
ci(t), i = 1, · · · ,M , can be constructed as

c1(t) = 2b(t) (5)

ci+1(t) = b(t) + 2b (t + iS) , for i = 1, 2, · · · ,M − 1

where M is the family size of LCZ sequences and the LCZ size
S = N/M . Note that if the delay between two LCZ sequences
is less than S, the magnitude of correlation value becomes 1.

It is easy to check that the family size of these LCZ se-
quences can be increased u times by reducing the LCZ size
to �S/u�, that is,

For i = 1, 2, · · · ,M, and j = 0, 1, 2, · · · , u − 1

ci+jM (t) = ci

(
t + j

⌊
S

u

⌋)
(6)

where �S/u� denotes the largest integer less than or equal to
S/u. Clearly, if the delay between these sequences is less than
�S/u�, the magnitude of correlation value is 1. Note that even
if these sequences are not cyclically distinct, they can be used
for multicode MIMO systems as other LCZ sequences and we
will call these sequences as LCZ sequences.

Quaternary ZCZ seqeunces can be constructed using a qua-
ternary perfect sequence which has perfect autocorrelation
property [6]. Let b(t) be a perfect sequence. Then the ZCZ
sequences can be iteratively constructed as follows.

Initial : c1
0(t) = b(t), M0 = 1, N0 = period of b(t)

The ith iteration :
For j = 1, 2, · · · ,Mi−1, Ni = 2Ni−1, Mi = 2Mi−1,

cj
i (2t) = cj

i−1(t),
cj
i (2t + 1) = cj

i−1(t + N0
2 ),

c
j+Mi−1
i (2t) = cj

i−1(t),
c
j+Mi−1
i (2t + 1) = [cj

i−1(t + N0
2 ) + 2] mod 4,

0 ≤ t < Ni−1

(7)

where Ni is the period of the ZCZ sequences after the ith itera-
tion and Mi the family size of the ZCZ sequences after the ith
iteration.

B. Detection Scheme

We assume that there are L different delayed multipath signals
and RAKE receiver with L fingers. The correlator output of
the l′th finger at the mth receive antenna for the data symbols
spreaded with ck(t) is given by

yk
ml′ =

∫ l′Tc+GTc

l′Tc

rm(t)c∗k(t − l′Tc)dt (8)

=
Nt∑

n=1

L−1∑
l=0

hlmndnkRkk(l, l′) (9)

+
Nt∑

n=1

L−1∑
l=0

K∑
i�=k

hlmndniRik(l, l′) (10)

+ nk
ml′ (11)

where Rab(l, l′) =
∫ l′Tc+GTc

l′Tc
ca(t − lTc)c∗b(t − l′Tc)dt and

nk
ml′ =

∫ l′Tc+GTc

l′Tc
nm(t)c∗k(t − l′Tc)dt. Equation (8) can be

divided into three different signals as:

i) Sum of the desired signal and the interferences from de-
layed multipath signals and signals from other transmit
antennas with the same spreading codes in (9);
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ii) Interferences from signals using different spreading codes
from all transmit antennas in (10);

iii) Additive white Gaussian noise in (11).

Then, there are three different types of interferences, which can
be resolved by using the following methods:

i) Delayed multipath interference, which is resolved by the
RAKE receiver;

ii) Code domain interference, which is resolved by the code
domain SIC;

iii) Spatial domain interference, which is resolved by the spa-
tial domain SIC.

Therefore, for the multicode MIMO system two-dimensional
SIC for the detection is used to resolve the spatial and code
domain interferences [4].

For detecting data symbols dnk, n = 1, 2, · · · , Nt, we col-
lect all finger outputs yk

ml′ in (8) and thus we have

yk = Hkdk +
K∑

i�=k

Ji
kdi + ηηηk (12)

where

yk = [yk
10 · · · yk

1L−1y
k
20 · · · yk

NrL−1]
T ,dk = [d1k · · · dNtk]T ,

ηηηk =
[
nk

10 · · ·nk
1L−1n

k
20 · · ·nk

NrL−1

]T
,

Hk =




Rkk 0

. . .
0 Rkk






H(1)
...

H(Nr)




︸ ︷︷ ︸
HHH

,

Ji
k =




Rik 0

. . .
0 Rik






H(1)
...

H(Nr)


 ,

Rik =




Rik(0, 0) · · · Rik(L − 1, 0)
...

...
Rik(0, L − 1) · · · Rik(L − 1, L − 1)


 , and

H(m) =




h0m1 · · · h0mNt

...
...

hL−1m1 · · · hL−1mNt


 .

It is easy to check that (12) is similar to the conventional
MIMO system. Thus, we can apply V-BLAST detection
scheme [8] to (12) for detecting dnk, n = 1, 2, · · · , Nt, which
uses the spatial domain SIC. Moreover, we can further improve
the performance for detecting dk by successively cancelling
the code domain interference using the previously detected data
symbols d̂1, d̂2, · · · , d̂k−1, which is called the code domain
SIC. Here, we do not consider the ordering for code domain
SIC. Then (12) can be modified into

y′
k = yk −

k−1∑
i=1

Ji
kd̂i = Hkdk + ek (13)

where

ek =
k−1∑
i=1

Ji
k(di − d̂i) +

K∑
i=k+1

Ji
kdi + ηηηk. (14)

In the proposed multicode MIMO systems, quaternary LCZ
and ZCZ sequences are used as spreading codes and we already
assume that the maximum time delay (L − 1)Tc is assumed to
be less than their correlation zone size. Therefore, we can only
perform the spatial domain SIC in the receiver without perfor-
mance degradation, which is shown in the next section.

III. PERFORMANCE ANALYSIS AND NUMERICAL

RESULTS

For the performance analysis of the proposed multicode MIMO
system, we assume that the channel and interference matrices
are already known. To find the average error probability Pe, we
can use the following relation

Pe = EHHH[Pe|HHH] (15)

where Pe|HHH is the conditional error probability defined by

Pe|HHH =
1

KNt

∑
n,i

P (dni �= d̂ni|HHH) (16)

and EHHH[·] means the expectation over the channel matrix HHH.
To find the conditional error probability of the SIC detection
scheme, we should derive the signal to interference and noise
ratio (SINR) and average the error probabilities of data sym-
bols.

To simplify the problem, we ignore the error propagation,
i.e., we assume that the previously detected data symbols are
correct. In order to derive the error probability of the proposed
multicode MIMO system, the SINR of the input signal of the
detector should be derived. Let SINRni be the SINR corre-
sponding to dni. It is well known that the error probability of
QPSK modulation is given as

Pe = Q(
√

SINR) (17)

and for the proposed system, the conditional error probability
of dni is given as P (dni �= d̂ni|HHH) = Q(

√
SINRni).

Since we assume that there is no error propagation, (14) can
be rewritten as

ek =
K∑

i=k+1

Ji
kdi + ηηηk. (18)

If L is smaller than the LCZ and ZCZ size, Rab(l, l′) is much
smaller than the period of sequence when a �= b or l �= l′ and
thus in the proposed system, the code domain interference level
is very low. If the spatial domain SIC is performed, (13) can be
modified as

yk(j) = Hk(j)dk(j) + ek, j = 0, 1, · · · , Nt − 1 (19)

where j is the number of previously detected data symbols,
yk(j) is the j spatial domain interference cancelled signal, and
Hk(j) is the corresponding deflated channel matrix [8]. Let
Hk(j)† be the Moore-Penrose pseudo-inverse of Hk(j). Ac-
cording to the zero-forcing criterion [8], we perform the fol-
lowing procedure

Hk(j)†yk(j) = dk(j) + Hk(j)†ek. (20)
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Since we can assume that the data symbols have unit power, we
only need to calculate the interference and noise power as

E
[(

Hk(j)†ek

) (
Hk(j)†ek

)H
]
= Hk(j)†E

[
ekeH

k

] (
Hk(j)†

)H

(21)
where (·)H denotes the transpose and complex conjugate.
From (18), we have

E
[
ekeH

k

]
=E


( K∑

i=k+1

Ji
kdi + ηηηk

)(
K∑

i=k+1

Ji
kdi + ηηηk

)H



=E

[
K∑

a=k+1

K∑
b=k+1

Ja
kdadH

b (Jb
k)H

]
+ E

[
ηηηkηηη

H
k

]
.

It is easy to check that the covariance matrix of the noise term
is given as

E[ηηηkηηη
H
k ] = σ2


 Rkk 0

. . .
0 Rkk


 � σ2GI

where σ2 = E[|n(t)|2] and Rkk is an autocorrelation matrix of
the spreading code ck(t) defined in (12). If quaternary LCZ or
ZCZ sequences are used, Rkk becomes similar to the identity
matrix because the off-diagonal terms of Rkk are much smaller
than the identical diagonal terms. The covariance matrix of the
interference term can be rewritten as

E

[
K∑

a=k+1

K∑
b=k+1

Ja
kdadH

b (Jb
k)H

]

=
K∑

a=k+1

K∑
b=k+1

Ja
kE

[
dadH

b

]
(Jb

k)H

=
K∑

i=k+1

Ji
kE

[
didH

i

]
(Ji

k)H =
K∑

i=k+1

Ji
k(Ji

k)H .

Therefore, we have

E
[
ekeH

k

] � K∑
i=k+1

Ji
k(Ji

k)H + σ2GI. (22)

The ordering of data symbol detection in the spatial domain
SIC should be determined by using the SINR, that is, the data
symbol with the largest SINR should be detected first. In other
words, we should detect the data symbol with the minimum
interference and noise power, which corresponds to

min
p(j)



[
Hk(j)†

(
K∑

i=k+1

Ji
k(Ji

k)H

)
(Hk(j)†)H

]
p(j)

+σ2G
[
Hk(j)†(Hk(j)†)H

]
p(j)

}
where [·]p(j) denotes the p(j)-th diagonal element. Using (21)
and (22), SINR of the data symbol dp(j)k for detection can be
derived as

SINRp(j)k �
[

min
p(j)

[[
Hk(j)†

( K∑
i=k+1

Ji
k(Ji

k)H

)
(Hk(j)†)H

]
p(j)

+ σ2G

[
Hk(j)†(Hk(j)†)H

]
p(j)

]]−1

. (23)

From (15), (17), and (23), the average error probability can be
derived as

Pe � EHHH

[
1

KNt

∑
j,k

Q
(√

SINRp(j)k

)]
. (24)

Using (24) and the Monte Carlo method, the average bit error
probability (BEP) of the proposed multicode MIMO systems
with quaternary LCZ and ZCZ sequences can be evaluated.

We assume that the processing gain G is 64 and there are
multipath signals upto L = 3, and use 4 transmit antennas and
the exponential multipath intensity profile with ζ = 0.5. Each
transmit antenna uses 8 spreading codes, K = 8, when ZCZ
sequences are used, and upto 21 spreading codes, K = 21,
when LCZ sequences are used. More specifically, quaternary
LCZ sequences with period 63 and the family size M = 7 are
generated by (5) using a binary m-sequence with period 63.
To increase the family size of quaternary LCZ sequences, (6)
is used with u = 3 to generate 21 LCZ sequences. To make
G = 64, one zero is padded to each quaternary LCZ sequence.
Quaternary ZCZ sequences are generated by (7) using a quater-
nary perfect sequence with period 8, i.e., {0, 0, 1, 2, 0, 2, 1, 0}.
To make G = 64 and M = 8, three iterations are performed.
The conventional multicode MIMO systems assume to use the
complex spreading by quaternary spreading codes constructed
from a pair of binary Hadamard codes of length 64.

Fig. 2(a) compares the BEP of the proposed multicode
MIMO system and the conventional multicode MIMO system
using binary Hadamard codes when the number of transmit an-
tennas is four and K = 8. When L = 1, i.e., there is no
delayed multipath signal, three systems show the almost iden-
tical performance. If L > 1, there is an irreducible error floor
due to the code domain interference in the conventional mul-
ticode MIMO system with binary Hadamard codes. But the
proposed multicode MIMO system shows no error floor and
its performance becomes better than that of the conventional
system as L becomes lager. Fig. 2(b) compares the BEP for
L = 3 and the various number K of spreading codes. As K
becomes larger, the performance of the multicode MIMO sys-
tems with binary Hadamard codes becomes worse, but the pro-
posed system shows very small performance degradation due
to the correlation property of quaternary LCZ sequences.

Fig. 3 compares the performance of two-dimensional SIC
and one-dimensional SIC. As expected, there is negligible per-
formance loss in the proposed systems, but there is significant
performance loss in the multicode MIMO system with binary
Hadamard codes. Thus, one-dimensional SIC detection is suf-
ficient for the proposed multicode MIMO systems and the de-
tection complexity can be reduced.

Fig. 4 shows the theoretical and simulation results for the
multicode MIMO system with quaternary ZCZ sequences.
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Figure 2: Performance comparison of 4 × 4 multicode MIMO
systems with QPSK using two-dimensional SIC.

Since we assume that there is no error propagation when we de-
rive the BEP, there is a gap between the theoretical performance
and simulation result in low SNR region. When we simulate
the proposed system by assuming a genie detector, the theo-
retical and simulation results match well over the whole SNR
region.

IV. CONCLUSION

We proposed and analyzed multicode MIMO systems us-
ing quaternary LCZ and ZCZ sequences instead of binary
Hadamard codes. Since LCZ and ZCZ sequences have very
good correlation property within the predetermined correlation
zone, the proposed systems outperform the conventional mul-
ticode MIMO system with binary Hadamard codes if the delay
is limited within the correlation zone. The throughput of the
proposed system can also be improved via increasing the num-
ber of spreading codes without performance degradation. The
theoretical analysis matches well with the numerical result in
high SNR region, and in low SNR region there is a small gap
due to the no error propagation assumption.
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