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Abstract
Complementary coded code-division multiple access (CC-CDMA) has been originated as 
one of the extremely robust multiuser access technique in designing high data rate systems 
with frequency diversity for futuristic wireless communication. The integration of multi-
ple-input multiple-output (MIMO) systems with CC-CDMA offers space diversity gain in 
addition to the achievable frequency diversity in CC-CDMA systems. However, the perfor-
mance of conventional chip level space–time receiver in MIMO CC-CDMA is deteriorated 
due to multiple access interference (MAI) and spatial interference under frequency selec-
tive fading channels. A zero-forcing receiver used for minimizing MAI provides unsat-
isfactory performance in interference limited environments due to amplification of noise 
and hence the use of regularized zero-forcing (RZF) receiver is proposed and investigated 
in this study to achieve a space–time interference cancellation (STIC) system. Simulation 
results are performed to reveal the significance of RZF-STIC in achieving performance 
gain than conventional equalization schemes, and at the same time enhancing frequency 
diversity and spatial diversity gain with less complexity at all system loads.
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1  Introduction

The rapid development in internet and mobile communication systems has opened the need 
for improving the data rate, bandwidth and user capacity during downlink or uplink trans-
missions. Multicarrier code-division multiple access (MC-CDMA) was proposed in [1, 
2], which was broadly investigated as a potential technology for next generation wireless 
systems. MC-CDMA allows wireless channel to be accessed by multiple users simultane-
ously by spreading each user’s data signal in frequency domain. MC-CDMA combines the 
advantages of orthogonal frequency division multiplexing namely its robustness against 
multipath interference (MPI) and frequency diversity obtained using CDMA.

The error rate performance of MC-CDMA using Walsh codes deteriorates in frequency 
selective fading channels. The search for innovative spreading codes offering resistance 
towards MPI and MAI was done in [3]. CDMA systems using complementary codes (CC) 
was proposed in [4] and was studied for different fading environments in [5, 6]. CC-CDMA 
outperformed traditional CDMA systems in obtaining performance gain in downlink sys-
tems operating under frequency selective channels with severe MAI and MPI [7, 8].

Space–time (ST) coding techniques were introduced to achieve correlation between 
transmitted signals from several transmit antennas at different time periods and thereby 
exploiting the advantages of MIMO systems [9]. Alamouti studied ST block codes [10] 
to offer improved error rate performance using transmit diversity. A transmit diversity 
scheme based on ST spreading was proposed in [11] for CDMA systems to overcome MAI 
in MIMO systems. Different types of ST spreading techniques were introduced to achieve 
enhanced diversity gain in multiuser MIMO systems in [12–14]. Complementary coded 
ST systems were introduced to combine MIMO systems with CC-CDMA systems [15] to 
offer performance improvement in frequency selective fading channels. The use of MIMO 
CC-CDMA systems offering near interference free operation with both diversity and mul-
tiplexing capability in flat and frequency selective fading channels was investigated in [16].

CC-CDMA systems operating in frequency selective fading channels are affected by 
MAI and hence require additional interference cancellation schemes at the receiver to 
improve the error rate performance. In [17–19], single input single output (SISO) CDMA 
system was analyzed to show its superior performance with different equalization schemes 
under Rayleigh and Rician fading channels. In [20] STIC was analyzed at the receiver end 
in CC-CDMA systems using various equalization schemes under Rayleigh and Rician mul-
tipath fading channels. A chip level ST coding scheme was investigated in [21] to enhance 
the interference resilient feature of MIMO-CDMA using CC under multipath fading chan-
nels. STIC based detectors were proposed for spatially multiplexed SISO and MIMO sys-
tems for MC-CDMA systems in [22]. It was shown that proposed system was able to effec-
tively decrease bit error rate (BER) providing improvement in diversity gain. However, 
the use of STIC techniques to improve the BER performance of MIMO CC-CDMA sys-
tem under frequency selective fading channels has not been investigated in the recent lit-
eratures. Hence, in order to evaluate the system performance of MIMO CC-CDMA under 
frequency selective fading channels, we propose STIC to suppress MAI and improve the 
diversity gain.

In this paper, we provide a comprehensive study on the various issues related to MIMO 
CC-CDMA systems under downlink transmissions. The performance of the system is com-
pared with detection techniques such as ZF, MMSE and RZF. The importance of efficient 
combining technique along with STIC in improving space diversity gain is analyzed for down-
link communications. The influence of variation in number of receiver and transmitter antenna 
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on the BER performance of MIMO CC-CDMA is also investigated through simulations. 
From our analysis and simulation results, it is observed that both MMSE and RZF based STIC 
constitute a favorable detection technique in providing higher user capacity and robust perfor-
mance in frequency selective fading channels.

The rest of the paper is ordered as follows. The transmitter and receiver configuration of 
MIMO CC-CDMA with STIC is outlined in Sect. 2. Section 3 outlines the need for spatial 
interference suppression and Sect. 4 describes MAI suppression in MIMO CC-CDMA sys-
tem. The simulation results are shown in Sect. 5 and finally Sect. 6 concludes the paper.

2 � System Model

The block diagram of downlink MIMO CC-CDMA for user k is as shown in Fig. 1. At each 
transmitting antenna, the data symbol of kth user is spread with its corresponding signature 
sequence C(k) , which indicates CCs assigned to user k. The CC assigned to a designated user 
consists of P element codes C(k)

p
 , where p ∈ {1, 2,… ,P} . A CC matrix assigned to transmit 

antenna nT of user k is represented as

where C(k,nT)
P×LP

 represents the pth element code of length LP assigned to the nT th transmit 
antenna of user k. Each element code consists of LP chips which contains symbols in the 
interval {+1,−1}.

In a MIMO CC-CDMA system P copies of same data from the source are spread sepa-
rately using P element codes and are send by nT th transmit antenna. The P copies of spread 
data of user k are transmitted using P different frequency channels and at the receiver, the 
transmitted symbol streams from different antennas of K users are extracted by correlating the 
received signal using the desired users CC. The complementary correlation between CC of 
any two antennas of different users are represented as

where k, g ∈ {1, 2,… ,K} , 
(
nT1 , nT2

)
∈
{
1, 2,… ,NT

}
 and � ∈

{
0, 1, 2… , LP − 1

}
 repre-

sents the relative delay between the correlator at the receiver and the received signal. NT 
denotes the total number of transmitting antennas for user k. The ideal correlation proper-
ties of any two CCs for shifts of even integer chips between different antennas is denoted as
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}
 and � ∈

{
0, 1, 2… , (LP∕2) − 1

}
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In downlink transmissions, the spread data for each user k, on nT th antenna for pth subcar-
rier is expressed as
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Fig. 1   Block diagram CC-CDMA systems with space time interference cancellation for user k 
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where Pk is defined as the transmit power of user k denoted as Pk =

{
Eb

NTPLpTc
, 0 ≤ t ≤ Tb

0 elsewhere
. 

Here Eb is the bit energy and Tc represents the chip period. The bit interval Tb = LpTc . q(t) 

represents rectangular pulse waveform defined as q(t) =

�
1√
Tb

0 ≤ t ≤ Tb

0 elsewhere
 . c(k,nT)p (t) repre-

sents the CC assigned to nT th transmit antenna of user k denoted as

where Tc is the chip period and wT (t) denotes the rectangular function with unit impulse 
response within the time period Tb.

The modulated data transmitted through nT th antenna experiences frequency-selective 
Rayleigh fading, where the entire bandwidth of the system is assumed greater than the 
subcarrier bandwidth. Each subcarrier experiences frequency flat fading with bandwidth 
less than the coherence bandwidth of the channel. It is also presumed that the subcarrier 
corresponding to each user undergoes slow fading and hence the fading coefficients are 
assumed to be constant for the entire bit duration. The channel coefficients on each subcar-
rier undergo independent fading characteristics and hence resulting in subsequent reduc-
tion in code orthogonality among subcarriers. The resultant signal received at the nR th 
receiving antenna of desired user g can be expressed as

where h(nT ,nR)
k,p

 denotes the complex channel coefficient from nT th transmitting to nR th 
receiving antenna of kth user. n(p)nR

(t) is the noise term with zero mean and uncorrelated for 
each subcarrier p with variance N0∕2.

3 � Spatial Interference Suppression in MIMO CC‑CDMA System

The received signal at the nR th receiving antenna undergoes subcarrier removal and 
despread with the CC of desired user g for each transmit antenna. The despreaded data for 
subcarrier p of gth user for data send from transmit antenna nT1 , where nT1 ∈

{
1, 2,…NT

}
 

is denoted as
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Substituting Eq. (4) in Eq. (8), and simplifying we get

It is shown in Eq.  (9) that the first term on the right hand side of the above equa-
tion corresponds to the transmitted chips from antenna nT1 for the desired user g, where 
nT1 ∈

{
1, 2,…NT

}
 . The MAI arising from other user’s data stream on antenna nT1 and 

from all other transmitting antennas are expressed as MAI 1 and MAI 2 respectively. The 
fourth term represents the AWGN with mean zero and variance No∕2 . The presence of 
spatial interference and MAI on the data transmitted from multiple antennas reduces the 
frequency diversity gain offered by CC at the receiver of the desired user g. To suppress 
the spatial interference, equalization schemes such as ZF, MMSE filtering can be used to 
rebuild the energy of the signal scattered among different subcarriers.

The spatial interference resulting from the data transmitted from nT1 th antenna can be 
suppressed by passing the received signal in (9) through a linear equalization filter. The 
interference suppressed signal for the pth subcarrier can be obtained from the equalization 
weights W(nT ,nR)

p  from nT th transmit to nR th receive antenna of the corresponding equal-
izing filter. With ZF equalizer the weights for the desired user g is denoted as

The symbol estimates at the pth subcarrier of desired user g for the data transmitted from 
antenna nT1 with ZF equalization can be expressed as

Substituting Eqs. (9) and (10) and using Eq. (2) in (11) we get
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The symbol decision statistics obtained for the data transmitted from antenna nT1 is repre-
sented as

It is observed that similar to Eq. (9), the spatial interference suppressed signal consists of 
the estimate of desired user’s data, MAI 1, MAI 2 and the noise respectively. Hence, in 
order to remove MAI 1 and MAI 2 from the estimated signal and to increase the achievable 
space diversity, suitable interference cancellation should be performed at the receiver.

4 � MAI Suppression in MIMO CC‑CDMA System

In downlink communications, the receivers at the MS are equipped with multiple receiving 
antennas and hence to remove MAI 1 and MAI 2 it is required to estimate the interfering 
users and suppress their effect on the received signal. The commonly used techniques in 
interference suppression involve calculation of MAI 1 and MAI 2 at the receiver using 
the knowledge of all interfering users spreading sequence [20]. The MAI estimated for the 
desired user g from other interfering users k, k ≠ g , on a given subcarrier p, is obtained by 
respreading the estimated interfering users. If z

nT1
k,p

 represents the symbol decision statistics 
obtained for each subcarrier p of kth interfering user, the MAI 1 estimate at nR th receiver 
for data transmitted from antenna nT1 is represented as

The resultant MAI 1 estimate obtained for each interfering user is eliminated from the 
received signal at the pth subcarrier to obtain the interference suppressed signal at nR th 
receiver antenna characterized by

The interference estimation and cancellation for the data transmitted from other NT − 1 
transmit antennas are performed at the nR th receiver by repeating the steps for interference 
regeneration stated above to remove MAI 2 from the received signal. The interference sup-
pressed signal for NT transmit antennas at receiver nR is given by

(13)

d

�
nT1

,nR

�

g,p = sgn

�
P�

p=1

y

�
nT1

�

g,p

�

= sgn

�
P�

p=1

�
PgLpb

�
nT1

�

g +

P�
p=1

K�
k≠g

√
Pkb

�
nT1

�

k
�

�
nT1

�

k,g

+

P�
p=1

NT�
nT≠nT1

K�
k≠g

√
Pkh

(nT ,nR)
k,p

h

�
nT1

,nR

�

k,p
b
(nT)
k

�

�
nT ,nT1

�

k,g
+

P�
p=1

np

⎞⎟⎟⎠
.

(14)V

(
nT1

,nR

)

k,p
= z

nT1
k,p

c

(
k,nT1

)

p .

(15)I

�
nT1

,nR

�

g,p = r
(nR)
g (t) −

K�
k≠g

√
Pkh

�
nT1

,nR

�

k,p
V

�
nT1

,nR

�

k,p
.



340	 D. Judson et al.

1 3

The residual interference suppressed signal in (16) is equalized using suitable equaliza-
tion weights to obtain a better estimate of the desired user’s data. The interference estima-
tion and cancellation derived using ZF solution doesn’t take the effect of noise and MAI. 
This results in increasing noise during detection and ultimately reduces the detection per-
formance. To overcome noise enhancement during interference cancellation, the interfer-
ence suppression and regeneration at each nR th receiver antenna can be obtained using 
MMSE equalization with weights given by

The MMSE solution in (17) is obtained by considering the effect of noise and MAI [21]. 
Nevertheless, it can be observed from (17) that MMSE requires the estimation of SNR and 
the interference term for equalization, which has to be estimated at the MS. This indicates 
that using MMSE receiver the complexity is more compared to ZF equalizer. Hence, the use 
of an efficient low complexity equalizer is required to overcome the problems associated with 
MMSE and ZF equalizer. In order to overcome the complexity problem, RZF based equaliza-
tion can be a better solution to suppress the interference at the receiver in detecting the desired 
user’s information. RZF equalization uses a regularization parameter instead of using the SNR 
and interference term as in MMSE scheme. The weighting coefficients for RZF scheme can be 
represented as

where � is the regularization parameter. The main aim of using � in equalization is the 
need to avoid the problem of noise amplification in ZF and thus providing enhanced per-
formance with lower complexity than the MMSE scheme in (17). The optimum value of 
� is chosen through simulations by varying the regularization parameter to increase the 
performance of the system.
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The interference cancelled signal I(NT ,nR)
g,p  at nR th receiving antenna can be equalized 

using Eqs. (17) or (18) and despread to yield an equalized signal for the desired user g as

where np represents the noise term with RZF-STIC. Observing Eq. (19) it should be noted 
that, eventhough RZF-STIC plays an important role in improving performance gain a resid-
ual MAI exists during STIC. However, combining the interference cancelled data from NR 
receiving antennas; a spatial diversity gain of order NTNR is achieved for the desired user g 
in addition to the P-fold subcarrier gain in CC-CDMA systems under frequency selective 
fading channels.

5 � Simulation Results and Discussions

In this section, we perform numerous analysis for BER performance of the proposed RZF 
based STIC Systems in MIMO CC-CDMA, when conveying information under frequency 
selective Rayleigh fading channels. In our simulations, we choose the CC with element 
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code length Lc = 1 and block size 16 with processing gain (PG) 16. Hence the maximum 
number of users supported is considered as K = 16. We consider the number of subcarriers 
as 16 and the total transmit power is assumed same regardless of number of subcarriers in 
the system. Unless stated the number of transmitting and receiving antennas is assumed to 
be 2 in simulations.

In Fig. 2, the BER performance studies of different equalization schemes in MIMO 
CC-CDMA system in attaining improved performance than conventional maximal ratio 
combining (MRC) is performed without STIC. It can be noted that, in conventional 
MRC the error floor occurs under full load condition whereas ZF achieves improved 
performance due to compensation of channel coefficients at the receiver due to its 
inverse channel characteristics. MMSE achieves enhanced BER performance than other 
schemes at the cost of noise power and number of users accessing the system. The 
results illustrate that without any knowledge of noise power and users, RZF is capable 
of obtaining performance improvement compared to other equalization schemes. The 
value of regularization parameter used in simulation is � = 0.01. It should be understood 
that a better choice of � further improves the BER performance of RZF. Figure 3 shows 
the variation in BER performance of MIMO CC-CDMA system with � for RZF. The 
main focus in this figure is to obtain the optimum value of � in providing additional 
diversity gain for RZF based system. It can be seen from the plot that he optimum value 
of � is 0.01, where RZF achieves a better BER performance than other values of �. Fur-
ther, it can be seen that for � = 0.1 , MIMO CC-CDMA offers 3 dB gain at BER of 10−4 
compared to � = 1 . Hence for remaining part of analysis we choose � = 0.1.

The proposed MMSE and RZF based STIC is compared with non-interference can-
cellation schemes in Fig.  4. It is worth noting that the proposed RZF based STIC is 
capable of achieving improved performance compared to MMSE and RZF and close to 
MMSE-STIC at higher values of SNR under frequency selective fading channels. RZF-
STIC achieves substantial performance gain compared to MMSE and RZF equalization 
techniques. This improvement is obtained without the knowledge of noise and number 
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of users as required in MMSE-STIC based systems, displaying the importance of RZF-
STIC in MIMO CC-CDMA systems over other STIC techniques. In Fig. 5, we compare 
the performance of SISO (1 × 1), SIMO (1 × 2), and MIMO (2 × 2) systems for RZF 
equalization and RZF-STIC under synchronous MIMO environment. It can be observed 
that MIMO CC-CDMA system with STIC are effective in overcoming MAI and attain-
ing remarkable gain compared to SISO and SIMO systems. With MIMO STIC-RZF 
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equalization, the SNR gain at BER of 10−4 is around 6 dB, whereas the SIMO system 
provides a gain of 4 dB compared to SISO system.

In Fig. 6, we compare the performance of RZF-STIC and MMSE-STIC with varia-
tion in transmitting antennas. It can be noticed that MMSE-STIC has improved perfor-
mance over RZF-STIC at lower SNR values, and at higher SNR values shows similar 
performance as RZF-STIC for cases (2 × 1), (2 × 2) and (4 × 2). However, it can be 
observed that with further increase in transmitting antennas the performance is same for 
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both RZF-STIC and MMSE-STIC for all values of SNR. There exists an exact agree-
ment between RZF-STIC and MMSE-STIC for SNR of 8 dB showing the supremacy of 
RZF-STIC in mitigating the effects of MAI under frequency selective fading channels 
without the knowledge of noise power and number of users.

In Fig. 7, the BER performance comparison of MIMO systems with variation in receiv-
ing antennas is analyzed. Here, it can be observed that as the number of receiving anten-
nas increases the performance gain obtained increases two fold compared to the case in 
Fig. 6. For SNR of 6 dB and BER of 7 × 10−4, RZF-STIC with 4 receiving antennas pro-
vides a SNR gain of 2 dB compared to the case of 4 transmitting antennas (Fig. 6). How-
ever, a 4 dB SNR gain is achieved with 6 receiving antennas compared to 6 transmitting 
antennas for RZF-STIC. This validates the superiority of RZF-STIC in MIMO CC-CDMA 
system over single receiver antenna system in suppressing MAI in downlink frequency 
selective fading channels and enhancing the spatial diversity gain with less computational 
complexity.

6 � Conclusions

This paper addresses STIC in obtaining MAI free downlink MIMO CC-CDMA systems 
using various equalization techniques. STIC is proposed to eliminate space–time inter-
ference existing between CCs used to spread the user data among multiple antennas. The 
effect of RZF and number of multiple transmitting and receiving antennas in suppressing 
space–time interference and increasing the diversity gain was also discussed in this study. 
The comparison between different receivers revealed that RZF-STIC is capable of prov-
ing better performance than other conventional schemes. It was shown that the proposed 
RZF-STIC scheme is capable of avoiding noise amplification and the need for estimation 
of SNR compared to MMSE-STIC. It has also been demonstrated that the combination of 
regularization parameter with STIC acts as a suitable choice in MIMO CC-CDMA systems 
in suppressing MAI over frequency selective fading channels.
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