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Abstract - In this paper, we present a Multiple-Input- 
Multiple-Output (MIMO) Code-Division-Multiple-Access 
(CDMA) communication system based on Complete 
Complementary (CC) codes (CC-CDMA) in a time- 
dispersive (i.e. frequency-selective fading) channel. This 
system utilizes a novel combination, which consists of 
orthogonal CC codes for data spreading and a suitably 
designed Multi-User-Detector (MUD) algoaithm, in order to 
enhance the current 3rd Generation (3G) mobile systems. 
The simulation results for the CC-CDMA system, obtained 
in a frequency-selective fading channel, reveal significant 
improvement in Bit-Error-Rate (BER) performance, and 
consequently the achieved High Data Rates (HDR) 
compared with a conventional Walsh codes based MIMO 
CDMA (Walsh-CDMA) system. 
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I. INTRODUCTION 

The ever increasing demands for very HIDR services, e.g., 
>2 Mbps for the 3G Wide Band CDMA (WCDMA), in the 
wireless mobile communications on orLe hand and the 
scarcity of the available spectrum on the other hand has 
driven research towards increasing the spectrum efficiencies 
using emerging technologies such as: (i) MIMO systems 
that employ multiple antennas at the transmitter and the 
receiver [l] (ii) Spatial Multiplexing (SM), which is 
employed with MIMO technique to achieve high spectral 
efficiencies by transmitting independent data streams from 
the different transmit antennas (iii) code re-use techniques 
such as the Vertical Bell labs LAyered Space Time 
(VBLAST) using a Multi-User Detector (MUD) for 
narrowband of (flat fading) channels [2]. However, in the 
case of (iii) the system extended for time-dispersive 
channels showed severe degradation [3]. This degradation is 
due to the high level of Inter Symbol Interference (ISI) and 
Multiple Access Interference (MAI) resulting from the loss 
of orthogonality between Walsh codes at the output of the 
de-spreadcorrelator stage in the receiver. To overcome this 
problem a number of solutions are proposed such as: 

(i) Combined linear-chip equalization and 
multiple non-linear parallel IC [4], which 
despite improvement in system performance, it 
still comes on the expense of hrther increased 

complexity; 
(ii) Combined CDMA- Orthogonal Frequency 

Division Multiplexing (OFDM) system, which 
is capable of delivering high data rates in 
multi-path environment by largely eliminating 
the effects of IS1 [SI. However, due to 
intercarrier interference (ICI) in OFDM mobile 
communication systems, the BER of the 
received signals are extremely sensitive to 
Doppler frequency shifts and carrier 
synchronization errors [6], and [7] which limit 
implementation in mobile fading channels. 
Solution proposed in [7] again results in 
increased complexity; 
The utilization of alternative spreading codes 
that exhibit resilience towards multi-path time- 
dispersive effects. To this end, CC codes have 
been suggested in [8] as a possible candidate. 
Note CC codes should not be confused with 
the Complementary codes used in 802.11b, 
which effectively combine coding within the 
spreading sequence, CC codes in this case are 
purely spreading codes. 

(iii) 

Although CC codes are based on Walsh codes, they still 
exhibit the following three fundamental differences. Firstly, 
the mutual orthogonality of CC codes is observed between 
'Flocks' (groups of constituent codes), instead of between 
codes as in the case of Walsh codes. In other words, for the 
proposed CC-CDMA system, every user will be assigned 
one Flock of codes, where the total number of available 
Flocks is given by: 

F = J K , ,  = 2 J  (1) 

where Kcc is the CC constituent code length and j = 1, 2, ... 
is a positive integer. Secondly, CC codes exhibit unique 
correlation properties when compared with those of 
conventional Walsh codes. The auto-correlation function for 
CC codes is specified for one Flock of constituent codes 
(rather than for one code as in the case of Walsh codes) and 
is defined for any Flock x as: 
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Table 1 : Simulation parameters 

~~ ~~ ~ ~ ~ 

Number of N.A F = G = 2  ' 
Flocks 

codes per Flock 
Number of N.A = = = 2  

Modulation QPSK QPSK 

Transmit 3.84 3.84 
chipping rate (Mchiphec) (Mchipkec) 

Data Rate 7.68 (Mbidsec) 7.68 (Mbitlsec) 

M=2, P = 2  M=2, P=2 

Code length Kcc - 4  

where n = 1, 2, ..., Nc-, NcC (=&) is the number of 
constituent codes per Flock, k = 1, 2, ..., KCC, i = 0, f l ,  
+2,..., k (KCC -1) is an integer that represents the time shift 
(given by chip-period T ~ )  for each constituent code, and 
wn(k) is the kth chip of the nth constituent code. Note that 
from equation (2), y,(i) equals zero for all time shifts 
except the zero-shift. 

The cross-correlation function is defined between a pair of 
CC code Flocks instead of between a pair of constituent 
codes. For example, the cross-correlation ( y/,(i)) between 

Flocks x and y is given by: 

Thirdly, the spreading process used in CC-CDMA systems 
uses the offset stacked spreading methods [8] in which the 
information symbols are stacked in a buffer, then the output 
is spread by all constituent codes in a Flock at time- 
intervala , which is an integer number of T~ in the range 
given by: 

11. MlMO SIMULATION MODEL 

In this section, and to aid understanding, two examples of 
MIMO system models for the conventional Walsh-CDMA 
and CC-CDMA systems, are compared and contrasted. 
Table 1 shows the simulation parameters used for both 
systems. 

A.  

Consider the M=2, P=2 (2x2) MIMO system shown in Figs. 
1 and 2, where M is the number of transmit antennas and P 
is the number of receive antennas. A HDR stream, generated 
at 7.68 Mbit/sec (Mbps), is de-multiplexed into 2 parallel 
streams, where each stream is then mapped into symbols 
using Quadrature-Phase-Shift-Keying (QPSK) modulation. 
Each modulated stream is fkther de-multiplexed into 4 
parallel sub-streams before spreading using 4 orthogonal 
Walsh codes. Finally the spread signals are summed and 
energy normalized before being simultaneously transmitted. 

Conventional 2x2 M M 0  Walsh-CDMA system model 

Fig. 1 illustrates the derivation of a data rate equivalent to 
7.68 Mbps for a HDR stream, starting from a transmission 
chip rate equivalent to 3.84 Mchip/sec (Mcps) for a 
conventional Walsh - CDMA system. 

Spreading 

2nd. e 
Stream 2 . ,-, U 

Fig. 1: a 2x2 Walsh-CDMA transmitter block diagram. 

The wireless multi-path fading channel model used in these 
simulations is built with the following assumptions and 
parameters: 
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The simulation is based on a discrete-time 
complex baseband model; 
A frequency-selective fading channel with 
Rayleigh fading distribution [9] and 
uncorrelated fading between antenna pairs; 
Perfect channel estimation is assumed. In other 
words, the channel's power-delay profile is 
known at the receiver; 
The channel coefficients undergo independent 
time variations according to the Jakes model 
[9] at terminal (transmitterheceiver) speed of 
120 Km/h, which corresponds to fo = 222.2 
Hz. We assume the carrier frequency is equal 
to 2 GHz; 
Each sub-channel (between a pair of transmit- 
receive antennas) has two multi-path 
components (L = 2) with the 2"d path delayed 
by single-chip ( T~ ) and the average-power 
ratio between the two path defined as: 

Channel - Power - Ratio (CPR) = 

( 2"d path powf ) ( 5 )  
1" path poweir 

w4 (t - T c )  

Same de- 

antenna 

Fig. 2: a 2x2 Walsh-CDMA receiver block diagram. 

At the receiver, in Fig 2, the detection process is performed 
in the following steps: first, the received signals are de- 
spread by correlating them with the 4 Walsh codes 
{ w1 ( t )  ,. . . , w4 ( t )  } and their shifted single-chip ( rc ) delayed 
replicas { w,(t-rc),...,w4(f-rC)}. Secondly, the de- 
spread signals are weighted by the corresponding channel 
complex conjugate coefficient to compensate for the phase 
shift distortion caused by the multi-path fading channel. 
Thirdly, a Space-Time Combiner (STC) [2] is used to 
accumulate the signals multi-path components from 
different receiver's antennas. At the fourth stage, the Zero 
Forcing (ZF) VBLAST MUD algorithm [2] is used to cancel 
spatial interference (SPI) and separate between different 

data streams, which share the same spreading codes and are 
transmitted from M = 2 antennas. Finally, all detected 
symbols are multiplexed into a single main data stream. 

B. Proposed 2x2 M M O  CC-CDMA system model 

Consider the 2x2 MIMO system shown in Figs. 3 and 4, 
where a HDR stream, generated at 7.68 Mbps, is de- 
multiplexed into 2 parallel streams, and each stream is then 
mapped into symbols using QPSK modulation. Each 
modulated stream is then further de-multiplexed into 2 
parallel sub-streams, which are spread using F = 2 mutually 
orthogonal Flocks of CC codes. Finally, the spread signals 
are summed and energy normalized to be transmitted 
simultaneously. The same multi-path channel model 
previously described is employed. 

.E 

I 

e .e 

r - -  
Stream - 

Fig. 3: a 2x2CC-CDMA transmitter block diagram. 

At the receiver, in Fig 4, the information data is detected 
using 2 parallel MUDS. Each MUD consists of: (i) a channel 
matched filter that operates only on the 1'' path signal 
components, (ii) a Successive Space Interference Canceller 
(SSIC) (e.g., ZF-VBLAST detector) that operates iteratively 
( M  iterations) to cancel the spatial interference caused 
between symbols sharing the same CC codes Flock, and are 
transmitted over different antennas, (iii) a simple, low 
complexity single-loop recursive filter, which tries to cancel 
the IS1 between sub-streams. 

U I___ -...-_ -..-.-.--_x--. I 

Fig. 4: a 2x2 CC-CDMA receiver block diagram. 

2248 



111. NUMERICAL RESULTS AND DISCUSSION Furthermore, in Fig. 6, we note that no IBER is present for 
any of the CPR values used due to the novel combination of 
CC codes and MUD, proposed in this paper, which 
effectively cancels MAI, IS1 and SPI. 

A.  Conventional 2x2 MIA40 Walsh-CDMA system 

Fig. 5 shows the BER versus Signal-to-Noise Ratio (SNR) 
performance for an uncoded MIMO Walsh-CDMA system, 
using QPSK modulation, with different CPR. Results show 
a significant drop in system performance in frequency- 
selective fading channels (for CPR=OdB) compared to that 
in flat fading (for CPR =- infinity dB or 0 linear ratio). 
These results, despite differing simulation parameters (e.g. 
the number of antennas and code length), agree with those 
previously obtained in [3]. Furthermore, Fig. 5 shows that 
although the Irreducible BER (IBER) value reduces with 
reduced value of CPR, however, IBER is persistent for 
CPR # - infinity dB. 

Signal-to-Noise Ratio (SNR) dB 

Fig. 5: BER versus SNR for a 2x2 Walsh-CDMA system 
using Kw = 8 chips and QPSK for different CPR. 

B. Proposed 2x2 MA40 CC-CDM system 

Fig. 6 shows the BER versus SNR performance for a 2x2 
CC-CDMA system with different values of CPR, and 
indicates that a drop in performance (z 7dB) still exists for 
CC-CDMA system operating at CPR = 0 dB compared to 
the case for flat fading channels. However, there is a 
dramatic improvement in performance over the Walsh- 
CDMA system, to such an extent that the CC-CDMA 
achieves a BER of =. with CPR = OdB (equal power 
multi-paths) with a mere 3dB degradation from the Walsh- 
CDMA operating at a CPR = - infinity dB. This degradation 
is due to the error propagation problem associated with the 
Successive Interference Canceller (SIC) algorithm [ 101 used 
to cancel the IS1 and the SPI in the feedback stage and the 
ZF-VBLAST detector, respectively. This error propagation 
may also explain the loss in CC-CDMA system 
performance, mentioned above, with CPR = OdB, compared 
with that with CPR = -infinity dB. 

Fig. 7 shows the BER performance for an uncoded MIMO 
CC-CDMA system using Binary Phase Shift Keying 
(BPSK) that provides a HDR equal to 3.84 Mbps. Again 
focusing on a BER = lo”, we notice a degradation of almost 
5 dB between the CC-CDMA system using QPSK and that 
using BPSK. However, the system performance, shown in 
Fig.6, is still superior to that of the Walsh-CDMA using 
QPSK and for CPR # -infinity dB. 

Signal-to-Noise Ratio (SNR) dB 

Fig. 6:  BER versus SNR for a 2x2 CC-CDMA system US 

Kcc = 4 chips and QPSK for different CPR. 

5 10 15 20 25 30 
Signal-toNoise Ratio (SNR) dB 

Fig. 7: BER versus SNR for a 2x2 CC-CDMA system us 
Kcc = 4 chips and BPSK for different CPR. 

ling 

ling 
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IV. CONCLUSIONS; 

In this paper a novel 2x2 MM0 CDMA aachitecture based 
on CC codes is presented, and its perfomiance in a multi- 
path fading channel is evaluated using 13ER = 10” as a 
measure of uncoded system performance. The proposed 
MIMO CC-CDMA system with the new MUD 
demonstrates: 

Significant improvement in error performance 
(and consequently the HDR achieved) for CC- 
CDMA systems compared to the conventional 
MIMO Walsh-CDMA systems using ZF- 
VBLAST detectors in a frlequency-selective 
fading environment; 

Increasing the HDR in CC-CDMA systems 
may be achieved by increasing the number of 
antennas employed and/or using higher 
modulations schemes such as the 16 
Quadrature Amplitude Modulation 16QAM, 
32 QAM or even 64 QAIVI, however, the 
higher the number of constellation points the 
higher the number of errors in the CC-CDMA 
system. 

(i) 

(ii) 
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