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Abstract: The ergodic outage capacity of the classical MIMO system and D-BLAST 
architecture is discussed first. Then the Layered Space-time architecture for LAS-MIMO 
CDMA system is presented. Based on the illustration of the typical CDMA system signal at 
the multipath transmission environment, the mathematical model for the LAS-MIMO CDMA 
system under multipath fading channel is deduced in details. For the sake of Interference Free 
Window (IFW) inherent in the LAS codes, high-dimension modulation patterns that are 
infeasible to the CDMA system using traditional spreading codes could be utilized in LAS 
codes based system. The simulation results shows that, compared with traditional DS-CDMA 
system, the novel system presented here can effectively take advantage of the multipath delay 
spread and the random fading characteristic of the mobile propagation channel, and thus 
achieves outstanding performance. 
Keywords: LAS codes; CDMA; Interference Free Window (IFW); Multi-input-multi-output 
(MIMO); Diagonal Bell Lab Layered Space-time Architecture (D-BLAST); Ergodic outage 
capacity; Turbo Product Codes (TPC); Spatial interleaving; Bit error rate (BER); Zero-forcing 
(ZF); Apparent spectral efficiency 
 
1. INTRODUCTION 

 
Recent research concerning about the MIMO (multiple-input and multiple-output) system 

reveals that it tends to achieve spectral efficiencies of tens of bits/Hz, or even higher. This 
amazing potential distinguished from all the existing techniques seems to be one of the 
necessary methods to fulfill the booming request for the wideband wireless communications. 

From the information theory, the theoretical capacity that a general ( )R Tn ,n  MIMO system 

can realize is [1-3]
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2 n TC log det ( / n )ρ = + ⋅ I HH  (1) 

where 0P/Nρ = is the average SNR at the receiving end, P represents the average power of the 

signal output by each receiving antenna, 0N  is the power spectral density of noise; Tn  and 

Rn  denote the number of transmit and receive antennas respectively; H  is the channel 

coefficient matrix while its element ijh  corresponds to the channel coefficient from the jth 

transmit antenna to the ith receive antenna; I  means the R Rn n×  identity square matrix and 

det() represents the determinant of the matrix. And “H” denotes complex conjugate transpose 
operation. This capacity bound can be viewed as the upper bound of the capacity which the 
practical system can only approach. Thus, the work remained for the researcher to do is just to 
design some architecture and find an effective algorithm to approach this bound as close as 
possible. Diagonal Layered space-time architecture (mostly known as D-BLAST) is such an 
innovative one with a capacity very close to the limit presented in(1).  
 
2. LAS-MIMO SYSTEM BASED ON D-BLAST 
 
2.1. Ergodic Outage Capacity of MIMO system  

The capacity of D-BLAST system with equal antennas at both the transmitting and 

receiving ends, e.g. R Tn n n= = , can be represented as below [1,2] 

 
n

2
low 2 2k

k 1
C log 1 ( / n)ρ χ

=

 = + ⋅ ∑  (2) 

Here 2

2k
χ is a chi-squared random variable with 2k freedoms; ρ  has the same definition as  

Formula(1); n denotes the number of antennas on each side of the system. So the average 

capacity that each antenna can realize is lowC
n . As to the communication system, what we are 

mostly concerning about is the requirements for the system to be able to work effectively and 
reliably in most cases. Thus the average ergodic outage capacity is chosen to evaluate the 
performance of the MIMO system and reflect the reliability of the communication system. For 
this sake, we will introduce the complementary cumulative distribution function (CCDF) 
[1],[2] 

 ( ) = P{X } = 1 P{X } = 1 F( )x x x x− −ccdf ≥ ≤ . (3) 

The probability when X  is less than or equal to x  is defined as the outage probability, 

e.g. P{X }x≤ . When we evaluate the capacity of MIMO system, the capacity value which 

fulfills(3) for some specific outage probability is referred as the ergodic outage capacity 
under such outage probability. 
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Figure 1 The CCDF function of the capacity per antenna for MIMO system 

Based on formulas from (1) to (3), we can get the CCDF of the average capacity per 
antenna for MIMO system in theory and D-BLAST architecture respectively as Figure 1 
shows. Here, the SNR is chosen to be 15dB and from left to right the curves are 
corresponding to MIMO systems with 1, 2, 4 and 8 antennas at both the receiving and 
transmitting ends respectively. The dashed line is for the theoretical MIMO system and the 
sold one for the D-BLAST structure. For example, if the outage probability is 0.01, then the 
capacity that corresponds to the ordinate 0.99 is just the average ergodic outage capacity per 
antenna under the specific outage probability 0.01. 

From Figure 1, we can conclude that the curve becomes steeper when the antenna 
increases. This means that with the antenna increasing, the randomness of the capacity per 
antenna slacks. And the average ergodic outage capacity per antenna at certain outage 
probability also increases with the antenna. Thus as to MIMO system, the more antennas we 
use the larger ergodic capacity and more reliability we can achieve. So we can see that the 
main idea of MIMO system is just to deploy multiple antennas on both sides of a wireless 
communications system to exploit the space dimension of the channel. And D-BLAST is such 
an innovative architecture which can effectively approach the theoretical capacity of MIMO 
system.  

 
2.2. The structure of LAS-MIMO system  

The essential of D-BLAST architecture is that by adopting a spatial interleaver each 
parallel data stream output by different channel encoders may have the same ergodic outage 
capacity in statistics. Here we use the principle similar to cyclic-shift register to realize the 
spatial interleaver, which can make different parts of each data stream be transmitted by 
different antenna at different time to fight against the influence caused by the serious burst 

fading to system performance. According to a MIMO system with Tn  antennas on the 

transmission side of the communication system, the operation of spatial interleaver can be 

shown by a well-defined matrix [4], in which the element k
tx denotes the data of the kth input 
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stream at time t and the jth row of the matrix corresponds to the data stream ought to be 
transmitted by the jth transmit antenna. 
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The architecture of the LAS-MIMO CDMA system with same antennas based on 
D-BLAST architecture is illustrated in Figure 2. On the transmitter side, the information bits 

from the source are divided into Tn  data streams by the serial to parallel conversion. Then 

each data stream is encoded by a (64, 57)2 Turbo Product Codes [5] encoder and fed into a 
time interleaver. After that, each interleaved bit stream is further divided into K substreams, 
modulated and spread respectively by K LAS spreading codes. Here each code acts as a 
specific traffic channel, which could be recongnized as another means of parallel transmittion 
and tends to realize spectral efficiency even higher [6,7]. At last, all data streams are 
introduced into a spatial interleaver (SI) to be prepared for transmission [4].  

At the receiving end, the received signals are first deinterleaved by the spatial 
deinterleaver to reform the data stream into its original order. Then each stream is despread 
and processed with the Zero-forcing (ZF) detection algorithm [8] to obtain the statistics of the 
symbols to be detected. Then the statistic samples are fed to the TPC decoder to recover the 
information bits. Finally, all the recovered bits are multiplexed into a single stream by a 
parallel to serial converter. 

 
3. DETECTION ALGORITHM UNDER MULTIPATH FADING CHANNEL  
 
3.1. Model of CDMA system under multipath fading channel 

Figure 2  Architecture of the LAS-MIMO CDMA system 
 (a) transmitter; (b) receiver  
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The signals of CDMA system over multipath fading channel are the addition of all the 
components passed through different transmission paths, which is illustrated in Figure 3. Let 

N denote the length of the spreading code, L denote the number of transmit paths, and CT  is 

the chip interval. Because of the effect of the multipath transmission, during the observation 

period [ ]0, N L 1 CT+ − , the current symbol ms  will be corrupted by former symbol m 1s −  and 

subsequent symbol m 1s + . Consequently, the complete signal element observed in single 

antenna system is 

 
[ ]

L m 1 M m R m 1

m 1

L M R m

m 1

= s s s (t)

s
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Here
T1 2 L=     h h h  

% % %% Lh represents the equivalent channel vector in which jh%  is the channel 

coefficient of the jth channel. LC , MC  and RC  correspond to the equivalent spreading code 

matrix for m 1s − , ms and m 1s +  respectively. (t)n% is a complex white Gaussian noise with zero 

mean. 
The process of despreading is equivalent to multiply the received signal with the 

conjugate transpose of the spreading codes and according to the above discussion the result 
can be expressed as 

 
H H

M M
L m 1 M m R m 1= = s s s (t)

N N − + ⋅ ⋅ ⋅ ⋅ + ⋅ ⋅ + ⋅ ⋅ + 
C CS Y C C C nh h h% % % % % . (5). 

Compared with the traditional spreading codes, the LAS spreading code we adopt in our 
system has an interference free window (IFW) where the aperiodic auto-correlation and 
aperiodic cross-correlation values become zero [9,10]. Thus as long as the time spread is 
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Figure 3  Equivalent model of signals in CDMA over multipath channel 
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within the IFW, both Inter Symbol Interference (ISI) and Multiple Access Interference (MAI) 
become zero [11,12], which means we can effectively take advantage of the multipath delay 
spread and random fading. So as to the L transmitting paths we are discussing, the first and 
third components in formula (5) are both zeros. It means that after the received signal being 

despread, only the elements relevant to the current signal ms  and the complex white 

Gaussian noise will be left. Consequently, the signal after despreading can be rewritten as 

 H
M m M

1= s (t)
N

⋅ ⋅ + ⋅S R C nh% % % , (6) 

where 
H

M M
M N

⋅= C CR  is the corresponding correlation matrix for ms ’s spreading code. 

 
3.2. Mathematical Model of LAS-MIMO CDMA system  

For simplicity, we only discuss the MIMO system with equal antennas at both the 

receiving and transmitting ends, e.g. T Rn n n= = . With respect to the LAS-MIMO CDMA 

system with 4 antennas on both sides of the system, based on formulas (5) and (6), we can 

define Hij  to be the channel coefficient related to the channel from the jth transmit antenna 

to the ith receive antenna and jS denote the signal vector sent by the jth transmit antenna. So 

the statistics about the transmitted signal obtained at the ith receive antenna is 

 
4

M M
j=1

H (t) = H (t)i ij j i i i′ ′= ∑S R S + n R S + n%  (7) 

in which [ ]1 2 3 4H H   H   H   Hi i i i i= , [ ]T
1 2 3 4      S = S S S S . (t)i′n is a complex random variable 

representing the additive noise after despreading at the ith receive antenna. Accordingly, we 
can write four distinct statistics obtained at each receive antenna into a column vector and 
obtain [11,12] 

 

M 1 1 1M 1

M 2 2 2M 2

M 3M 3 3 3

M 4M 4 4 4

H (t) (t)H
H (t) (t)H

= =
HH (t) (t)
HH (t) (t)

  = (t)

′ ′        
        ′ ′        + ⋅ ⋅
     ′     ′
        ′ ′        
′ ′⋅ ⋅

R S n nR 0 0 0
R S n n0 R 0 0

S S +
0 0 R 0R S n n
0 0 0 RR S n n

H S + NR

%
 (8) 

where M M M M( , )diag , ,′ R R R RR = , the channel coefficient matrix is [ ]T
1 2 3 4H  H  H  HH = , 

and the noise component after despreading is [ ]T
1 2 3 4(t) = (t) (t) (t) (t)′ ′ ′ ′ ′N n n n n . Thus formula (8) 

is just the mathematical representation of the detection signal about the received signal vector 
after despreading with the LAS spreading code. If the antennas are increased to 8, then the 
corresponding statistics for detection is 
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It has the same form as formula (8) while the difference is only the extended dimensions of 
the relevant vectors and matrices. 

LetS% denote the vector of received signal in classical MIMO system, then it can be 

represented as following [2,3] 

 ⋅S = H S + n%  (10) 

in which S  is the transmitted signal vector; H  is the channel coefficients matrix and n is 
complex white Gaussian noise received by the receiving antenna. From formulas (8), (9)and 
(10), we can see that the difference between the mathematical representation of LAS-MIMO 
CDMA system and classical MIMO system is just a correlation matrix introduced by the 
spreading and despreading operations using LAS spreading codes. 
 
3.3. Zero-forcing Detection Algorithm  

From equations (8) and (9), we can see that the result for detection contains an element 
related to the effective signal being detected plus the noise component. So the error between 

the original signal vector S  and S% , the estimate about the signal vector obtained by 

despreading is  

 
2

H H H H H H H H

E =

   =

′−

′ ′ ′ ′− − +

S HS

S S S H S S HS S H HS

R

R R R R

%

% % % %
 (11) 

Clearly, when error E is minimal, we can the get the optimum solution about S . Applying the 

Gradient operator∇S to (11) and let the result to be zero [13], we can obtain 

 ( ) H H H H2 2 0E ′ ′ ′∇ = −S H HS H S =R R R % . (12) 

Accordingly, the best estimate of S ought to be 

 H H 1 H Hˆ ( )−′ ′ ′=S H H H SR R R % . (13) 

It is just like the solution achieved by Zero-forcing algorithm presented in [8].  
 
4. SIMULATION RESULTS 

 
As mentioned previously, in the study we use (64, 57)2TPC code [4] for its excellent error 

correcting capability and coding efficiency. Here we assume the mobile radio propagation 
environment exhibits independent Rayleigh fading characteristics and the channel information 
is perfectly known by the receiver. The ITU-VA 5 paths channel model is adopted while the 
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carrier frequency is set to 2GHz. And all our simulations are operated on two MIMO systems 
with 4 and 8 antennas respectively at both the transmitting and receiving ends while the speed 
of vehicle is set to 5km/h, 120km/h and 250km/h accordingly. The receiver processing is as 
same as (13) shows. 

Figure 4 (a) and (b) are the performance result of system with 4 transmit antennas and 4 
receive antennas, which is denoted by (4,4) MIMO system, under 32QAM and 64QAM 
modulation patterns respectively. As to the MIMO system with 8 antennas on both sides of the 
communication system, e.g. an (8,8) MIMO system, its performance is illustrated in Figure 5.  

The horizontal axis SNR in the figures corresponds to the ratio of bit power to noise 
power and the vertical axis BER is the logarithm of bit error rate values. Since BER is 
indexed in the form of logarithm, the unmarked points in figures indicate that these BER 
values corresponding to the specific SNR are zeros. Clearly, the system operating at the speed 

 
(a)32QAM                                                   (b) 64QAM 

Figure 5  Performance of the (8,8) LAS-MIMO CDMA system 

  
(a)32QAM                                                   (b) 64QAM 

Figure 4  Performance of the (4,4) LAS-MIMO CDMA system 
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of 5km/h has the worst performance compared to the other two configurations. This is because 
the channel changes relatively more slowly when the velocity is set to 5km/h, so that the 
duration of severe channel fading becomes longer accordingly which makes burst errors 
beyond the correcting capability of the TPC code occur. Meanwhile, if the velocity is set to 
120km/h, we can get the best performance because at such velocity the channel fading 
changes with an appropriate speed so that TPC code works more efficiently than in the other 
two cases. 

 
5. SPECTRAL EFFICIENCY 
 

Let R be the code rate of TPC, which equals to 0.79 here. Cη  denotes the efficiency of 

the LAS spreading codes. And Bη  denotes the spectrum efficiency of the baseband shaping 

filter. With regard to the root raised cosine filter with an excess bandwidth of 22% which is 

adopted in the simulation system, Bη  is equal to 0.8197. As for the LAS spreading codes 

used in simulations, K equals to 3. Thus the apparent spectral efficiency of (4,4) LAS-MIMO 
CDMA system with the configuration of 32QAM modulation is 

 
( ) C B

    bps / Hz
SE 4K 5bits/sym R

3.90 
η η= × × × ×

=
 (14) 

If we use 64QAM modulation instead, SE  tends to be bps / Hz4.68  [11]. 

Furthermore, when the LAS-MIMO CDMA system is equipped with 8 antennas at both 
the transmitting and receiving ends, then the spectral efficiency of such a system will be 

raised to 7 bps / Hz.80  and 9 3 /. 6 bps Hz  for 32QAM and 64QAM modulation patterns 

respectively. Compared with the apparent spectral efficiency of CDMA2000-1x which equals 

to  bps/Hz0.6144 [14], the great advantage and potential of LAS-MIMO CDMA system 

based on D-BLAST architecture over the traditional CDMA system could be easily figured 
out. 

 
6. CONCLUSIONS 
 

This paper has presented an innovative LAS-MIMO CDMA system based on Diagonal Bell 
Lab Layered Space-time Architecture (D-BLAST), which can achieve an extraordinary 
spectral efficiency over a multi-antenna mobile radio channel. The transmitter architecture, 
the mathematical representation for the LAS-MIMO CDMA system and the detection scheme 
are presented in details. Furthermore, we also give out the performances of the system with 
the configurations of 32QAM and 64QAM. From the simulation results, we can see that 
combining the LAS spreading code with D-BLAST architecture, a MIMO system with 
finite-complexity can be designed to approach very high spectral efficiency. Since its 
finite-complexity, we believe that it is feasible to realize in practice and may eventually lead 
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to significant progress in wireless communications. 
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