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ABSTRACT  
       Spatial Multiplexing (SM) over multiple-input multiple output (MIMO) channels 
significantly improves the data rates over wireless channels. The challenge is to design 
low complexity and high performance algorithms that capable of accurately detecting 
the transmitted signals. In this paper, the general model of MIMO communication 
system was introduced in addition to several MIMO Spatial Multiplexing (SM) 
detection techniques. The Bit Error Rate (BER) performance and computational 
complexity of Minimum Mean Square Error (MMSE), Zero Forcing (ZF), and 
Maximum Likelihood (ML) detection schemes have been analyzed and compared to 
each other using Matlab R2009b. Results of simulation illustrates that their 
performances of MMSE and ZF detectors are close together and need more than 14 dB 
of Signal to Noise Ratio (SNR) to achieve 10-4 BER. On the other hand ML detector 
shows better results than MMSE and ZF detectors but the complexity and the delay are 
large. Been proposed to install the number of transmitter antennas fixed on 2 and 
change receiving antennas 2, 3, and 4. Results showed that the present proposal came 
close to the results of the previous model, but less complexity. 
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 الإدخال والإخراج المتعدد لمنظومة الكشف أنظمة اداءتقییم 
المكانیة ةالإرسال المتعدد

  الخلاصة
تحس نعن ھ   ین تج  (MIMO)الإدخال والإخراج المتع دد  مع نظام ) SM( استخدام نظام متعدد المكانیة

التح دي الكبی ر ھ و ف ي تص میم منظوم ة ذات تعقی د. لاس لكیة ال قن وات ال البیان ات عب ر   نقل معدل كبیر في
م ع (MIMO)في ھذا البحث تم تطبیق نظام . اقل واداء افضل في كشف موثوق عن الاشارات المرسلة

(SM)  مع دل البیان ات الخاطئ ة    . باستخدام تقنیات كشف  متع ددة(BER)    لتقنی ات والتعقی د ف ي التركی ب
وك    ذلك  (MMSE)د الادن    ى لمرب   ع متوس    ط الخط    أ  و الح     (ZF)الكش   ف ن    وع الص    فر الاجب   اري   

  (ZF)نتائج المحاكاة اوض حت ب ان اداء ك ل م ن. تم تحلیلھا باستخدام الماتلاب  (ML)الاقرب المجاور
دیس بل للحص ول 14بمق دار   (SNR)متق ارب ویحت اج ال ى نس بة اش ارة ال ى الضوض اء        (MMSE) و 

اظھ ر نت  ائج افض ل م  ن الكواش  ف (ML)وم  ن ناحی ة اخ  رى ف  ان الكاش ف ن  وع   . 10-4 (BER)عل ى   
(MMSE)  و(ZF) وقد تم اقتراح تركیب یتم فی ھ تثبی ت ع دد ھوائی ات. لكن بتعقید وتاخیر زمني اكبر

النت ائج بین ت ب ان اداء التركی ب المقت رح یقت رب م ن المودی ل. الارسال مع تغییر عدد ھوائیات الاستقبال
  . لكن بتعقید اقلالسابق و
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INTRODUCTION 
ultiple-input multiple-output (MIMO)    systems offer both high data rates 
and high link reliability for mobile wireless communications due to the 
inherent space diversity. Spatial multiplexing (SM) MIMO systems
provide higher data rates as each transmit antenna emits an independent 
information symbol in different time slots, i.e with Mt (where Mt is the 

number of transmitted antennas), the data rate can be increased by a factor of Mt. On 
the other hand, the achievable diversity order (negative exponent of the error rate at 
high SNR) in SM-MIMO depends on the detection (or equalization) technique incorp-
orated at the MIMO receiver [1]. Conseque-ntly, efficient signal detection algorithms 
for spatial multiplexing MIMO systems have attracted much interest. A prime example 
is the Vertical Bell Laboratories Layered Spa-ce Time (V-BLAST) detector [2]. 
However, the performance of the VBLAST detection scheme is limited due to 
imperfect interfe-rence cancellation and insufficient receives diversity [3]. 

The optimal detector that minimizes the average error probability is the Maxim-um 
Likelihood (ML) detector [1]. However, the ML detector practically infeasible as its 
computational complexity is exponential. Different algorithms generally known as 
sphere decoders have been developed to achieve near ML performance with 
polynomial complexity [4]. On the other end of the complexity spectrum the equalizer 
based MIMO detection schemes can be found. These include Zero-Forcing (ZF) 
detector [5] and Minimum-Mean-Square Error (MMSE) detector [6]. The ZF-detector 
and the MMSE detector have the minimal computational burden as they require only 
matrix operations, e.g. pseudo-inverse. However, the error performance of both ZF and 
MMSE detectors are significantly lower than the optimal ML detector. Note that both 
ZF-detector and MMSE-detector have a diversity order of Nr –Mt+1, while the optimal 
ML-detector has a diversity order of Nr, where Nr is the number of receive antennas 
[7]. 
      In this research is to study and analyze the performance of the SM and a simulation 
using Matlab R2009b for MMSE, ZF, and ML detectors for the purpose of 
highlighting the advantages and disadvantages of this system and compare the 
performance of these detectors and then attempt to submit proposals for the 
development of SM for wireless communication fading circumst-ances. 

MIMO SYSTEM 
   Fig.1 illustrates the system architecture used for MIMO wireless communications 

with Mt number of transmit antennas and Nr number of receive antennas. MIMO 
systems use multiple sources and multiple receivers to improve communication 
performance. Allowing for higher spectral efficiency, MIMO offers significant 
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increases in data throughput, link reliability or diversity without additional bandwidth 
or transmit power [8].  

Transmit diversity improves the signal quality and achieves a higher SNR ratio at 
the receiver side; it involves transm-itting data stream through multiple antennas and 
receiving by single antenna or more. Transmit diversity can effectively mitigate 
multipath fading effects as multiple antennas afford a receiver several observ-ations of 
the same data stream. Receive diversity are widely used in wireless communication 
systems; it can be achieved by receiving redundant copies of the same signal. The idea 
behind receive diversity is that each antenna at the receive end can observe an 
independent copy of the same signal. Therefore the probability that all signals are in 
deep fade simultaneously is significantly reduced [9]. 
The channel matrix Mt × Nr is denote as: 
 

 = ⎣⎢⎢
⎡ℎ     ℎ    …  ℎ   ℎ    ℎ    …  ℎ   ⋮       ⋮       ⋱      ⋮ℎ     ℎ        ℎ   ⎦⎥⎥

⎤
            … …….. (1) 

Whose entries hij are attenuations from the jth transmit element to the ith receive 
element.  
      It has been demonstrated in [10] that MIMO systems provide tremendous capacity. 
When Channel State Information (CSI) is not available at the transmitter, the capacity 
of a MIMO system expressed in bits per second per hertz (bps/Hz) can be written as: 
 

C =             +    . .          …. (2) 
 
Where INr is the identity matrix of size Nr×Nr, H is the channel matrix of size Nr×Mt 
with HT being its transpose conjugate, and   gives the average (SNR) per receiver 
branch independent of the number of transmitting antennas Mt. 
 

SPATIAL MULTIPLEXING 
In SM, a high-rate signal is split into several low-rate signals such that each can be 

accommodated within the allocated bandwidth. Multiple antennas receive these signals 
from different directions-of-arrival. The receiver, having knowledge of the channel, 
exploits the directions-of-arrival differences to separate the received signals into the 
individually transmitted signals. Demodulation results in the original sub-streams that 
can be combined to yield the original bit stream. The end goal of using SM is to 
increase the throughput of the network at no additional transmit power. For the 2×2 
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MIMO system, the SM transmitted sequence over two symbol intervals is illustrated in 
Fig. 2 [11]. 
      The receiver, having knowledge of the channel, can discriminate between and 
extract both signals. There are three main types of receivers for spatial multiplexing 
systems: the maximum likelihood receiver, the linear receiver, and the successive 
interference cancellation receiver [12]. The linear receivers have a relatively low deco-
ding complexity when compared to the Maximum-Likelihood (ML) or the succe-ssive 
interference receivers [13]. 
 
DETECTOR TYPES 
Zero-Forcing 

Zero-Forcing (ZF) technique is the simplest MIMO detection technique, which was 
proposed in [14]. Where filtering matrix is constructed using the ZF performance based 
criterion. The drawback of ZF scheme is the susceptible noise enhancement and loss of 
diversity order due to linear filtering [15]. ZF can be implemented by using the inverse 
of the channel matrix H to produce the estimate of transmitted vector    [16].  

   =  ∗ =  ∗(  +  ) =  +  ∗ …… (3) 
 
Where (.)* denotes the pseudo-inverse. With the addition of the noise vector, ZF 
estimate, i.e.   , consists of the decoded vector x plus a combination of the inverted 
channel matrix and the unknown noise vector. Because the pseudo-inverse of the 
channel matrix may have high power when the channel matrix is ill-conditioned, the 
noise variance is consequently increased and the performance is degraded. To alleviate 
for the noise enhancement introduced by the ZF detector, the MMSE detector was 
proposed, where the noise variance is considered in the construction of the filtering 
matrix [16]. 
 
Minimum Mean Square Error 
      Minimum Mean Square Error (MMSE) approach alleviates the noise enhancement 
problem by taking into consideration the noise power when constructing the filtering 
matrix using the MMSE performance-base criterion. The vector estimates produced by 
an MMSE filtering matrix becomes [17]: 
   = [{(   + (   ))  }  ]                ….. (4) 
 
Where ( )  is the Hermitian transpose of H and    is the noise variance. The added 
term (1    ⁄ =   ), in the case of unit transmit power) offers a trade-off between the 
residual interference and the noise enhancement. Namely, as the SNR grows large, the 
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MMSE detector converges to the ZF detector, but at low SNR it prevents the worst 
Eigen values from being inverted. At low SNR, MMSE becomes Matched Filter [17]: [{(   (   ))  }  ]     ……(5) 
At high SNR, MMSE becomes ZF:      + (   )      ≈ (   )  ………(6) 
 
Maximum-Likelihood decoder (MLD)  
      MLD is achieved in a simple way through decoupling of the signals transmitted 
from different antennas rather than joint detection. Alamouti scheme is optimum in the 
ML sense and results in a minimum Euclidean distance per-symbol decision rule: 
   =    ‖  −   ‖                       ………..(7) 
 
   This in turn minimizes the error probability. ML decision algorithm is used under 
conditions of uncertainty. The ML decision maker is meant to ignore all possible 
events except the one most likely to occur, and should select the course of action that 
produces the best possible result in the given circumstances [13]. 
    Although MLD achieves the best performance and diversity order, it requires a 
brute-force search which has an expon-ential complexity in the number of transmit 
antennas and constellation set size. For example, if the modulation scheme is 64-QAM 
and 4 transmit antenna, a total of 644 = 16777216 comparisons per symbol are required 
to be performed for each transm-itted symbol. Thus, for high problem size, i.e. high 
modulation order and high transmit antenna (Mt), MLD becomes infeasible [16]. 
 
SM-MIMO CHANNEL MODEL 

Consider a transmitted vector  =    ,   ,⋯ ,       whose elements are drawn 
independently from a complex cons-tellation set m , e.g. Quadrature Amplitude 
Modulation (QAM) constell-ation. The vector is then transmitted via a MIMO channel 
characterized by the channel matrix H. The channel matrix contains the complex path 
gains [ ]   between every transmit and receive antenna pair. It has been adopted an 
uncorrelated Rayleigh flat-fading channel model and, consequently, these coefficients 
are independent ident-ically distributed complex Gaussian random variables with zero 
mean and unit variance, i.e.,[ ]  ≈   (0,1).  
     The received vector  =    ,   ,⋯ ,       can then be given as following, 
  =   +                    ……………..(8)  
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Where the elements of the vector  =    ,  ,⋯ ,      are drawn from independent 
and identically distributed circular symmetric Gaussian random variables. 

 
SIMULATION AND RESULTS 

In this section will study and analyze the performance of spatial multiplexing 
system with MMSE, ZF, and ML decoders. Suppose that the number of transmitter and 
receiver antennas will be 2 × 2, 3 × 3, and 4 × 4 for each type of decoder. For the 
purpose of standing over the possibility of increasing the data transfer rate in this 
system QPSK, 8-PSK, and 16-PSK has been evaluated for each.  
 
MMSE and ZF Decoders 

First step of simulation is done for MMSE and ZF without ML. Fig. 3 shows 
performance estimation of these two detectors, the number of antennas used is (Mt, Nr) 
= (2, 2) system with QPSK, 8-PSK and 16-PSK modulation. The SNR, ranges between 
4 dB and 28 dB in step of 2 dB. In this example MMSE curve performs better than ZF 
by about 2.5 dB at an error rate of 10-5 for QPSK. But at 16-PSK, their performances 
are identically, as well as with 8-PSK level be close together. This means that the 
MMSE detector is more meaningful when the low level of modulation. 
     The reason for this as it is known that the rate of error increases with high levels of 
modulation and as described in subsection 4-1, because the pseudo-inverse of the 
channel matrix may have high power when the channel matrix is ill-conditioned, the 
noise variance is consequently increased and the performance is degraded. For more 
detail for this point see [16]. 
     Now for (Mt, Nr) = (3, 3) system perform-ance has become the best for all levels of 
modulation as is clear from Fig. 4. It is noted here that the increase in the number of 
antennas from 2 ×  2 to 3 ×  3, the performance of MMSE detector is improving by 1.5 
to 3 dB while the ZF is improved by 2 to 3 dB. But it must be noted here that the latter 
is less complicated than MMSE. Also, both decoders need more than 15 dB to reach 
acceptable error rate (10-4) for various level of constellations. 
MLD 

As for the MLD with QPSK it is also clear from Fig. 5, it improves dramatically 
with the increase in the number of antennas. This decoder needs 15 dB to reach BER of 
10-4 in the event that the number of antennas is 2 ×  2. But upwards to the 3 ×  3, it 
needs only to 10 dB to reach the same BER, which mean a profit of 10 dB. Thus, 
whenever the number of antennas increases, the performance improvement will be 
better but the problem is the large increase in complexity as indicated in subsection 4-
3.  

Then re-test of this decoder to a higher level of modulation (8-PSK) has been to get 
the results shown in Fig. 6, which indicates that the performance fell signif-icantly 
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with the high level of modulation. In this experiment, if the number of antennas is (4 ×  
4), this detector needs to 14 dB to get BER of 10-4, but in comparison with Fig. 5, it is 
to just less than 8 dB to reach the same BER. In addition of large delay time which 
means that it is very difficult to use this decoder for high level of constellation in some 
application with more multiple antennas, although it is better detector for spatial 
multiplexer. 
Proposed Scheme 

Of previous results can be concluded that the MLD is the best but the problem is the 
increased complexity and time-delay with the increase in the number of antennas as 
well as the high level of constellation in the knowledge that the increase in the number 
of antennas results as indicated in the above cause a significant improvement as the 
high level of constellation is required for increasing the rate data transfer.  

After checking found that the increase in the number of transmitter antennas 
increases the performance impro-ved with increasing complexity and time-delay either 
increase the receiving antennas to improve performance without the comple-xity. Thus 
the proposal is to increase the number of receiving antennas while reduc-ing the 
number of transmitted antennas. 

 In the following experiment was installed the number of transmitter antennas to Mt 
=2 and increase receiving antennas Nr=2, 3, and 4. The results in Fig. 7 showed that 
good performance for the new parameters, it can obtain 10-5 BER at 12 dB of SNR for 
number of antennas (2 4  × ) while getting same BER at 10.5 dB for (4×4) antennas but 
reducing the complexity and delay time. For the purpose of comparison with Fig. 5, 
and according to [16] the detector will work 256 process of comparing for each 
transmitted symbol in case of (Mt, Nr) =  (4, 4), while decreasing this number to 4 with 
the model proposed in the results that appeared 
CONCLUSIONS 

In this paper the performance of the spatial multiplexing has been analyzed using 
MMSE, ZF and ML detectors. Results showed that the MMSE performs better than ZF 
by about 2.5 dB at an error rate of 10-5 for QPSK for number of antennas (2×2), but the 
higher the level of modulation their performance to be closed together so that it 
became identical at 16-PSK because the performance is degraded with ill conditioned 
channel matrix. But ZF is the simplest in terms of the complexity of the installation. 
On the other hand the performance of MMSE and ZF improved by 3 dB for QPSK 
when increasing the number of antennas to (3×3). From this it can be concluded that 
both have a weak performance in Rayleigh fading channel as each required 14 dB, at 
least for the error rate of 10-4 in all cases.     

The simulation results indicated that MLD is better than the MMSE and ZF types, 
but suffers from a significant increase in the complexity and the fact that the problem 
increases with increasing the number of transmitter antennas with high level of 
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modulation, as explained in subse-ction 4-3. The proposal is to install the num-ber of 
transmitter antennas on 2 while incre-asing in the number of receiving antennas 2, 3, 
and 4. The results showed that the perfor-mance of MLD with (Mt, Nr)=  (2, 4) is 
delayed by 1.5 dB from the regular system with (Mt, Nr)=  (2, 4), which can be 
considered a close relative to the minimize the size of the complex and time-delay. 
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            Figure (1): MIMO Communication System Block Diagram 
 
 

 
Figure (2): Schematic Representation of Spatial Multiplexing Encoding 
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Figure (3) performance of (2 × 2) Spatial Multiplexing  

with ZF and MMSE Detector 
 

 

 
Figure (4) performance of (3 × 3) Spatial Multiplexing  

with ZF and MMSE Detector 
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Figure (5) Performance of SM with various numbers of antennas for QPSK-MLD 
 

 
Figure (6) Performance of SM with various numbers of antennas for 8-PSK-MLD 

 
Figure (7) the performance of MLD with proposed numbers of antennas 
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