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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 accuratdy 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 MM SE and ZF detectors are close together and need more than 14 dB
of Signal to Noise Ratio (SNR) to achieve 10 BER. On the other hand ML detector
shows better results than MM SE 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
closeto theresults of the previous moddl, but less complexity.
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INTRODUCTION
ultiple-input multiple-output (MIMO)  systems offer both high data rates
and high link reliability for mobile wirdess 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 dlots, i.e with M, (where M is the
number of transmitted antennas), the data rate can be increased by a factor of M;. 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 Bdl Laboratories Layered Spa-ce Time (V-BLAST) detector [2].
However, the performance of the VBLAST detection scheme is limited due to
imperfect interfe-rence cancdlation and insufficient receives diversity [3].

The optimal detector that minimizes the average error probability is the Maxim-um
Likdihood (ML) detector [1]. However, the ML detector practicaly 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 (MM SE) detector [6]. The ZF-detector
and the MM SE 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 MM SE-detector have a diversity order of N, -M+1, while the optimal
ML-detector has a diversity order of N;, where N; 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 wirdless communications
with M; number of transmit antennas and N, 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 recaver side it involves transmritting data stream through multiple antennas and
receiving by single antenna or more. Transmit diversity can effectivdly mitigate
multipath fading effects as multiple antennas afford a recelver several observ-ations of
the same data stream. Receve diversity are widdy used in wirdess 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 recelve 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 channd matrix M; x N, is denote as:

[hn hiy .. tht]
j= o he o haw )

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

C= log; |det (Iy, + o H. HT)| 22 (2)

Where Iy, is the identity matrix of size NyxN;, H is the channd matrix of size N,xM
with HT being its transpose conjugate, and p gives the average (SNR) per receiver
branch independent of the number of transmitting antennas M.

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 channd,
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 yied 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 2x2
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MIMO system, the SM transmitted sequence over two symbol intervalsis illustrated in
Fig. 2 [11].

The receiver, having knowledge of the channd, can discriminate between and
extract both signals. There are three main types of receivers for spatial multiplexing
systems: the maximum likdihood receiver, the linear recever, and the successive
interference cancellation receiver [12]. The linear recevers have a reatively low deco-
ding complexity when compared to the Maximum-Likdihood (ML) or the succe-ssive
interference receivers [13].

DETECTOR TYPES
Zero-Forcing

Zero-Forcing (ZF) technique is the smplest 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 channd matrix H to produce the estimate of transmitted vector X [16].

¥X=H'y=H'(Hx+n)=x+H'n...... (3)

Where () denotes the pseudo-inverse. With the addition of the noise vector, ZF
estimate, i.e. X, consists of the decoded vector x plus a combination of the inverted
channd matrix and the unknown noise vector. Because the pseudo-inverse of the
channd matrix may have high power when the channd 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 (MM SE) approach alleviates the noise enhancement
problem by taking into consideration the noise power when constructing the filtering
matrix using the MM SE performance-base criterion. The vector estimates produced by
an MM SE filtering matrix becomes [17]:

¥ = [{(H"H + (c21))"'}H"] e (4)
Where (H)* is the Hermitian transpose of H and o2 is the noise variance. The added

term (1/SNR = ¢2), 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, MM SE becomes Matched Filter [17]:
K(H"H(a?D))"}H ] 02H ...... (5)

At high SNR, MM SE becomes ZF:

{(H"H+ (2D) T}~ )L 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:

¥ =minlly; — x> ... (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 likdy to occur, and should sdlect 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 64* = 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 (M,), MLD becomes infeasible [16].

SM-MIMO CHANNEL MODEL

. . T

Consider a transmitted vector x = [xy,x,, -+, xy,| Whose dements are drawn
independently from a complex cons-tdlation se¢ m , eg. Quadrature Amplitude
Modulation (QAM) constdl-ation. The vector is then transmitted via a MIMO channel
characterized by the channel matrix H. The channeg matrix contains the complex path
gains [H];; between every transmit and receive antenna pair. It has been adopted an
uncorrelated Rayleigh flat-fading channd modd and, consequently, these coefficients
are independent ident-ically distributed complex Gaussian random variables with zero
mean and unit variance, i.e,[H];; =~ CN(0,1).

The received vector r = [ry, 15, -, rNr]T can then be given as following,

r=Hx+n .. (8
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Where the el ements of the vector n = [ny, n,, -+, nNr]T 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 MM SE, ZF, and ML decoders. Suppose that the number of transmitter and
receiver antennas will be 2 x 2, 3 x 3, and 4 x 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.

MM SE 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 (M;, N;)
= (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 MM SE curve performs better than ZF
by about 2.5 dB at an error rate of 10°for QPSK. But at 16-PSK, their performances
are identically, as well as with 8-PSK level be close together. This means that the
MM SE 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
channd matrix may have high power when the channd 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 (M; N;) = (3, 3) system perform-ance has become the best for al levels of
modulation as is clear from Fig. 4. It is noted here that the increase in the number of
antennas from 2 x 2 to 3 x 3, the performance of MM SE 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 MM SE. Also, both decoders need more than 15 dB to reach
acceptable error rate (10™) for various level of constellations.

MLD

As for the MLD with QPSK it is aso 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“ in the event that the number of antennas is 2 x 2. But upwards to the 3 x 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 prablem 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 fel signif-icantly
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with the high level of modulation. In this experiment, if the number of antennas is (4 x
4), this detector needs to 14 dB to get BER of 10, 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 constdlation in some
application with more multiple antennas, athough 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 levd of constdlation 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 constelation isrequired 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 ether
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 M
=2 and increase receiving antennas N,=2, 3, and 4. The results in Fig. 7 showed that
good performance for the new parameters, it can obtain 10° BER at 12 dB of SNR for
number of antennas (2 x 4) while getting same BER at 10.5 dB for (4x4) 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 (M, N;) = (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 MM SE performs better than ZF
by about 2.5 dB at an error rate of 10°for QPSK for number of antennas (2x2), 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
channd 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 (3x3). From this it can be concluded that
both have a weak performance in Rayleigh fading channe as each required 14 dB, at
least for the error rate of 10 in all cases.

The simulation results indicated that MLD is better than the MM SE 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 leve 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 (M,, N,)= (2, 4) is

ddayed by 1.5 dB from the regular system with (M,, N,)= (2, 4), which can be
considered a close relative to the minimize the size of the complex and time-delay.

REFERENCES

[1] Artes, H. D. Seethaler, and F. Hlaw-atsch, “Efficient detection algorithms for
MIMO channds. A geometrical approach to approximate ML dete-ction”, IEEE
Transactions on Sgnal Processing, Vol. 51, No. 11, pp. 2808-2820, November 2003.

[2] Golden, G. D. G. J. Foschini, R. A. Valenzuela, and P. W. Wolniansky, “Detection
algorithm and initial laboratory results using V-BLAST space time communication
archite-cture,” Electron. Lett., val. 35, no. 1, pp. 14-15, Jan. 1999.

[3]JAdnan Ahmed Khanl, Sajid Bashir, Muhammad Naeem, Syed Ismail Shah and
Xiaodong Li, “Symbol dete-ction in spatial multiplexing system using particle swarm
optima-zation meta-heuristics”, Int. J. Comm-un. Syst. 2008.

[4] Viterbo, E. and J. Boutros, “A universal lattice code decoder for fading channds”,
|EEE Transactions on Information Theory, Val. 45, No. 5, pp. 1639-1642, July 1999.

[5] Pammer,V. Y. Ddignon, W. Sawaya, and D. Boulinguez, “A low compl-exity
suboptimal MIMO receiver: T he combined ZF-MLD algorithm”, IEEE PIMRC 03,
Val 3, pp. 2271 -2275, September 2003.

[6] Rugini, L. P. Bandli, and G. B. Giannakis, “MM SE-based local ML detection of
linearly precoded OFDM signals”, IEEE ICC’04, Val. 6, pp. 3270-3275, June 2004.
[7] Athaudage, R. N. M. Zhang, A. D. S. Jayalath, and T. D. Abhayapala, “ Classifier
Based Low-Complexity C MIMO Detection for Spatial Multip-lexing Systems”,
Foecial Research Center for Ultra-Broadband Inform-ation Networks, |[EEE, 978-1-

4244-2038-4/08, 2008.

[8] Paulraj, A. R. Nabar, and D. Gore,” Introduction to space-time wireless commu-
nications”, Cambridge Univ-ersity Press, New York, NY, USA, 2008.

[9]Jeffrey G.Andrews, Arunabha Ghosh, and Rais Mohamed,” Fundamentals of
WiIMAX: Understanding Broad-band Wireless Networking”, Prentice Hall, 2007.

[10]GeorgeV. Tsoulos “MIMO SYSTEM ECHNOLOGYFOR WIRELESS
MMUNICATIONS” CRC Press Taylor & Francis Group, 2006.

[11]design for the global multi-chip fast-net interconnection module”, The 14th
Annual Meseting of the IEEE , USA, pp 814 - 815 vol.2, 2001.

[12] Lozano and N. Jindal, A. “Transmit on Wireless Communications, IEEE VOL. 9,
NO. 1, 2010.

[13] Paulrgj,A. R. Nabar, and D. Gore, "Introduction to space-time wireless commu-
Nications', Cambridge Univ-ersity Press, New York, NY, USA, 2008.

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng.& Tech. Journal,Vol.30, No.5, 2012 Performance Evaluation of Spatial
Multiplexing MIMO Systemswith
Various Detection Schemes

[14] Foschini,G. J. “Layered space-time architecture for wirdess commu- nication in a
fading environment when using multi-dement antennas, " Bdl Labs Tech. J, val. 1,

no. 2, pp. 41-59, 1996.
[15] Bolcske,H. D. Gesbert, C. Papadias, and A. J. van der Veen, Eds,, " Soace-

M; h
: Demodulation & R
Infor mation Encoder h. Decoding >
Source :
Transmitter < b Receiver

Figure (1): MIMO Communication System Block Diagram

s, s, 4
I m om mls]

- s, s, —4

Space

Time
Figure (2): Schematic Representation of Spatial Multiplexing Encoding

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

. Journal,VVol.30, No.5, 2012

Performance Evaluation of Spatial

Multiplexing MIMO Systemswith
Various Detection Schemes

BER

BER

BER vers SNR for (M, Nrj = (2, 2}, ZF and MMSE Detector

——7F

R

—4— MMSE

EEEEiMEEE;iEH{’Eﬁ#EEEE:‘ﬁ%

1 I i S \1:\ \_\

N

I i i i i

5 10 15 20 25
SNR (dB)
Figur e (3) performance of (2 x 2) Spatial M ultiplexing
with ZF and MM SE Detector
r BER vers SNR for (Mt, Nr)= (3, 3), ZF and MMSE Detector
' : —— MMSE [

15
SNR (dB)

Figur e (4) performance of (3 x 3) Spatial M ultiplexing
with ZF and MM SE Detector

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

Eng.& Tech. Journal,Vol.30, No.5, 2012 Performance Evaluation of Spatial
Multiplexing MIMO Systemswith
Various Detection Schemes

BER wers SMNR for QPSK MLD

—=— (Mt, Nr)= (2, 2) |
—w— (M, Nr)= (3, 3)
—o— (Mt, Nr)= (4, 4) [{

o 2 4 L 10 12 14 16

a8
SNR (dB)

Figure (5) Perfor mance of SM with various number s of antennas for QPSK-MLD

BER vers SNR for 8-PSK MLD

—e— (M1, Nr)= (2, 2)
—h— (M, Nr)= (3, 3) [
—— (M, Nrj= (4, 4) [
e \ \I-\
o
& T
10 \\ \"\
g
o
~
2 4 [ 8 10 12 14 16
SNR (dB)

Figure (6) Perfor mance of SM with various number s of antennas for 8-PSK-MLD

0 BER wers SNR for proposed MLD

—'I— (ML, Nr)=2, 2)
—— (Mt, Nri=(2, 3)
—e— (Mt NP2, 4)
J S
" A \ \
o
e
ot \
2 4 & 8 10 12 14 16

SNR (dB)

Figure (7) the perfor mance of ML D with proposed number s of antennas

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com



