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Cognitive radio network (CRN) has been established to fix the problem of
lacking radio spectrum in the future because the wireless communication demands are
rapidly increased. In order to solvethis problem, CRN is permitted to access any
unused channel of the primary network (PN) in the common area under the power
control criteria to restrict the interference on PN. The spectrum sensing and spectrum
sharing technique are applied by CRN to aware the active and unused channel of PN
and make opportunity to access any-unused;channel. Moreover, each user of CRN can
applies different multiple-input multiple-output (MIMO) scheme to obtain the
optimum performance because each user always faces the different channel.
Generally, there are two such MIMO schemes, namely, the space-time block coding
(STBC) and the spatial multiplexing (SM). The multi-mode MIMO systems, called
hybrid MIMO receiver scheme (HMRS) is proposed and applied for CRN. The simple
techniques, successive interference cancellation (SIC) and SM detection are jointly
applied for HMRS to separate and detect all layers at the receiver. From the

simulation results, symbol error rate (SER) performance of HMRS outperforms the



existing hybrid MIMO techniques that apply sub-matrix decomposition technique. In
addition, the HMRS transmitter can detect all layers with low complexity. In this
research, the SER performance of HMRS and the existing hybrid MIMO are
compared to validate the advantage of the proposed technique. The analytical bit error
rate (BER) is derived with channel estimation error (CEE).Besides the measured
results from hardware implementation confirm that the HMRS outperforms the

conventional MIMO systems in term of BER.
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CHAPTER I

INTRODUCTION

1.1 Rationale and Background

At the present, telecommunication systems arethe important factor for
worldwide communications. Several communication standards have been established
by the Institute of Electrical and Electronics Engineer (IEEE). These standards are
defined for producing any systems: and equipment that can be commonly
used.Telecommunication technologies and wireless applications have been
continuously developed to  support the wunlimited demand of worldwide
communication. Unfortunately, the radio spectrum is the limited resources. It will not
be enough to consume in the nearly future.In contrast, from the operated frequency
survey report of the Federal Communication Commission (FCC),they found that
many radio channels in several standards are occupied by a few users or no user
during any time. From the research of McHenry (2005) and Honglian (2011), the idea
for reusing the unused radio channels was established to solve the lacking spectrum
problem in the future. From this reason, the IEEE 802.22 standard was developed for
the Cognitive Wireless Regional Area Network (WRAN) or the Cognitive Radio
Network (CRN) that any users can access the vacant channel at any time without
interference in the primary network (Mitora, 2000 and Haykin, 2005). From Figure
1.1, some Secondary Users (SU) occupy the unused channel with the limited power

that may interfere with



F @j Trees @ Fusion center
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Figure 1.1 Cognitive radio networks.

Primary Network (PN) or Primary User (PU). Therefore CRN should aware spectrum
utilizationaround by using spectrum sensing as well as power control criteria. From
this reason, hybrid MIMQ systems is the favour option for CRN because this
technique obtain an advantages from both spatial multiplexing (SM) and space-time
block coding (STBC) scheme that can improve channel capacity (Foschini, 1996) and
increase diversity order (Alamouti,~1998 and Tarokh, 1999), respectively. Moreover
hybrid MIMO systems can take higher advantage than the conventional MIMO in
limited power scenario. From literature review,several hybrid MIMO schemes were
proposed (Tan, 2009; Song, 2010; Freitas, 2005;Cortez, 2008; Ming, 2007 andMohd,
2004). The efficient techniques such as Interference Cancellation (IC) (Steffen, 2006)
and Linear Detection (LD) (Yong, 2012) have been proposed as well as the sub-
matrix calculation method. However all conventional hybrid MIMO techniques do not
cancel interference before detect the first stream that can cause remaining a high

interference in the received signals. Therefore this research proposes the novel hybrid



MIMO technique that can mitigate interference before detect the first stream, namely,
Hybrid MIMO Receiver Scheme (HMRS). This technique applies Successive
Interference Cancellation (SIC), SM detection and STBC jointly to obtain the higher
performance than the conventional works in literature review when considering the
simulation results and analysis.In this thesis, Symbol Error Rate (SER), Bit Error Rate
(BER) and Cost-index performance are utilized toreveal the advantage of the
proposed technique. The Cost-index performance is the SER to channel capacity ratio
that can be used to indicate the efficiency of communication networks. The
relationship between communication efficiency and the Cost-index performance is
thoroughly explained in Section 4.6. Additionally the hardware implementation of

HMRS is also carried out to verify the benefit of this work.

1.2 Research Objective

The objective of this thesis is to propose the HMRS that improve the
efficiency of CRN. The detail of research objective can be explained as follows.

1.2.1 Studyprinciples and basic theory of SIC and multi-layer detection of
hybrid MIMO systems.

1.2.2 Develop HMRS systems for applying in CRN.

1.2.3 Design and implement HMRS testbed for studying performance of the

proposed technique.

1.3  ThesisHypotheses

1.3.1 To cancel interference in the received signals before detecting the first



layer can improve SER performance by considering from the computer simulation.
Thereforethis criterion should take the benefit when applying in practice.

1.3.2 The higher SER performance of SM users can be offered when the
receiver detect SM layer after STBC layer because STBC technique can mitigate the

effect of error propagation.

1.4 Basic Agreement

1.4.1 For simulation and hardware, two users equipped with two antennas
per user transmit data streams to the receiver equipped with four antennas.

1.4.2 Computer programing ds used to simulate SER performance of the
proposed technique and conventional hybrid MIMO.

1.4.3 Time synchronization is assumed to be a perfect case at the receiver.

1.4.4 The equally transmitted powers are allocated for all users.

1.5 Scope and Limitation of the study

1.5.1 The transmitted signals are propagated over slow fading channels.
QPSK modulation is applied for data streams. Either SM or STBC technique is
chosen for each user.

1.5.2 The receiver equipped with four antennas applies SIC and MIMO
detection in simulation and hardware implementation.

1.5.3 Testbed implementation is established on the basis of a device that can

be found in practice.



1.6 Methods

1.6.1 Methodology
1) Literature review will be carried out to study and search the
related works.
2) Computer programing is used to simulate the performances of
hybrid MIMO systems.
3) Mathematical analysis is used to verify the accuracy of simulation.
1.6.2 Research Location
Communications laboratory, Telecommunication engineering, F4
building, Suranaree University of Technology, 111 University Avenue, T. Suranaree,
A. Maung, NakhornRachasima 30000, Thailand.
1.6.3 InstrumentsforHardware Implementation
1) Computer notebook
2) Matlab program
3) Poweramplifier
4) RF signal generator
5) Oscilloscope

6) Power supply

1.7 Thesis Contents

This thesis is divided into seven chapters. The first chapter includes problem
and rationale, research objective, hypotheses, basic agreement, scope and limitation of
the study and methods. Chapter Il presents results of literature review and the related

works. The principle and theory of MIMO and hybrid MIMO systems are discussed in



Chapter I1l. Chapter 1V describes principle of the proposed technique and BER
derivation. Chapter V presents the simulation results compared with analytical results.
The implementation of HMRS testbed is illustrated in Chapter VI. Chapter VII
provides discussions and conclusions.

Covariance of the effective post-processing noise for ZF detection and STBC
decoding in the presence of channel estimation error and error propagation, and the
effective SNR per symbol after STBC decoding are derived in Appendix A. The

publications of HMRS technique are presented in Appendix B.



CHAPTER II

LITERATURE REVIEW

2.1 Introduction

In wireless communication, message or data from transmitter is delivered to
the receiver by facing the different radio channel. The mobility of users, environment,
carrier frequency and co-channel interference have been directly affected to the signal
quality at the receiver. From these reasons, many research and experiment have been
continuously implemented to solve these problems and supported the new
communication standard. CRN was established to solve the inadequacy of radio
channel in the future (Mitora, 2000). Any users in CRN are permitted to access any
used channel in the common area with PN by applying power limitation criteria. Each
user should equip a spectrum-sensing circuit either analog or digital type (Honglian,
2011)to protect users in PN. Moreover, by the restriction of radio channel and
transmitted power, each user may apply the different MIMO scheme (Tan, 2009;
Song, 2010; Freitas, 2005; Cortez, 2008; Ming, 2007 and Mohd, 2004) called hybrid
MIMO systems. Hybrid MIMO system is the interesting option to be adopted in CRN
because it can control power in different channel better than the conventional MIMO
techniques (Foschini, 1996). Hybrid MIMO technique can improve both channel

capacity gain and diversity gain without spreading code and the expanded channels.



Table 2.1Detected sensitivity for CRN devices.

o Applications
Specification _ i i
Analog TV Digital TV Wireless Mics
Sensitivity -94 dBm -116 dBm -107 dBm
SNR 1dB -21dB -12 dB

Each stream can be separated and detected by using interference cancellation (IC)
technique (Steffen Reinhardt, 2006; Zijain, 2008;Y. Chun, 2008 and K.Kim, 2009)
with MIMO detection. This research designs the novel efficient hybrid MIMO
technique to improve efficiency of conventional hybrid MIMO systems.For achieving
this goal, the literature review and related work should be surveyed and studied in
order to deeply understand principle and criteria of the conventional hybrid MIMO.
The database IEEE and textbook are used for reference in this thesis.

The content in this chapter is to discuss the principle of CRN, literature review
and related work. The principle, decoding and detection of the conventional MIMO

and the existing hybrid MHMO are described.

2.2  Cognitive Radio Network (CRN)

In the near future, the radio channels will notbe enoughusedfor worldwide
communication. FCC in United States surveysthe spectrum occupancy during 30-
2900 MHz in several states(McHenry, 2005). The results show that somechannels are
slightly used or unused but any users of other standard cannot access those vacant
channels according to the government law. From this reason, the IEEE 802.22
standard has been established and used for CRN to mitigate this problem. From

Figure 1.1, any CR userscan access the same channels with PN such as NTSC, DVB
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Figure 2.1 The basic recognition loop in CRN (Honglian, 2011).

and wireless microphone under the power control criteria to protect PN from
interference. CRN should be equipped by spectrum sensing devices with probability
of fault detection 0.1 and_enough sensitivity as shown in Table 2.1.
2.2.1 Basic Recognition-L.00p.in CRN

CRN devices should have the ability to sense spectrum, analyse and
make decision for applying the optimum transmission method such as modulation
channel coding MIMO scheme and transmitted power as shown in Figure 2.1; the
CRN systems can be divided into three parts as follows.

1) Spectrum sensing is used to sense the active PN channel and search
any unused channel. The spectrum sensing method can be divided into two types that
the first is cyclostationary detector for OFDM signals and the second is energy

detection for analog signals. The example of digital signal is shown in Figure 2.2.
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Figure 2.2 Example of the detected ATSC signals (Honglian, 2011).

2) Spectrum analysis is used to receive data from spectrum sensing
part as shown in Figure 2.1. The block diagram of digital signal detection isshown in
Figure 2.3.The FFT processing can be applied to.sense the active sub-channels of
OFDM signal. Figure 2.4 presents the block diagram of energy detection. This
technique can be used to sense the active channel of analog signals. The collected data
is used to analyse the channel capacity and forward the results to the spectrum

decision part.
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Figure 2.5 Problem during occupy the vacant channel in CRN (Honglian, 2011).

3) Spectrum decision is used to choose the optimum transmission
scheme by considering the analysis results from the spectrum analysis part.

The detected devices should have enough sensitivity for rapid change of
carrier frequency as well as the probability of corrected detection should be higher
than 0.9. After the Fusion Centre (FC) chooses:the optimum transmission schemes
forall users, FC will command all users to transmit according to the decision by

feedback channels.
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2.3 The Need of Hybrid-MIMO to CRN

Because of the limitation of spectrum band (as shown in Figure 2.5) and

transmitted power in CRN, all users should have ability to change the transmission
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scheme as well as MIMO scheme to protect PN from the over limit of interference.
The advantage of hybrid MIMO to CRN can be described as follow.
2.3.1 Advantage of Hybrid-MIMO
For the CRN scenario, each user can be independently travelled around
network. Thus each user will face the different channel as well as the different
distance from FC under the power control to protect PU. From Figure 2.6, CR-Userl
locates closely to PU. Therefore this user should adopt the low transmitted power
scheme to protect PU by using STBC MIMO instead of SM MIMO that use higher
transmitted power. On the other hand, CR-User2 locates far away from PU, thus this
user can adopt SM MIMO to get the higher spectral efficiency although this scheme
use the high transmitted power. From above reasons, if each user in CRN can adopt
different MIMO scheme, the CRN' can increase the spectral efficiency instead of
using the conventional MIMO that may occupy channel for only one user.
2.3.2 The Spectrum Efficiency of Hybrid-MIMO
For a single vacant channel case, by considering the need in the sub
section 2.3.1, two users of hybrid:MIMQO ‘or more can occupy the vacant channel
simultaneously. Therefore CRN will achieve double capacity gain instead of using the

conventional MIMO that may take lower capacity gain as shown in Figure 2.7.

2.4 Literature Review and Related Work
241 MIMO Systems
MIMO communication is the advanced technology for recent and
future platform. Both transmitting and receiving side are equipped with multiple

antennas to expand the opportunity for receiving the higher receive signal. Both
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diversity gain and channel capacity can be increased corresponding to the number of
antennas. The Spatial Multiplexing (SM) MIMO (Foschini, 1996) applies multiple
antennas at transmitter and receiver to increase capacity gain as well as the Space-
Time Block Coding (STBC) MIMO (Alamouti, 1998 and Tarokh, 1999) applies two
time slots and two antennas to transmit block coding message to the receiver. The
combination signal and orthogonal symbols at the receiver can increase the signal
reliability and diversity gain.
2.4.2 Hybrid-MIMO Systems

Hybrid-MIMO system has been developed for applying in flexible
work. Both channel capacity and diversity gain can be improved when each user can
adopt different MIMO scheme to increase spectrum efficiency. The first hybrid-
MIMO system (Mohd, 2004) can switch MIMO scheme automatically according to
channel condition by using feedback signal from the receiver. However this scheme
offers a quite low data rate. Then Successive Interference Cancellation (SIC) and
Linear Detection (LD) are adopted into hybrid-MIMO system (Freitas, 2005). The
multi-layer STBC system was proposed (Ming, 2007)by trade-off between the higher
diversity gain and complexity. Thenthe special hybrid-MIMO code was proposed
(Cortez, 2008) while matric decomposition and inverse matrix are applied at the
receiver. Next, the two STBC layers scheme was proposed (Tan, 2009) by applying
SIC and LD but the system offer quite low data rate that cause by two STBC layers.
Finally, the computational method was proposed (Song, 2010) by applying matrix
decomposition and inverse matrix to separate and detect all streams. However this
method offers the high complexity and quite low diversity gain. From above reasons,

this thesis proposes the method to apply SIC and LD to separate all layers and cancel
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the interference from other users before detect the first stream. By this technique, the
receiver can cancel more interference than the existing hybrid-MIMO.
2.4.3 Interference Cancellation Technique
This technique can be divided into two types (Reinhardt, 2006;Bali,
2008; Chun, 2008 and Kim, 2009). The first is SIC. The interference of other users
can be cancelled according to the special order without considering the noise level in
each layer. The second type is the Ordered Successive Interference Cancellation
(OSIC). The interferences in all layers are compared and sorted according to the noise
level. The first layer for detection should have the lowest interference. This technique
offers higher complexity than the first technique while both techniques offer the
approximate diversity gain.
2.4.4 MIMO Technique in CRN
The MIMO technique can be efficiently applied in CRN to improve the
channel capacity and diversity gain (Mao, 2012; Alian, 2012 and Driouch, 2012).
Moreover the MIMO OFDM systems can be used ta increase the spectrum efficiency

of CRN, because several users can-apply asingle vacant channel simultaneously.

2.5 Summary

This chapter explains the meaning and principle of CRN, literature review,
principle of encoding and decoding of both MIMO and hybrid MIMO systems while
the benefits of each technique are also described. Moreover the interference

cancellation and MIMO system used in CRN are briefly explained.



CHAPTER 111

PRINCIPLE OF MIMO ANDHYBRID-MIMO SYSTEMS

3.1 Introduction

This chapter discusses about the principle and theory of MIMO systems. The
steps of IC that are jointly applied with MIMO detection are described. Moreover
noise power in SM detection and SM-SIC systems is presented. The principle of
hybrid MIMO and the channel capaeity calculation are discussed. Finally SER

analysis of hybrid MIMO systems is briefly discussed.

3.2 MIMO Detection

MIMO transmitter and receiver are equipped with multiple antennas. The
transmit signal are sent through MIMO channel to the receiver at the same time. The

received signal at the receiver can be written as

y=Hx+z (3-1)

Vi hy ol ] X z,
3 S R A P (3-2)

h -« h X z
. N, 1 N, N, N, N,
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wherey denotes the received signal vector, H denotes the channel matrix, x denotes

the transmitted symbol vector and z denotes the white Gaussian noise vector with
zeromean and variance o. Assign N, and Nyrepresent the number of receive antenna

and the number of transmit antenna, respectively.
3.2.1 Linear Signal Detection
When the transmitted signals arrive to the receiver, the received signal

will be detected by applying weight matrix W by

X = [X1 Xo Xaon T =Wy (3-3)

where (3-3) represents the detected symbol. The linear signal detection can be
generally divided into two methods. ©ne.is Zero-Forcing (ZF) technique and another
IS Minimum Mean Square Error (MMSE).
1) Zero-Forcing (ZF)
The ‘nterference of other streams' can be cancelled by weight

matrix as follows.

W, =(H"H)*H" (3-4)

where ()" represents conjugate transpose operation and the dimension of H is NN .

The detected symbols can be detected by

Xzr =W,y =x+(H"H)*H"z=x +z, (3-5)

wherez,=[Z,, Z,, Z,;.-Z,,]" denotes the noise vector due to ZF process.



19

2) Minimum Mean Square Error (MMSE)
The interference of other streams can be cancelled by weight

matrix as follows.
Wypee = (H* H* o2l ) H" (3-6)

wherel denotes the identity matrix with dimension N:xN;. The detected symbols can

be detected by
Xomvse =W, Y = (H Ha2 1) HP y = X+(H" He o2 1) H "z (3-7)

3.3.2 Maximum Likelihood Detection
For detection, the minimum Euclidean distance is used to choose the
optimum signal. This distance can be calculated from the difference betweenthe
received signal and the multiply product of channel matrix and all possible symbols in

constellation. The detected:symbols can be obtained by

XwL= argmin y—Hx||i (3-8)

xeC™ ||

. . . 2 .
whereC denotes all possible symbols in constellation and ||{_represents Frobenius

norm operation that the meaning is Al 7 /Ziwz , Where a and b denote the
F j
i=1 j=1

number of row and the number of column of matrix A, respectively.
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Figure 3.1 Principle of multi-layer detection (Cho, 2012).

3.3 Interference Cancellation in MIMO Systems

Generally, the MIMO received signal consist of multilayer signal from each
transmit antenna. The receiver should cancel all signals of other users and detect only
signal of the desired user. After that, the second layer can be detected by cancelling
symbols of the first layer and other users. Then other layers can be detected by
repeating above instructions until detecting the last layer. This process can be
explained in Figure 3.1 where the four layers from four transmit antennas are
transmitted to the single receive antenna. This method applies SM detection jointly

with SIC. The interference cancellation can be divided into two methods as follows.
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3.3.1 SIC
For this method, the interference of other users can be cancelled
according to the special order without considering the noise level in each layer. As
shown in Figure 3.1, parameter n of x’(n) is not selected by considering its noise
power level.
332 OsSIC
For this technique, the interference in all layers are compared and
sorted according to the noise level. The first layer for detection should have the lowest
interference. Considering Figure 3.1, parameter nof x’(n) is selected by considering
noise power level in all layers. Thus the layer at x’(4) has the highest noise power

level because this is the last layer for detection.

3.4 Noise Power in Interference Cancellation Process

For this part, the noise power of linear detection is calculated and compared to
the noise power in the linear-detection joining with SIC technique as follows.
3.4.1 Noise Power in ZF Detection
From (3-5), the detected symbol vector is Xz =x + (H"H)*H"z.

Thus noise signal after detection is z,- = (H"H)*H"z. The power of noise can be

calculated by using SVD decomposition as follows, where H =UXV*"

2 R

2

. ||((UZVH ) (uzv ))1 VEU":

F
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2

_ H(VEUHUZVH ) vzt

F

2

_ H(VEZVH ) VUt

F

= vz rvsuaf
I R D

By using the unitary matrix property in Frobenius norm operation that can be

presented as [VA|. = ||A|7, (3-9) can be reformed to be

Jou Ll ) 10)

Then the average noise power for ZF detection can be described as

=l =iz vl
= E{tr(2'U"zz"UL")|
v(z e
=cotr(1/2?)

min(Nr, Nt)
=o:l > ol (3-11)
i=1
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3.4.2 Noise Power in ZF Detection Joining with SIC
For this technique, the noise power in the first layer equals to part 3.4.1

but noise signal in the next layer is cancelled. Then the first detected symbol x1 is

used to regenerate the received signals (where the transmitted symbols is x = [, x,
x,..x,]') for the first layer as y,=H, Xzr1 = H., (x+za), where H,= [h, h,

h,..h,]" denotes the sub-channel for x1. Next, the regenerated signals are removed

from the received signal and then the received signal of the second layer can be taken

by yi2 =Y - y1. The weight matrix of ZF in the second layer can be written by
W ' = (HGH )T HEG (3-12)

whereH,, denotes channel matrix that cancel H.; away from H, where

H,,=U,% V5 with dimension NXN— 1. Then the detected symbol of the second

layer can be obtained by

Xzr2 =W_y,=W_ (y— Hu(x1+ zal))
:Wzlp (HL1X1+ HLZXLZ +Z— Hlel_ Hleal)
:Wzlp (HLZXL2+Z_Hlea1)

= X, +WZ'F (z-Hyz,,)

=X, W _(2-2) (3-13)
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wherex, =[x, x, x,...x,] denotes all symbols in the second layer and z, = H,,z, . From

(3-12) and (3-13), the noise power in the second layer can be carried out by

~ 2 : 2
22| =(HEHL HE (22,

2

H -1
= H((U L2V ) (ULzszVLHz )) V,ZL,U0(2-24)

F

2

= H(VLZZLZUEZULZELZVL;' )-l V,2LUD (z "%y )

F

2

= H(VLzzszLle )-1 VLZZLzULHz (Z "% )

i
VL E WL E LU (2|

= VL2307 (22 . (3-19)

By the same reason to (3-9) and (3-10), V> can be cancelled without any effect to (3-

14). Thus the signal power in ZF detection joining‘with SIC for the second layer is

E {HEZFLZHIZ: } =E {HZLlZUI'_"Z (z -2y )HZF }
_ E{tr(zggug (z-2,)(z-2, )" ULZS )}

:tr(ZLiE{(z'zd )(z-2 )H })

=c,tr(1/.X%,)

min(Nr,Nt-1) —

" / E: :

=0,, Oi
i=1

(3-15)
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Figure 3.2 Multiuser detection of Alamouti signal (Tan, 2009).

From (3-11) and (3-15), these equations show that the average noise power in

the second layer for SIC technique is reduced when compared to detection in the first

layer due to o2, less thanc’. Because some interference is removed as presented in

. . ~B . .
(3-13) while the summation of o approximate to the'summation of6”. Moreover 62,

and o offer very small noise power and they arethe dividend in equation. Besides, if

they are compared with the summation of o’and 8? that have the higher power and

they are the denominator in equation, this mean that the performance of ZF detection

joining with SIC technique outperforms the general ZF detection.
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3.5 Principle of Hybrid-MIMO Systems

This section explains basic principle of the conventional hybrid-MIMO
according to literature review. They can be divided into four techniques as follows.
3.5.1 MU Detection of Alamouti Signal (A-BLAST)

Two users at transmitting side transmit their data streams
simultaneously during two time slots over MIMO channel. From Figure 3.2, the
receiver applies SM detection (ZF, MMSE, or ML) joining with SIC. Anyway this
scheme offer quite low data rate because Alamouti code is adopted for both users. Its

encoding process and decoding can be described as follows.

xa:{"l 'Xf} , xb:{xs _)(*4}(3-16)

X, X

N
N

-
w

> o=
N
w
[9%)
w

> o0
ey
w

22 (3-18)

y = Hx= (3-19)

wherex, denotes the transmitted power of the first user, x, denotes the transmitted

power of the second user, H denotes MIMO channel with dimension NxN; and
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ydenotes the received signal during two time slots. Then ML is used to detect the

desired symbols from the first user as

X = argmin ‘y - H@(kui (3-20)

Xy eCM

h, h,
_ (3-21)
"I,

h, by

Then the received signal of the first user can be regenerated by (3-22) and cancel this
signal from the received signal in (3-19) to achieve the received signal for the second
user as shown in (3-23).

i

X2 Xa

{ X X
Y, = H{Al 2}(3-22)

where X and X.denote the. detected symbols of the first user that can be obtained by

(3-20).

Yor Yoo

~ ~ Yoz Yoa
Yo =Y - VY.= (3-23)

° Yos  Yoe

Yor  Yos

/\V * * * * T
Yo :[ybl Yoo Yoz Yoa Vo5 Yoe Yoo be:I (3-24)
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hy  hy
H, = hy, hy (3-25)
hyy Ny
hy,  hy
* * * x T
ﬁb _ hy hy hy h4f hy hyg hy h4f (3-26)

h41 _h;:1 h42 'h32 h43 'h3*3 h44 'h34

Hi = (Ho Ho)'Hiy (3-27)

Then the detected symbols for the second user can be decoded by

X, = HJ9, (3-28)

3.5.2 Transmit Diversity and Combining Scheme for SM (TDCSM)

At the receiver, the received signal matrix and MIMO channel matrix
are decomposed into sub-matrix that has the specific’form. Then these matrixes are
used to cancel the interference and used.to,detect data streams for all users as shown
in Figure 3.3. The TDCSM process can be started by dividing the channel matrix H

into several sub-matrixes as follows.

A= :111 hzl , B— 2331 h41 (3_29)
L2 22 | RV 42 |

C= rhl]13 hzs ’ D= :333 h43 (3_30)
L ha 24 | R 44 |




AN
x
A

4>>< o

Yi
Y>
Y3
Ya

y=Hx+1z=

29

(3-31)
xb{xs X‘*} (3-32)
X, X
Ys
Ys :|:ya:| (3-33)
Y7 Yo
Ys

The received signals are decomposed into two sub-matrixes as

Ys
Ye

Y1
Ya=
¥

Y, = AX,+Bx, + z,

Y, = Cx, + Dx, + 75

_[ ¥ Y1{(3-34)
! Yo |:Y4 YJ

(3-35)

(3-36)

These sub-matrixes are used to decoded the STBC symbols by

= (A'B - C'D)x, + A'z, - Cz,

(3-37)
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Figure 3.3 TDCSM block diagram (Song, 2010).

The signal from (3-37) is used to regenerate received signal for the SBTC user and

cancels with the received signals by

hyy
hy,

Ya =Y -

s
h,

X3 -Xa
X4 X3

The received signals of the SM user from (3-38) are used for ML detection as

A

Xa

argmin

C Nt-2

2

~ A
Ya - CXk

F

(3-38)

(3-39)
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3.5.3 Hybrid MIMO Transceiver Scheme (HMTS)
The transmitted signals are decoded by:SM code and STBC code and
transmit pass through MIMQO ‘channel. The recetver applies MMSE detection jointly
with SIC to separate and detect the transmitted symbols for each user. The process of

encoding and decoding for HMTS are described as follows.

X = Xl X2 X3 X4 i
X, X5 X, X (3-40)
Yi ¥
Yo Yo
=Hx +1z =
g Y Y, (3-41)

Yo Vs
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The received signals from (3-41) are detected by ML detection by

— - 2
< = aninly - e o2

The detected symbols from (3-42) do not employed because they combine with a rich

interference. Anyway, these symbols are used for STBC decoding process as shown

Xstec = [;(3 ;(4]T (3-43)
h31 h41
H b h3z h42
Y h, h, (3-44)
h34 h44
I . . . T
H _ h31 h41 hsz h42 h33 h43 h34 h44}
ASTBC — — N . . )
h41 'h31 h42 'hsz h43 'hss h44 'h34 (3 45)

H :\STBC = (H AHSTBC H ASTBG )-] H /TSTBC (3-46)

The receiver applies the decoding symbols of STBC user from (3-44) to regenerate
the new received signal for STBC user that have lower interference. This process can

be described as

ya yb

~ - H ; _ yc yd

Ystac = Mlsrpc XstBC = VR (3-47)
yg yh

AV * * * <7
Ystee = [ya Yo Yo Ya Ye Yi Y Yh] (3-48)
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Then the signals in (3-45) and (3-48) are jointly applied to decode the transmitted

symbols of STBC user.
g(STBC = HZSTBC 9SVTBC (3'49)

The decoded STBC symbols from (3-49) are used to calculate the received signals for

SM user as

Yu =Y - Hgac Xsrac (3-50)
Apply the signals from (3-50) into ML detection process to get the transmitted

symbols for SM user as shown
- A 2
X = axrkgg(m,'zn”ysm - Haw X (3-51)

3.5.4 ABBA-VBLAST Hybrid Space-Time Code
The transmitted symbols are encoded by SM code and the special code
ABBA and transmit these symbols over MIMO channel. The receiver applies QR
decomposition and inverse matrix operation to detect all transmitted symbols from

transmitting side. All ABBA process can be explained as

.
Xpa = [ . (3-52)

X5 - XZ |
X = .
abba |: X, X (3 _53)
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L ¥
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2 (RrF E [ Xi-Xo. X
D;;q B ns§ " ¥ CHAI C
— L Ns+1 I g
A }
E ABBA [ ~ E
¥ n (rF
R ENCODER| pos ¥ N EELLTR
Ils*-li

y=H { Xspa} +z
Xabba (3-54)
/RS
y = yg yi (3-55)
Yo  Ys
Yo Yy

The received signal from (3-55) can be rearranged for the next step as

e " " * T
Yo = [W W oy v v v v v

Yo = HoXpo + Zip (3-56)
QR decomposition can be used to decompose the channel matrix by

Hp = |:Hspa Habba] = QR (3-57)
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HE H]
Hspa Hspa
05
HE HE
Hsea — ij 0 ]
Tl (3-59)
ij |
* * * « T
H _ {hl?, h, hy hy hy by hy h44}
abba T * * * * -
h14 'h13 h24 'h23 h34 'h33 h44 'h43 (3 60)
§LLD = QI|_-|DyLD = RpXp + Zip (3-61)

From (3-61), this equation shows the relationship between the received signals and

the transmitted symbols. Apply this relation to decide all decoding symbols by

Xjwis, D| e Pl (3-62)

whereN; denotes the number ‘of dransmitted  symbols,y;denotes element in symbol
vectorxthat should detect from element i to N; and D[] represents the symbol
selection operation for ;that can be chosen when the multiply product between x;and

the element of matrix R is approximation toy; where

N

Ji= Xt 2 i 2 (3-63)

i=j+1
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From discussion about all hybrid-MIMO techniques show that they apply the
complex algorithm to detect and separate message data. Thus this research will
modify the conventional hybrid-MIMO schemes to improve diversity gain.Namely,
the interference in the received signals are cancelled before detect the first stream. By
this criterion, the performance of hybrid-MIMO can be simply improved. The

proposed technique will be presented in the next chapter.

3.6 Channel Capacity of Hybrid-MIMO Systems

Channel capacity in communication systems can be indicated that how fastest
for data rate can be transmitted over the limit bandwidth without error from radio
channels. From this parameter, the limit of wireless transmission can be demonstrated.
This section describes the channel capaeity of the conventional MIMO and hybrid-
MIMO as follows.

3.6.1 Channel Capacity of MIMO Systems

The channel capacities of MIMO signals depend on the information
power to noise power ratio, number; of transmit-and receive antennas, and channel
gain. Thus the channel capacity can be increased by increasing transmitted power or

number of antenna. This relation can be expressed as

Crimo = E{|ng dEt(IN, +Nl H" H)} (3-64)

t

where E{} represents expectation operation and y denotes signal to noise ratio.
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3.6.2 Channel Capacity of Hybrid-MIMO Systems
The encoded matrix at the transmitting side applies both SM MIMO

and STBC code by

X%
X, %

Xyayorig-mivo [K: K +1] = Xz X, (3-65)
X, X

wherek and k+1 denote the first and the second time slot, respectively. All symbols in
the first column represent all transmitted symbol in the first time slot as well as the
transmitted symbol in the second column represent all transmitted symbol in the
second time slot. This equation shows that x; and x, are encoded by STBC code and
they are transmitted during two time slot. Therefore the channel capacity should be

multiplied by data symbol rate during two time slot (Thompson, 2004) as

Chyoria wikio = O {lOQz det(h>+ Nl H/f,H Hb)} (3-66)

t

whereHy;, denotes the MIMO channel during two time slots and 6=3/4.

(3-67)

hnl hn2
Han= {-h;} h:j (3-68)
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hnl hn2
Hon =l (3-69)

nl n2
where the first column and the second column in (3-67) represent MIMO channel for

STBC user and SM user, respectively.

3.7 Bit Error Rate of Hybrid-MIMO Systems

For any wireless communication services, the signal quality has been used to
indicate the efficiency of wireless networks. The bit error rate (BER) is also the
important parameter to demonstrate the quality of service. Several factors can affect
to the BER such as environment, mobility, transmitted power and temperature. From

this reason, BER of the hybrid-MIMQ systems should be derived to demonstrate the
performance of the proposed systems. Initially, the effective SNR y,, can be obtained

by combining signal in all layers. Where ¥=[ y; ¥5 ¥5... ¥.], ¥o= ¥Cn and define the

constant vector ¢ = [c3.C» C3 ... ¢.], where L denotes the number of layersin the

received signals. Then y,, is/used to calculate BER of hybrid-MIMO over complex

white Gaussian noise channel (Proakis, 2001 and Wang, 2007) by

P o (3_” n ) L|092C ZQ( \/G)_)c” ) (3-70)

n=1

wherea and G denote the modulation constant for each modulation scheme and

17 .
=;jeXp(—X2/25'”29)d9. Anyway this thesis considers signal over MIMO fading
0

channels. Therefore BER of the hybrid-MIMO system should be derived on fading

channels (Ahn, 2008) as follows.
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Pov=| Puw (766010, 0, ), a)
0

where P, (. ) denotes the probability density function (pdf) of the effective SNR that

can be described as

_ yn>l /Y

pw (V )_ - e
o 3-72
I(Z)y, (3-72)

where 7, =7./|H,[;, Z = N/(Ny/2) and I“(a):]ixa’le’ada. Thus from (3-70) and (3-71), the

average BER of hybrid-MIMO systems over fading channel can be expressed as
a © © ©
Pos Tingic L QN8 0 [ OG- +f; (G, tr i, |- 3.73)

However (3-73) is represented in term of Gaussian function integration, it is difficult
to calculate the answer. Thus'this equation should be reformed to be a low complexity
equation before derivingBER. The details of derivation will be explained in Chapter

V.
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3.8 Summary

In this chapter, the principle of multi layers MIMO detections are explained
including ZF, MMSE and MLD. The criterion of MIMO detection joining with SIC is
also discussed. Moreover the principles of several hybrid MIMO systems are
demonstrated while the channel capacity and the BER derivation over fading channel

are also briefly described.



CHAPTER IV

HYBRID-MIMO RECEIVER SCHEME ANALYSIS

4.1 Introduction

This thesis improves performance of the conventional hybrid-MIMO
described in Chapter 111 by cancelling the interference of other layers before detecting
the first layer. The improved hybrid-MIMO systems, namely, the hybrid-MIMO
receiver scheme (HMRS) is proposed to adopt in CRN because this technique offers
the simple structure andmore flexibility for power limitation in CRN. Moreover the

multi-mode HMRS is also proposed that is compatible to CRN environment.

4.2  Structure and Process of Hybrid-MI1MO Receiver Scheme

4.2.1 Structure of-Hybrid-MIMO receiver scheme
The HMRS technique can be efficiently applied for multiuser systems
as well as CRN. Each user can be independently applied the different MIMO scheme
while each user equipped with two transmit antennas as shown in Figure 4.1. Then all
data streams are transmitted over MIMO fading channels to the receiver.Each part of

HMRS receiver can be explained as follows.

1) ML detection is used to detect SM MIMO signals. Anyway this

part may be equipped by other SM detection such as ZF and MMSE detection.
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— 8 STBC sink

STBC
DECODER

CHANNEL
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Figure 4.1 HMRS block diagram.

2) SIC or signal subtraction is used to cancel the interference of other
users. The cancellations are repeatedly done with SM detection for each layer until

completing all layers.

3) Channel estimation is used to measure and estimate MIMO channel

for detecting all transmitted symbols.

4) Regenerate received signal (R-SM. GEN and R-STBC GEN) is
used to regenerate the received signals for SM:and STBC user. These signals are

generated by estimating channels and detecting symbols.

5) STBC decoder is used to decode STBC signals.
4.2.2 Hybrid-MIMO receiver scheme process
The transmitted signal for SM and STBC users are arranged into two

time slot for each transmission block that can be written as

X X
Xom _{xz XJ (4-1)
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. | % -X,
STBC X X; (4_2)

The symbols in the first and second columns in (4-1) and (4-2) represent the
transmitted symbols during the first time slot and the second time slot, respectively.
The transmitted symbols of two users can also be represented in the first and the

second time slots as shown in (4-3) and (4-4).

Tl

_ X
s r (4-3)

¥ 17k (4-4)

All transmitted symbols ‘are.transmitted over the flat fading channels that have static

channel coefficient during two time'slots. The MIMO channel can be described by

hll th h31 h41

H= hlZ h22 h32 h42 (4_5)
h13 h23 33 h43
m4 h24 h34 h44

whereh;denotes the sub-channel between the transmit antenna j and the receive

antenna i. The received signals during two time slots are presented by
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By
yTl Hx ™ 77t yl y5

y=| 1, |= Honl=l (4-6)
yT 2 HXT 2 ZT 2 y3 y7

wherezy, denotes a noise at time slot Tn. Then ML detection are applied to detect all

transmitted symbols at time slot Tn by

X" :agg min”yTn - HQKHZF (4-7)

keC Nt
The detected signals from (4-7) are used to regenerate the received signal for SM user

that given by

H o X
oy S (4-8)

Ysu1 =
whereysy1 denotes the received signal for SM user (order 1), Hsm denotes MIMO

channels for transmitting SM symbols that is located in the first two column of MIMO

n
channel H and Xsu denotes the detected symbol for SM user at time slot Tn. Then

SIC is used to cancel signal ysu from the received signal y that given by

Yo Y
Y Y
Ysteer = Y 7~ Yow1 = Yo Y. (4-9)

Yo o Yx
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whereystgc: denote the received signal of STBC user (order 1), then reform this

signals by

0 * * * i
Vo =[Ya Vi Yo Vi Vo Vo Yu Vi (4-10)

The signals in (4-10) are used to decode the transmitted symbol for STBC user as

given by
%STBC T HI\STBC y<S>TBC (4-11)
where
h31 h41
h, h
H _ 32 42 )
STBC h33 h43 (4 12)
h34 h44
. " . AT
H psrec & l:hBl h4i E h4f o hAE s h4f :| (4-13)
h41 'h31 h42 'h32 h43 'h33 h44 'h34
H ZSTBC = (H AHSTBC H ASTBC )_1 H ESTBC (4'14)

Then the detected symbols in (4-11) are used to regenerate the received signal for

STBC user (order 2). These signals are employed in SIC process and can be written as

H srec g(gsc
Ystec2 = T2 (4-15)
H stec Xsrec
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ATn
where xsrec  denotes the detected symbol of STBC user at time slot Tn. Then the

signal in (4-15) are cancelled from the received signals by

yTl
Ysm2 = Y = Ysteco = [ ?\22} (4-16)

SM 2

The signals in from (4-16) are used to detect the transmitted symbols of SM user by

ML detection as given by

’*Tn L
X, =argmin

Xk gC N2

y;r\]Az -Hgy QKHZ (4'17)

4.3  Bit Error Rate of Hybrid-MIMO Receiver Scheme

In wireless networks, BER has been used to demonstrate the efficiency of the
systems. The BER for multi-layer detection as well as HMRS should be derived many
times for each layer and-the average BER for each.user should be averaged by the
BER of each layer with the ‘effect of error-propagation. In this part, the practical
problems in multiuser MIMO detection are discussed that these problems are error
propagation (EP) and channel estimation error (CEE). These problemsshould be also
taken into account for the average BERderivation of each user.

4.3.1 Hybrid-MIMO receiver scheme signals

This research considers the HMRS system with N synchronous co-
channel users (e.g. uplink cellular), where each user equipped with N,-element
antenna array (N,=2 for this work); we assume that J users are in SM mode and the

remaining N-J users are in STBC mode. All 2N MIMO streams are simultaneously
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transmitted over the same frequency band without additional spreading to a common
receiver equipped with M-element antenna array. All users are synchronous in the
sense that each user transmits its symbol vector in the synchronization with others.
The transmitted signals are assumed to propagate through the M x 2Nrandom channel
matrix H in the uplink communication channel. The MIMO channel is assumed to be
a rich-scattering and flat-fading, all sub-channels between all users and receiver are
assumed to be independence. This thesis assumes that the mode of operation of each
user is known at the receiver, which can be indicated in the packet header. The

received signal is then given by

N
Y = z His,+w, (4-18)
=1

where the received signal ¥ is an M X 1 vector, the signals of user i are sent through
the M x N.random channel matrix H;j, s;represents N, X 1 transmit data symbol
vector of user i consisting_of N, symbols each: with a constellation size C and w
denotes M x 1 vector i.i.d. complex circular Gaussian random variable; each element
distributed as CN (0, Ny). The average energy of the transmitted symbol is assumed to
be E; = E[|s;]?], where s; denotes the element of s;. The overall channel matrix is
denoted by H = [H,H] that assumed to have unit variance such that E[||H||%] =
N.NM, where the overall channel for all SM users and all STBC users are denoted by

H,=[H\H,..H/]Jand H = [H;\1H;, ..Hy], respectively, [|A]l; denotes the

Frobenius norm of a x b matrix A, it can be defined as ||A||p = \/Z?zlzf=1|Aij|2

and E[-] is the expectation operator.
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4.3.2 Error Propagation in SIC process
In MIMO uplink channel, we normally use SIC to cancel the early
streams of the other users in order to detect the symbols for the desired user. The
previous detected symbols §,, of other users in (4-19) are used to subtract with real
symbols s, in the received signal Y, where m =1, 2, 3,..., N; then the received signal

for user k (desired user) can be described as

N
Y, =Y Z 0,3, (4-19)

m=1

where k # m. However the previous detected symbols always have the probability of
symbol error during detection (s, # §y); thus the cancellation of SIC cannot be
completed without error. The error due to SIC process is known as error propagation
(EP). The EP has been described in form of distance between two symbols (Prasad
and Varanasi, 2001); the average distance can be.represented by different value
depending on the type of modulation.; T he symbol.distance dep for C-PSK case can be
calculated (Zanella et al., 2005)by 4sin?(m/C), where dgp = |s,, — §,,,|*>. For C-
QAM case, the symbol energy should be normalized by the average energy (Foschini,
1996)E, = 2(C — 1)/3. Thus the symbol distance dep for C-QAM case can be

obtained by averaging the distance of all symbol pairs in constellation that,as dgp =
(1/(C(C — 1))) XX s - 5;|”, where s; and s; denote the symbol inconstellation
of C-QAM signal that are normalized by \/E_v , and i # j. The pattern for appearance

of EP has 2V« possible patterns. However the pattern for appearanceof EP can be

reduced to be N, + 1possible patterns by using thecoefficient vector
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Table 4.1 The detection process of HMRS

Step Process

Begin:The 2N transmitted streams are sent to the receiver at the same time.

1 Yt represents the received signal vector Y at time slott,, where n =1, 2.

At the first detection, all detected symbol §t = [8;",8.",...,85%] are obtained by

2N x M ZF detection. All detected symbols §t»are regenerated to be the estimated
2| receive signal Y¢;, for all SM users and¥ .- for all STBC users at time slot t,, where

tn J— tTL tn tn

YSTC - [YSTC,1YSTC,2 o ¢ TC,N—]]

At STBC decoding, define Y% = ¥* — Y . The detected symbols Sgr; for all

STBC users can be obtained by:

fori=1toN-J

t t N— t . .
sti =Yg — Zj:{ Yslmj, where j # i
ty ty N=J ty
Yoi =Yg — Z'—1 Ysre,
3 1 -
SsTC,i = dec(Y;li, Y;Zi
t t t t
Yre, = Ysand Yo, =Yg,

end

whereSgrc ; is 2x1 detected symbolvector for the i™ STBC user and dec( ) denotes

N, x M STBC decoding operation. Defines, =

[8%r¢ 18%r¢ 28%r¢ 3 .. 850y |, where T denotes the matrix transpose operation.

At SM detection, the new received signals¥"of SM users can be obtained by SIC
that, asY," = Y» — V.., where V¢ . denotes the regenerated receive signal for all
4 | STBC users that is.generated by the elements of $.according to the STBC structure.
Then YZ”is used to detect the transmitted symbols for all SM users by applying

JN; X M ZF detection.
End process.

By, that is addressed in the next section, because some patterns of 2Ne possible
patterns have the same value with others. The detection process of HMRS that applies
ZF detection can be explained in Table 4.1.
4.3.3 Channel Estimation Error Model
The receiver needs to estimate the channels for decoding the symbols
from the transmitter, but the perfect channel estimation cannot be done in practice.

Thus the model of CEE is described in this part. The good model to explain the
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characteristic of estimated channel H at the receiver is (Zanella et al., 2005; Marzetta,

1999 and Hassibi and Hochwald, 2003)
H=H+ro (4-20)

where all elements in ¢are i.i.d zero-mean complex Gaussian having zero-mean and
unit variance, and t is used to measure an accuracy of channel estimation. The value
T = 0 is presented in case of no estimation error. The normalized mean square error

(NMSE) between h;; and fzij can be written as

Bl - hy|]

E [|hi,-|2]

NMSE = =12, (4-21)

where h;;, Eij represent the (i, /) element of Hand H, respectively. The correlation

coefficient between the true channel coefficients and their estimates can be defined as

E[h;h; 1
I ) | .

JE [lhijlz] E[lflulz] V1 + 72

where *denotes the complex conjugate operation. The relation between NMSE and

p in (4-21) and (4-22), can be shown as

p =1/V1+ NMSE (4-23)
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4.3.4 The Closed-Form BER for ZF Receiver
In this section, we derive the effective SNR and the closed-form BER
with CEE and EP for ZF detection. At the 4" step in Table 4.1, the transmitted symbol

with CEE (Wang et al., 2007) and EP can be written as

8, =HlY, = (H, + 1) (H,s, + w+ N,AH,) (4-24)

where H , represents M x JN, channel matrix for all SM users, s,denotes the /N, x 1

symbol vector for the all SM users, T denotes the pseudo-inverse operation, N,AH,

term denotes the total EP due to SIC process, A= ./dgpEs, H, represents M x 1
channel vector for one other user, and the M x 1 received signal vector Y ,represents

Yi"in Table I, regardless of time slot. However, 7 << 1 in practice, then the pseudo-
inverse of the estimated channel matrix can be approximated by the linear part of the

Taylor expansion as

A, = Hi(1, — teH)) (4-25)

thus (4-19) can be reformed as

Y, = H}(Iy —toH})(H,s, + w + N,AH,)

=s, + Hiw—tH}@s, — tHlHlw + N,AH}H, — TN, AH} @H} H,,.
(4-26)

From (4-26), the effective post-processing noise can be written as
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W = Hiw — tH} ¢s, — tH oHw + N,AHH, — tN,AH} @ H}H,,.
(4-27)

In Appendix A-I, we derive the covariance matrix of wthat can be shown as
E[ww"] =
-1
(1\/0 + 2N, E + 12Ny t, ((HY H,) ) +12N,As,t, ((HYH,) ) H (H})

-1
+N2A2M + TN Al e, (HIH) ™D H, (1))

+T2N3A2Mtr((HIZ-IHZ)_I))(HZHHZ)_l (4_28)

wheretr(+) is the matrix trace operation. The mean of t,((HYH,)™1) is quite small
for practical numbers (Wang et al., 2007) of transmit and receive antennas (M>JNy).
Moreover after t,((HY H,)™ ") is scaled by t?wheret « 1, the term =2t ((HYH,)™)

in (4-28) can be ignored. Therefore (4-28) can he besides presented as

E[ww"] = (Ng + ©°N,E; + N2A’M)(HYH,) ™" (4-29)

From (4-26) and (4-28), the effective SNR per symbol of the k™ stream can be

described as

_ ES/NO
(14 t2N,Es/Ny + N2A2M /No)[(HEH )],

Yk

k=12 ..,N,. (4-30)
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Where [(HYH,)™1],, denotes the (k, k)" elements of (HY H,)~! while the value of
1/[(HYH,)™1),, is a chi-square distributed random variable with 2(M — JN, + 1)
degrees of freedom (Winters, 1992 and 1994). Because the SNR distribution of each
stream is the same, the subscript k in (4-30) can be dropped. Thus we denote the

average SNR per symbol of each stream as y, = y,g, where

— ES/NO
(14 2N.Eg/Ny + Mdgp N2ZE;/Np)’

Vs

(4-31)

andg denotes a chi-square distributed random variable with 2(M — JN, + 1) degrees
of freedom. However N, in (4-31) can be defined by 0 for the first detection, because
the EP is not presented before SIC process. The approximate BER expression for ZF

detection with CEE and EP (Wang et al., 2007) can be written as follows:

2 1092\/6(1_271()\/5_1 j-2k=1 1 Zk—l 1
P TR )
' VClogiVC k=1 i=0 Ve 2

1 6+1 G G+ il i
-] 5wl |
j=0

where u; = /(3(2i + 1)2¥,)/(2(C — 1) + 3(2i + 1)29) , G =M — N, and |b]

represents the largest integer that is no larger than b.
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min (2[3])
Phc-psk = max(lozng, 2) ; [2 - ‘ul)] 20 (G +]> [2 a+ ul)]

(4-33)

where p; = \/ySSlnz((Zl - 1)n/C)/(1 + ¥ssin?((2i — 1)n/C)) [b] represents the

smallest integer that is no smaller than b. If consider only the dominant terms (i =

1) in (4-32), the equation can be reformed as (Cho and Yoon, 2002)

I DT ]jo(a |

JC — G+1 G . j
gt X few]

(4-34)
4.3.5 The Closed-Form BER for STBC systems
At the 3% step in Table 4.1, each. STBC user applies 2 x M STBC
scheme. The code rate of STBC Is 1, there are L symbols transmitted over T time
slots, where L and T are defined to be 2 for this work. The received signal for the i

STBC user can be obtained by using SIC to cancel data streams of all SM users and

other STBC users from the received signal, it can be described as

Yo, =Hgx; + w o+ Wep, (4-35)

where Y ; represents the M X 2 receive signal matrix [Yt1 Ytz] during two successive

S,l™ S,l

time slot for the i STBC user addressed in Table I, Hg; represents M x 2 channel
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matrix, x; is an 2 x 2 transmission matrix of STBC, w denotes the M x 2 noise
matrix with i.i.d. complex circular Gaussian random variables, each element
distributed as CN (0, Ny) and w,,denotes the M X 2 error propagation matrix, each
element of w,,can be represented by w,, = N, hj;A. Where hy,; denotes the channel
gain describing the channel of the EP of 2(N-1) other users from the 1™ transmit
antenna to the k™ receive antenna, where h;; denotes the sub-channel of H,;
describing the channel from the ™ transmit antenna to the i receive antenna. The
channel matrix H ; is normalized such that £ [||HSL||i] = 2M.

The average energy of the transmitted symbols per each antenna are assumed
to be E, /2, thus the average power of the received signal for each receive antenna is
E, and the average SNR per receive antenna is E,. /N,. The total average energy of a
symbol duration can be written as E; = TE, = 2LE,. Thus the average energy of the
constellation can be calculated as E; = TE, /2L = E, /2. At the receiver, the received
signals in the presence;of EP are combined for decoding by Maximum Likelihood

(ML) decoder. The combined signal at the receiver-can be expressed as
o 2 _
. = ||Hs_l-||Fx + W, (4-36)

wherex denotes the element of matrix x;,w,, is the noise plus EP term after combining

that can be expressed as

W, =w Y ¥ hy;  (4-37)
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where w' = Zf’“ hylx— x| +w= Zf’“ hi A+ w, X denotes the detected symbol
from the previous detection and w is the element of vector w'. In Appendix A-II, we

derive the covariance of Wpthat can be described as
~ ] 2 2
E[w, W] = || Hy| . (No + N,A%). (4-38)

The transmitted symbol can be determined by X, = argmingec

7 -
2
||Hs,i||ix| . Thus from (4-36) and (4-37), the effective SNR per symbol after STBC

decoding (Ahn et al., 2008) is derived in Appendix A-111 that can be expressed as

2
L D
¢ 2(Y/y+ N,dgp/2)’

(4-39)

where ¥ = E,. /Ny = 2E;/N,. The probability density function (pdf) of the effective
SNR (¥,) under imperfect. channel estimation and EP can be described as a function
of the correlation coefficient. The‘similar pdf of the y, with CEE have been proposed
(Ahn et al., 2008; Gans, 1971 and Roy and Fortier, 2004), the pdf of the received

instantaneous SNR is described as

~qYa D-1,1 _ 2y, k
0 =1, (@) ) (5 )
(4-40)

whereD = 2M,q = ”Hs,i”f;/ya =2(1/7 + N dgp/2), and (Z) denotes the binomial

coefficient given by ™ = n!/(n — k)!' k! . The Bernstein polynomials can be applied
k
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to regroup term (Maaref and Aissa, 2005 and Tomiuk et al., 1999) in (4-40) as

follows:

DB (0D iy
— Zk-1\F J -1,-qVa (4-41)
Py, (Va) Z LTy Tt e
whereI'(+) denotes the Gamma function and the Bernstein polynomials is defined as
Bl'(t) = (?) t'(1 — )" . The exact closed-form SER for STBC systems have been

proposed in (Ahn et al., 2008). The SER of C-PSK and rectangular C-QAM for the

effective SNR y, over an AWGN channel are P, psx(v,) = a, Q(y/Gpsk ¥, )and

2 .
Pooam Va) = [1—a,Q(/Goamva)|'s  respectively, where a, =2, Gpsx =
2sin®(m/C), ag = 2(1 — 1/\/5) and Goay = 3/(C — 1)(Prasad and Varanasi, 2001

and Goldsmith, 2005). The SER over fading channel can be often described by
g1 1 D e
V(b;g, m =—f Vbn)eTmnmldn

(4-42)

wheree = /b/(b+2q) , b = Gpgx Or Goay depending on modulation scheme. By
applying (4-39), (4-41), (4-42) and the instantaneous SER over AWGN channel, the

BERs for C-PSK and C-QAM signalling with CEE and EP can be expressed as
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D

a

Pyhsk = pZCZBiD—El(PZ) V(Gpsk, q,1) (4-43)
i=1

log

1 _ \\2
PSTom = e [1 = (1 - @a 22, B25 (0) V(Goan,0.1)) |

(4-44)

4.3.6 Average BER for STBC Users

From 4.3.1, HMRS MIMO system is operated by STBC and SM users.
The receiver detects the transmitted symbols successively by ZF detection and STBC
decoding for each user. The BER perfarmances of each user are difference depending
on the modulation scheme, number of antennas, and number of users. In this part, we
explain the procedure to evaluate the average BER for STBC user in ZF-STBC
MIMO systems. By considering the presence of EP in multi-layers detection, the
presence of EP can be appeared by N,+1 different patterns that represented by vector
Yy, in Table 4.2, each pattern has different frequency for appearance that can be
described by the elements of vector: By, The different pattern also gives the different
bit error probability according to the element in vector P, y_from Table 4.3. Finally,
vector By, , Yy, and P,y are jointly employed to calculate the average BER for the
desired user (Shen et al., 2004 and Zanella et al., 2005). From the first step in Table
4.1, all transmitted symbols are detected by applying 2N x M ZF-detection; the bit
error probability at this step named P, can be evaluated by replacing (4-31) into (4-33)
or (4-34) depending on modulation scheme, where N, in (4-31) is defined by 0
because of no EP in the first detection. Then define P, = P,, for vector

Yy, inTable4.2, select the coefficient vector B_(N_a ) by determining N_a=2(N-
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1)andcomputeBER vector P, y_in Table 4.3, where each element in vector P, y_can

be calculated as follows.

2
|[Hy|
.00 = s 4-45
70 = 2+ a2 449
o ~ Hg 2 )
Py (VC(X)) = lOZZC lD=1 3311 (P Vv <GPSK: VC(X)F'l (4-46)

Table 4.2 The pattern vector for presence of EP

Coefficient vector (By, )

Na N\ (N N, The pattern vector forappearance of EP(sz )
pu = [(5) (%) (i) a
1 [1,1] [Pyo, (1 = Pyo)l
2 | 121 (P50 Poo (1 —1Pyo), (1= Pyo)’]
3 [1,33,1] (P20, Péo(1 = Pyg), Pro(1 = Pyo)?, (1 — Pyo)®l
4 [1,4,6,4,1] [P, P30 (L = Pyo), P (1 = Pyo)® Pyo (1 — Pyo)?, (1 — Pyo)*]
5 [1’ 5' 10' 10' 5! 1] [Pbs(]rplfo(l_Pho):Pl?O(l—PhO)Z'PbZO(l_Pb0)3'Pb0(1_Pb0)4;(1_Pb0)5]
6 | [L61520,15,6,1] [Pgo, Pio(1 = Pyo), Py (1 = Pyo)?, Pig (1 — Pyo)3, PR (1 = Pyo)*, Pyo (1 = Pyo)®, (1 = Pyo)°]
n [(8),(711),,(nﬁ 1),(2)] [Pfo, PETH (1 = Pyo), PR > (1 = Pyo)?, PI5° (1 = Pyg)3, oo, Pro(1 = Ppo)™ 1, (1

- PhO)n]

Table 4.3 The BER vector

BER vector (Ppy,)

P, = [B(¥(D),P,(¥(0)]

Py, = [P,(¥(2),P,(¥(1)), P, (¥(0))]

P,s =[P, (¥(3)), B, (¥(2), B, (¥(1)), B, (¥(0))]

Py, =[P,(¥(®),P,(¥(3)), P, (¥(2)), P, (¥(1)), P, (¥(0))]

P,s =[P, (¥(5)), P,(¥#(®), P,(¥(3)), P, (#(2)), P, (#(1)), P, (#(0))]

ola|ldw(N|k|z

Py =[P, (¥(6)), P, (¥(5)), P, (¥(4)), B, (¥(3)), P, (#(2)), P, (¥(1)), P, (#(0)) ]

Py, =[P,((), P, (¥(n—1)),P,(¥(n — 2)), B, (¥(n — 3)), ..., P, (¥(1)), P, (#(0))]
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or

2
) [
1- (1 —aq X B3 (0®) vV <GQAM' 7c(x)F L

pb (Vc (X)) = long

(4-47)

wherey.(n) = ¥(n) in Table 4.3, (4-45), (4-46) and (4-47) are modified from (4-39),
(4-43) and (4-44), respectively. (4-46) and (4-47) can be chosen for C-PSK and C-
QAM modulation, respectively. All elements of P;,  in Table 4.3can be calculated by
(4-45), (4-46) or (4-47). Here, we show a simple method to estimate the probability of
bit error Py, of user k take in to account the effects of EP. By using the total

probability theorem, we can describe

Ng+1

P = ) By () Pr{ER}Pr{e, 1ERY) (4-48)

n=1
where the N, + 1 mutually exclusive events EPn(k) , With ngl B, (n)Pr{EPn(k)} =
1, regarding the (k — 1) previous symbols decisions, Pr{EPn(")} is the probability of
event EP® and Pr{ek |EPn(k)} is the probability of making an error in the detection of

the symbols of k™ user conditional on the event EPn(k). For convenient calculation, we
write the probability terms in (4-48) into vector form. All elements in By _, ¥y, and
P, y, are employed to calculate the average BER for STBC and SM user of ZF-STBC

MIMO system by modifying (4-48) as follows.
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Ng+1

Pz ) B, D%y, Py, O (4-49)
i=1

For calculating the average BER of STBC user (Fb,sch), the bit error
probability P, of the first detection is initially calculated by replacing (4-31) into (4-
33), where N, = 0 and G =M — N.N. Next, we evaluate P,srpc by (4-49),
whereN, = 2(N — 1) , P, = P, for vector ¥y in Table 4.2 and the elements of
Py, in Table 4.3 can be calculated by (4-45), and (4-46) or (4-47).

4.3.7 Average BER for SM users

In order to mitigate the effect of EP from other layers, the transmitted
symbols for SM user are detected after STBC decoding and SIC process according to
the 4™ step in Table 4.1, thus the Py, srpc In 4.3.6 is applied for evaluating the average
BER for SM user (P, 511 ). P, spCan also be evaluated by (4-49), where P,y = P, s7p¢
for vector 1y in Table 4.2, N, =2(N —J), G =M —]N,, and the elements of

P, y,in Table 4.3 can be calculated by (4-50), and {4-51) or (4-52) as follows.

ES/NO

V. = 4-50
V(@) (1 + ©2N,E, /Ny + MdgpaE, /Ny)’ (4-50)
min (2,[C/4]) .
Mo 2 (Bo-sl L]
b Yz ~max(log,C,2) 4 2 Hi - J 2 Hi
= ]:
(4-51)

wherey; = \/72 (a)sin2((2i — Dm/C) /(1 + 7, (@)sin?((2i — 1)n/C)),
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w) =S Dha-w] Y (01 ]

N y
L L MDY G| )

(4-52)

where yu; = \/(3(21' + 127,(a))/(2(€C — 1) + 3Q2i + V¥, (), ¥,(n) =F(n) in

Table 4.3, (4-50), (4-51) and (4-52) are modified from (4-31), (4-33) and (4-34),
respectively. (4-51) and (4-52) can be selected for C-PSK and C-QAM modulation,
respectively. Finally, all elements of By, ¥y, and P, y_ in this section are employed
to calculate the average BER for SM user of HMRS systems.

By averaging Py, srpcand Py sy, the average BER of ZF-STBC MIMO receiver
in the presence of CEE and EP can be obtained. For the general number for N, J and
M, the BER of each user can easily be evaluated by, assigning N, = 2(N — 1) for
STBC decoding and N, =2(V,—4) for SM. detection. Moreover, (4-49), Table 4.2

and 4.3 can be used to evaluate the BER for both STBC and SM users.

4.4  Multi-Mode Hybrid-MIMO Receiver Scheme Systems

In CRN scenario, the system operates under the limited resources condition.
Especially, the limited unused channels and power control criteria that any users
should take into account. Moreover each user usually faces the different MIMO
channels, thus the flexible system is the interested option to apply in CRN. From this

reason, this part proposes the multi-mode HMRS system that each user can be applied
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Figure 4.2 Multi-mode HMRS block diagram.

by SM or STBC code while the appropriate transmission mode can be decided by the
receiver or FC. From Figure 4.2, the receiver first estimates MIMO channels for each
user, check the available vacant channel'and measure SNR. Then the receiver decides
to apply the optimum transmission scheme such as modulation order,
transmittedpower level (protect PN) and MIMO mode. From Figure 4.2, the three

modes for detection are available at the receiver that can be explained as

1) Mode 1 is selected for two SM users when overall MIMO channel
is good. This mode can be operated when both users locate far from the PN. Thusa
few interferences from CRN are affected to PN, and both users can be applied SM
MIMO although this technique applies higher transmitted power than STBC code.

2) Mode 2 is selected when two users apply different MIMO
technique. This case can be occurred when one usercloses to PN while this usershould

apply low transmitted power to protect PN by using STBC code.
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Table 4.4 The numbers of flop for various hybrid-MIMO systems.

Systems _ Numbers of flop _
Transmitter Receiver

A-BLAST 24 2,478

TDCSM 12 548
HMTS 12 2,242
ABBA 24 1,212
Multi-layer STBC 9,216 11,362
Adaptive-MIMO 12 3,168
HMRS (Proposed) 12 2,592

3) Mode 3 is selected when both users apply STBC code. This case
can be occurred when both users near PN. Thus STBC code should be applied to

protect PN similar to the reason at mode 2.

4.5 Efficiency Comparison fer-Various Hybrid MIMO techniques

The literature reviews demonstrate that each hybrid MIMO scheme offers
different structure, performance, encoding and decoding. These differences are also
affected to the cost for establishing the real networks. Thus this part presents the
efficiency comparison between several hybrid-MIMO systems based on the
differences of the system complexities and system performances. To obtain the
criteria of comparison fairly, the number of flop for all systems are computed to
represent the system complexity. Each system applies the different algorithms to
transmit and detect data as well as the mathematical function. Generally, the complex
addition and complex multiplication apply 2 flops and 6 flops, respectively. Table 4.4
presents the numbers of flop for all hybrid-MIMO systems at both transmitter and

receiver with N=2 and M=4. The results show that the different numbers of flop are
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Table 4.5The efficiency comparison of various hybrid-MIMO systems.

Transmltf[er Recelve_r Data Rate BER
Complexity | Complexity
Systems LIMIH|L|M|H|H|[M]L|L[M][HR| Score
3 2 1] 3 2 113 ] 2 1 |13] 2 1
A-BLAST o o o o 8
TDCSM o o o o 9
HMTS o o o o 9
ABBA o o o o 8
Multi-layer
STRC o o0 (o) 7
Adaptive-
MIMO o (o] (o] o 9
HMRS
(Proposed) ° R ° ° 10

(where H, M and L represent high, medium and low, respectively.)

applied by each scheme. However, only the system complexity cannot be used to
reflectenough forrepresenting the overall efficiency of each system.Therefore the
efficiency comparisons of various hybrid-MIMO systems are established in the Table
4.5 by utilizing the system complexity from the Table 4.4, data rate and BER
performances.From the results, the proposed systemachieves highest score than other
techniques. Anyway, the-BER performances of several hybrid-MIMO systems and the

conventional MIMO systemare-presented in the next chapter.

4.6 The Relationship between the Cost-Index and Efficiency of

Wireless Systems

From literature review, all hybrid-MIMO techniques offer medium data rate
when compared to SM MIMO. However hybrid-MIMO achieve higher data rate
thanSTBC code. As well as SER, each technique also offers different

performances.Besides,the throughput performance has been also used toindicate the
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Figure 4.3 The relationship between the Cost-index and efficiency of wireless

systems.

put indicate that the systems is the efficient networks. This research defines the SER to
channel capacity ratio to be the Cost-index performance. This part will demonstrate

the relationship between the Cost-index and efficiency of wireless systems as follows.

Tp =R(1-BER)=R(1-SER/log, M) (4-53)
Tp _ R(L-SER/b) (4-54)

Co Ce
RSER _R=TP () o)

bC, C.
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SER _ b(R-Tp)

= 4-56

C, R-C, (4-56)

Cost— Index = =2 = _R-Ce (4-57)
SER  b(R-Tp)

whereM and b denote the number of symbol in constellation and the number of bit per

symbol, respectively. From (4-54), Tp and R are normalized by the maximum possible
rate C, to achieve the normalized value. By the relation that the lower difference

between the target bit rate and the throughput indicate to the efficient networks and

(4-57), demonstrate that the high Cost-index is presented in the efficient network.

4.7 Summary

This chapter discusses about the principle and BER derivation of HMRS. The
multi-mode HMRS is also proposed to achieve the optimum advantage. Moreover the
efficiency comparisons .of the several hybrid-MIMO systems are presented. The
relationship between the Cost-index andthe efficiency of wireless networks is finally

discussed.



CHAPTER V
PERFORMANCE OF HYBRID-MIMO

RECEIVER SCHEME

5.1 Introduction

The previous chapters discuss the principle of several existing hybrid-MIMO,
conventional MIMO and the proposed:hybrid-MIMO, namely, HMRS systems. Each
scheme applies a different technique to encode and decoding data. From these
differences, each scheme also offers the different performance. Therefore this chapter
demonstrates the performance of HMRS compared with other schemes. The
simulation results and analytical results are jointly demonstrated for verifying the
validity of this work. In“this chapter, the HMRS performances can be demonstrated
and divided into three parts. The-first part presents the simulated SER comparison
between HMRS and other hybrid-MIMO schemes. The second part reveals the
analytical BER performance of HMRS in the presence of EP and CEE while the

accuracy of channel estimation and the number of user are varied.

5.2  Simulation Performance of Hybrid-MIMO Receiver Scheme

This part presents the SER comparison between HMRS, V-BLAST and the
existing hybrid-MIMO. The Monte Carlo simulation is applied to calculate the

average SER for each scheme. The transmitter consists of 2 users equipped with 2
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Figure 5.1 SER comparisons between HMRS and other techniques.

antennasper user. The bit streams of both users are mapped by QPSK signals and
transmitted over the MIMO flat Rayleigh fading channel. The receiver is equipped
with 4 antennas. ML detection and SIC are applied for HMRS systems.This part
presents the SER comparisons’' between HMRS and other schemes in case of the
average SER of two users and in case of separated user as follows.

Figure 5.1 presents the SER comparison between HMRS and other. The
results show that the ABBA and TDCSM schemes offer worseperformances. Because
both schemes apply the matrix calculation method without SIC technique that can
efficiently decrease the interference of other users. The other existing schemes,
VBLAST, A-BLAST and HMTS offer the better performance because the MIMO
detection and SIC arejointly used to cancel interference and detect the transmitted

symbols. Besides, the proposed method HMRSoffers the best performance because
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Figure 5.2 SER comparisons between HMRS and other techniques for STBC user.

this technique cancels interference in the received signal before detecting the first
layer. At 10-4 SER, HMRS offers higher performance than VBLAST about 1dB.

Figure 5.2 shows:the SER comparison for STBC user between HMRS and
others. By the same reason to’ Figure, 5.1, HMRS still offers best performance.
Besides, the performance of ABBA outperforms TDCSM that is different from Figure
5.1. This isbecause the orthogonal code of ABBA can offer a higher diversity gain.At
10" SER, HMRS offers higher performance than HMTS about 1dB.

Figure 5.3 shows the advantage of HMRS over VBLAST because the code
structure of VBLAST has no orthogonal property of STBCcode. Moreover the data
streams of SM user in HMRS are detected after STBC streams that the effect of EP
isalready mitigated. Thus the SM user of HMRS can achieve higher performance than

VBLAST technique about 0.3dB at 10 SER.
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Figure 5.4 presents the advantage of multi-mode HMRS. By comparing the
SER between mode 3 of multi-mode HMRS (equipped with 2 STBC users) and
Alamouti single user (apply 2 antennas at transmitting and receiving side), the
resultsshow that the performance ofmulti-user systems (HMRS) outperforms the
performance of single user systems (Alamouti) because HMRS cancel the
interferencebefore detecting the first stream as well as the orthogonal property in
mode 3 of multi-mode HMRS. At 10-4 SER, mode 3 of multi-mode HMRS offers
higher performance than Alamouti scheme about 0.65dB.

Figure 5.5 separately presents the performances of each mode in the multi-
mode HMRS system. The results show.that the best SER performance is offered by
mode 3 because of the dual orthogonal code in its transmitted symbol block while this
mode offers worse data rate. Mode 2 offers the fair performance due to the orthogonal
code of one user. Anyway this mode offers higher data rate than mode 1. Mode 1
offers the worse performance because the 2 SM users have no orthogonal code but
this mode can achieve thehighest data rate. At 10-4 SER, STBC user of mode 3 offers
higher performance than STBCuser.of mode 2 about 1dB.

Figure 5.6 shows the compromised channel capacity of hybrid MIMO system
when compared to V-BLAST and A-BLAST. Because hybrid MIMO is equipped by
one SM user and one STBC user, therefore hybrid MIMO offers fair performanceAt
30dB SNR, Hybrid-MIMO system offers higher channel capacity about 13bps/Hz

than A-BLAST scheme.
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Figure 5.7 shows the advantage of HMRS when consider the Cost-index
performance that can indicate the compromised performance between SER and
channel capacity. HMRS offers highest benefit because this scheme achieves the best
SER performance and also offers a good channel capacity while A-BLAST

offersalmost similar performance to HMRS.

5.3 Analytical SER Performance in the Presence of EP and CEE

This part presents the analytical SER performance of HMRS compared to the
VBLAST systems in the presence of EP and CEEthat are similar topractical channels.
While the ZF detection and SIC are applied in HMRS receiver. Moreover the number
of user and the accuracy of channel estimation are also varied to reveal the
performance of HMRS. The analytical SER expression in Section 4.3.6 and Section
4.3.7 are adopted to calculate the average SER for HMRS systems.

Figure 5.8 shows the BER of the QPSK V/-BLAST systems (the 2™ layer) and
the proposed systems (SM user of QPSK HMRS systems) with CEE and EP when the
accuracy of channel estimation-are '0.99, 0.999 and 1 (perfect case) for N=2
users,M=5 receive antennas. It should be noted that the performance of V-BLAST is
worse than that of HMRS for all case of p. This means that the EP problem in V-
BLAST orZF-SIC receiver can be solved by STBC technique. According to analysis
in (4-49) and (4-51), these results agree very well with simulation results that are
shown inFigure 5.8. At 10-4 BER, HMRS offers higher performance than V-BLAST

about 3dB for perfect channel estimation case.
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Figure 5.9 BER performance of QPSK HMRS systems with N=2, M=5.

Figure 5.9 shows the BER performance of QPSK HMRS systems, where the
BER expression of STBC user is shown in (4-46) and (4-49). The BER expression of
SM user is given by (4-49) and (4-51) when the aceuracy of channel estimation are
0.99, 0.999 and 1 for N=2 users and; IM=5 receive antennas. From Figure 5.9, we can
see that the average BERs of SM user offer a higher reliability than average BERS
of STBC user because the transmitted streams of SM user are detected after the
previous STBC decoding that can mitigate the EP problem. The analytical results
correspond closely to the simulation results. At 10-6 BER, SM user offers higher

performance than STBC user about 1dB.
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Figure 5.10 BER performance of BPSK HMRS systems with N=2, M=4.

7

Figure 5.10 demonstrates the average BER performance of BPSK HMRS

systems, where the BER performance of both STBC user and SM user are averaged in

the presence of CEE and EP. The accuracy of channel estimation is varied by 0.99,

0.999 and 1 (perfect case) for N=2users and M=4 receive antennas. From Figure

5.10,it is found that the average BER performances are rapidly changed by varying

the accuracy of channel estimation, and these agree with simulation results.

Figure 5.11 illustrates the BER performance of 16QAM HMRS systems,

where the BER of STBC user is shown in (4-47) and (4-49), and BER of SM user is

given by (4-49) and (4-52) with EP. The accuracy of channel estimation is varied

by0.99, 0.999 and 1 (perfect case) for N=2 users and M=6 receive antennas.

FromFigure 5.11, the results show that the average BERs of SM user correspond

closely to
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Figure 5.12BER performance of QPSK HMRS systems for different number of users,

£=0.999, M=8.
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Figure 5.13 BER performance of QPSK HMRS systems fordifferent case of error,

£=0.999, N=2, M=5.

the average BERs of STBC user. /According to our analytical performances, these
results agree very well with simulation results.

Figure 5.12 demonstrates the BER of QPSK HMRS systems with CEE and EP
when the accuracy of channel estimation is 0.999 for N=2 (J=1), N=3 (J=1) and
N =4 (J = 2) with M = 8 receive antennas. From Figure 5.12, the simulationresults
agree with analysis that, as the number of user increases, the sensitivity of the
HMRSsystem to the CEE and the EP increases. Because the number of sub-channel is

increased according to N, thus cumulative error due to channel estimation from all
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sub-channels is also increased.At 10 BER, N=2 case offers higher performance than
N=3 case about 2dB.

Figure 5.13 presents the BER performance comparison of QPSK HMRS
systems between only CEE case, only EP case, and both CEE and EP case. From the
first and the second cases, it should be noted that EP degrades BER performance more
than CEE. Significantly, the last case offers most impactto the system performance
and it is most similar to real scenario. These mean that the problem of CEE and EP

should be carefully considered for designing wireless network in practice.

54 Summary

This chapter presents the advantage of HMRS system by comparing to other
hybrid MIMO schemes in simulation. The results show that the SER performance of
HMRS outperforms other hybrid-MIMO. For analytical performance, the accuracy of
channel estimation and the number of user are varied. The results show that the
performance of HMRS s _most affected by the.effect of EP and CEE that are
alwaysoccurred in practice. Moreover, this part presents the advantage of HMRS in
practice and confirms the validity of HMRS principle by the measurement results.
The trends of the experimental BER performances are corresponded to the analytical

BER performances.



CHAPTER VI
IMPLEMENTATION OFHYBRID-MIMO

RECEIVER SCHEMETESTBED

6.1 Introduction

This chapter presents the implementation of HMRS testbed in order to validate
the concept of this thesis. The method to setup HMRS hardware, program software for
signal processing and how to import data from hardware into computer are explained.
The limitations of experiment and devices are described. Moreover theexperimental

scenario for this experiment is also discussed.

6.2 Devices and Components

This part presents the detail' and specification of the important devices and
components used in HMRS testbed. The function of each devices and components are
also explained to understand the overall HMRS implementation.

6.2.1 Radio Frequency Devices

In HMRS testbed, the baseband signals are modulated by intermediate
frequencies (IF) signals in field programmable gate array (FPGA) chip. Then these
signals are modulated by radio frequency signals to propagate over radio channels.
Thus this part presents the specification and function of RF devices that are applied in

this experiment as shown in Figure 6.1.
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Figure 6.1 HMRS transceiver.

1) RF mixer is used to up convert frequency at the transmitter by
mixing the IF signals with carrier frequency from RF generator. This device is also
applied at the receiver to convert RF frequency down to IF signalsby mixing with
carrier frequency. In this thesis, the model ZX05-73L from Mini circuit brand is
selected. It can be operated-in the 2400-7000 MHz.band with 6.2dB conversion loss
and 33dB LO-RF isolation.

2) RF amplifier is used to amplify the power of RF signalat both
transmitter and receiver for mitigating the effect from noise and radio channels. In this
work, the model ZQL-2700MLNW+ from Mini circuit brand is chosen which can be
operated in the 2200-2700 MHz band with 25dB gain.

3) Power splitter is used to split the power of carrier frequency from
RF generator for each signal stream at transmit and receive antennas. The model

ZN4PD-272+ from Mini circuit brand is applied in this thesis that can be operated
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Figure 6.2 FPGA board and AD/DA data conversion card.

the 500-2700 MHz band with 0.9dB insertion loss and 19dB isolation.

4) RF dummy load is used to absorb the power of RF signal when
measuring the sub-channel MIMO. In this thesis, the model ANNE-50L+ from Mini
circuit brand is used. This product can be operated in‘the 0-12000 MHz band with 50
ohm impedance.

5) Omni-directional antenna is used to transmit and receive RF signal
at both transmitter and receiver in the 2400-2500 MHz band and provides 8dBi omni-
directional operation.

6.2.2 FPGA Board

In this research, the signal processing for baseband and IF signal can
be implemented on FPGA chip such as QPSK mapping, STBC coding, IF modulation,
and low pass filter.The cyclone 111 3C120 development board from Altera brand is

used in this research. The specification of FPGA chip can be shown in Table 6.1.
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Table 6.1 Specification of FPGA board.

ITEM Detail
FPGA chip model 780-pin Altera Cyclone 11l EP3C120 FPGA
Logic elements 119,000 LEs
Memory 3,888 kilobits
18x18 bits Multiplier blocks 288
Phase locked loops 4
Clock 50MHz
DAC interface HSMC port

6.2.3 AD/DA Data Conversion Card
At the transmitter, the. digital transmitted signals in FPGA board
should be converted to the analog signal for mixing with the carrier frequency at RF
part. This thesis applies AD/DA data conversion card from Terasic brand that is
equippedwith one HSMC connector for interfacing with FPGA board, two 14-bit A/D

converterchannels with 150Msps, two 14-bit D/A converter channels with250Msps.

6.3 Interfacing between Hardware,and Software

This thesis implements HMRS testbed on FPGA board that can be interfaced
with Quartus Il version 11.1sp2 and Matlab. The interfacing between hardware and

software can be fully demonstrated in Figure 6.3.
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Figure 6.1 shows that the FPGA board is interfaced with AD/DA card

to send and receive the digital data streams. HSMC port is equipped on both FPGA

board and AD/DA card to transfer the high speed digital data streams in the

transceiver.

6.3.2 AD/DA Card and RF Part

The function of AD/DA card can be divided into two sections. The

firstsection is the digital to analog (DA) conversion. DA section sends the analog

signal to RF part (TX) for up-converter, amplifier and RF signals propagation. The

second section is analog to digital (AD) conversion. AD section receives the IF

received signals from RF part (RX) to convert the analog signals to be digital signals.

SMA connector can be used to connect all IF signals between AD/DA card and RF

part.
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6.3.3 Quartus Il and FPGA Board
Quartus 1 is the important tools that can be used to create and connect
the sub-function block in HMRS systems by writing VHDL language or applying the
ready-made block in Quartus Il program.USB port or JTAG is used to program FPGA
chip according to the developed diagram in Quartus Il.Moreover the signalTap 1l
logic analyzer in Quartus Il can be used to illustratethe desired signals that flow inside
the FPGA board.
6.3.4 Matlab and FPGA Board
In this thesis, Matlab programing is used to capture all signals from
FPGA board and used to make channel estimation and HMRS decoding by employing
the captured signals from FPGA board. The captured signals from FPGA board can be
transferred to the matrix in Matlab by USB port. Each column in the captured
datamatrix is represented to the desired signal on FPGA board that should be used to

estimate MIMO channel, validate the desired signals and decoding the HMRS signals.

6.4 Limitations of experiment
In this part, the limitations of experiment are described by considering the
physical characteristic of devices and the link budget in experiment. These limitations

can be divided into five portions as follows.
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Cyclone 1l

Figure 6.4 Clock generators.

6.4.1 Number of port of AD/DA data conversion card

cO clk_data2

o1 cli_if

c2 clock_n

c3 clock_ng

cd clk_data
locked

The AD/DA conversion card applied in the experiment is the product

of Terasiccompany. It is equipped with two input SubMiniature version A (SMA)

ports and two output SMA ports. Thus the two data streams of the first user need to be

copied for the second user-by:-using two ways power splitter. Meanwhile, the four

received signals at the receiver need to be measured during two time slots bycapturing

the received signals into computer. From this reason, this experiment cannot be

implemented as real time systems.

6.4.2 Link Distance

In this experiment, the link distance between the transmitter and the

receiver is assigned about 5 meters. This is because the RF power in the experiment is

limited by the transmitted power, gain and loss of RF devices, loss in radio channels,
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and the interference fromother radio sources. Therefore the gain and loss of power in

the systems are briefly described in Table 6.2 as follows.

Table 6.2 Limitations in experiment.

Source Limitation
Transmitted power <=18dBm
Amplifier gain/channel 25dB
Cable loss at transmitter 0.8dB
Cable loss at receiver 3.86dB
Loss in splitter 6dB
Loss in mixer 6.2dB
Antenna gain 6dBi
Free space path loss (FSPL) 54.4dB

The Table show that the link distance is limited by many factors from RF
devices and radio channels. In fact, the far field generally starts at a distance of 2D/,
where D denotes a length of antenna and A denotes a wavelength of carrier frequency.
Meanwhile, the wavelength and the length of antenna in the experiment are
determined as0.12 meter. and 0.10meter, respectively. Thus the started pointof far-
field region for this work is0.167meter, that Is shorterthan the link distance of 5 meter
in the experiment. This means that the experimental results can be correctly applied to
validate an advantage of the proposed system although the link distant of 5 meter is
quite short.

6.4.3 Channel estimation error

Channel estimation for 16 sub-channels need to be carried out during
two time slots because the AD/DA conversion card has only two output channels.

Thus this operation cannot be implemented as real time.As a result, a high error level
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is presented in the channel estimation process and high detected efficiency cannot be
obtained at the receiver.
6.4.4 Determination of power unit
In simulations and analysis, Eb/No unit is defined as the horizontal
axis for BER performances. Meanwhile the transmitted power (P+) is defined for the
experiment in this thesis. For theory, the Pt unit can be converted to be Eb/No unit by
scaling with channel gain, bit rate and signal bandwidth. While the theoretical channel
gain can be generatedby using a random coefficient function that has specific pattern
in statistic. In contrast, the practical channel gain can be rapidly varied in the different
locations and durations. Therefore the Pt unit at the horizontal axis of BER
performances is not converted to be Eb/No unit. However, for checking a validity of
the experimental results, the trend of BER performances of the experiment and the
theory are used to compare and validate the advantage of the HMRS system.
6.4.5 MIMO configuration
As the reason in the Section 6.4.1, the AD/DA data conversion card
equipped with only two input anditwo output channels. Thus the minimum number of
user and the minimum number of received antennas are determined as two users and
four antennas, respectively. Moreover this specification is also corresponded to the

theoretical specification in simulation and analysis.
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Figure 6.5 Symbol and IF generator.

6.5 The developed systems in Quartus |1

For designing and creating HMRS systems on FPGA chip, all sub-function
block of the HMRS systems can be developed hy. Quartus Il program that support
FPGA chip from Altera’s products. This thesis divides the HMRS systems into two
parts. The first is transmitter and the remaining is receiver. Each part of the
transceiver can be separately explained as follows.

6.5.1 Hybrid-MIMO Receiver Scheme Transmitter

At the HMRS transmitter, the ready-made block and the developed
block are connected to generate the HMRS signals for each user. The transmitter can

be divided into four parts as follows.
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Figure 6.6 QPSK wave form generator.

1) Clock generator is used to generate a group of clock signals that are
individually applied for different sub-systems such as symbol generator, IF generator
and signal capturing. To succeed this goal, the phase-locked loop (PLL) is used to
independently generate the different clock rate for several sub-systems. The frequency
and phase of each cloeck signal can be independently assigned by inserting the
favourite frequency into the regulative blank.in PLL properties window as shown in
Figure 6.4.

2) QPSK symbols and STBC generator is used to generate bit streams
for mapping into QPSK format. Then these QPSK streams are ranged into the STBC
structure as shown in Figure 6.5.

3) IF generator in Figure 6.5 is used to generate two IF frequencies
including sine wave and cosine wave. The favourite values of IF frequency and
sampling frequency can be easily assigned in NCO properties window of Quartus 11

program.
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4) QPSK signal generator is used to generate QPSK wave form by
multiplying STBC streams with IF signals from IF generator. Then thetwo orthogonal
signals are added to form the QPSK wave form as shown in Figure 6.6.

6.5.2 Hybrid-MIMO Receiver Scheme Receiver

This thesis implements the receiver and transmitter into the single
FPGA chip. The receiver can be divided into two parts as follows.

1) IF demodulator is used to remove IF frequencies from the received
signals. The received IF signals are multiplied with sine and cosine wave from the
NCO block as shown in Figure 6.7.

2) Low pass filter (LPEF) is used to filter the output signals of IF
demodulator to get the envelope of the received signals. This LPF can be created by
using FIR filter block in Quartus II'program as shown in Figure 6.8. The cut-off

frequency and other parameters of LPF can be assigned in the FIR property windows.

6.6 Channel Estimation and Hybrid-MIMO Receiver Scheme

Detection in Matlab
This thesis uses Matlab programing to make channel estimation and HMRS
detection by using the captured signals that import from FPGA board and transfer

data by JTAG cable. These tasks can be explained in this part as follows.
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Figure 6.8 Low pass filter.

Initially, the pilot signals are generated by the symbol generator at the

transmitter. The symbol patterns of pilot signals are already known at the receiver as

well as the received signals.Therefore all sub-channels of MIMO channel can be
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estimated by calculating from the pilot signals and the received signals by EU =

1 where ﬁij denotes the estimated channel between transmit antenna i and

YiX;j
receive antenna j, y; denotes the received signal at receive antenna i and x; denotes the
pilot signal at transmit antenna j.
6.6.2 Hybrid-MIMO Receiver Scheme Detection

The estimated MIMO channel from 6.5.1 can be used to detect the
transmitted symbols for all users in HMRS systems. After the channel estimation
period, all streams from all users are transmitted to the receiver in the same time. The
transmitted symbol from the transmitting side can be detected according to the
processes in Table 4.1. Then the detected symbols of all users and the original

transmitted symbols at transmitting side are compared to calculate the BER

performances.
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Figure 6.9Experimental scenarios in F4 building.

6.7 Experimental Scenarios

This experiment operates in the rich scattering environment at F4 building in
Suranaree University of Technology.The performances of HMRS and V-BLAST

scheme are measured in the three locations to validate and average the practical



(6.10-a) The first location for experiment.

(6.10-b) The second location for experiment.
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(6.10-c) The third location for experiment.

Figure 6.10 Photograph of the experiment areas in F4 building.

Figure 6.11 Transmitted data at the first transmit antenna.
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performances of both schemes. All parameters in experiment are similarly specified
for three locations in Figure 6.10 to validate the HMRS performances under the
different scenarios. The signal streams from four transmit antennas are
transmittedwith the effect of scattering as shown in Figure 6.9 and 6.10. This work
applies 2.5 GHz carrier signal for up and down converter to mitigate the effect of
interference signals from WLAN networks while the parameters in experiment are

assigned asin Table 6.3.

6.8 Experimental Signals

The transmitted bit streams are randomly generated by mathematical function
in FPGA chip as shown in Figure 6.11 and 6.12. Each orthogonal bit stream is
modulated with IF signals and mixed with the RF signal. The transmitted signal at the
transmit antenna can be demonstrated in Figure 6.13. This figure shows that the
transmitted signal is repeatedly generated by the same pattern in every period.

In this thesis, the estimated MIMO channel is estimated according to the
method in Section 6.5.1. The static channel gain in the experiment area is usually
offered thus the average channel gains can be used as shown in Figure 6.14. The
figure shows that the different channel gain is offered due to the different scenario of

each path.



Table 6.3 The experimental parameters.
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Item Detail

FPGA Altera/Cyclone IlI
EP3C120F7807N

DAC card 2 SMA input port/2 SMA output port
RF Generator 2.5 GHz/Transmitted power 0-18 dBm
Data rate 1Mbps
IF frequency 5MHz
Sampling frequency 100MHz

Channels Rich scattering environment
Modulation QPSK

Link distance 5 meters

Number of user 2

Number of transmit antenna/user 2

Number of receive antenna 4

To prove the benefit of HMRS system, the experimental BER performances

and the analytical BER performances are compared to verify the advantage of HMRS

systems in real practical channel. Figure 6.16.to Figure 6.19 present the

experimental BER performance ‘whem varying the transmitted power. The BER

performances between analytical results and practical results are not agreed when

considering the horizontal and vertical axis. Because the different properties between

real channel and analysed channel such as signal reflection, the scattered object and

the interference sources. Moreover, from the reasons in Section 6.4.4, the trend of

BER curves of the experiment and the theory are used to validate the advantage of the

HMRS system.
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Figure 6.16The experimental BER performances at the first location with 5 meters
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Figure 6.15 shows the analytical BER performances of V-BLAST and each
user of the proposed method. The results show that the SM user of HMRS offers best
performance than STBC user of HMRS and V-BLAST system.

Figure 6.16, 6.17 and 6.18 present the experimental BER performances of V-
BLAST and each user of the proposed method with 5 meters link distance. The results
show that the almost similar BER performances of three locations in Figure 6.10 are
offered. This means that the proposed technique still offers the higher advantage than
V-BLAST scheme in different locations. Meanwhile SM user of HMRS always offers
higher performance than V-BLAST about 7dB at 10“BER.

Figure 6.19 demonstrates the experimental BER performances of V-BLAST
and each user of the proposed method with 7 meters link distance. The results show
that all BER curves do not vary at any transmitted power. This means that this HMRS
testbed cannot detect data streams by 7 meters link distance but up to 5 meters.

From Figure 6.15 and 6.16, the different powerbetween SM user of HMRS
and V-BLAST in analysis-and simulation at 10“BER'is 7dB and 12dB, respectively.

By considering the BER performances of analysis and experiment in three
locations, the trends of all curves from the experiment in Figure 6.16 to 6.18
arecorresponded to the analytical BER performances in Figure 6.15. From the results,

this comparison can confirm the advantage of HMRS in practice.



CHAPTER VII

DISCUSSIONS AND CONCLUSIONS

This thesis proposes the improved hybrid MIMO system, namely, hybrid
MIMO Receiver Scheme (HMRS) to efficiently apply in Cognitive Radio Network
(CRN). This technique adopts SM detection, STBC code and SIC to cancel
interference of other users before detecting the transmitted symbols of SM users and
STBC users. The interference in the received signals of HMRS are cancelled before
detecting the first data stream to improve the performance of hybrid MIMO while this
criteria is not presented by the existing hybrid MIMO systems.

The simulation results from Monte Carlo simulation are demonstrated to
reveal the advantage of HMRS against the existing. hybrid MIMO systems and the
conventional MIMO scheme. Besides, the analytical. BER performances are derived in
the presence of EP and CEE to verify the validity of simulation results and confirmed
the benefits of the proposed technique in the practical scenarios.

The simulation results show that the SER performances of HMRS outperform
the existing hybrid MIMO systems as well as the conventional MIMO technique. The
channel capacity of the proposed scheme can be offered higher than double user
STBC code and slightly approximated to VBLAST receiver. Moreover the Cost-index
performance that compromise between SER and channel capacity is proposed to

alternatively demonstrates the advantage of HMRS against other techniques.



106

As the derivation of analytical BER performances, the number of user and the
accuracy of channel estimation are varied in the presence of EP and CEE to reveal the
HMRS performances in the practical environment. The results show that the effect of
EP and CEE can be violently affected to the performance of HMRS. Thus it should be
carefully considered these parameters to design the real networks.

This thesis also implements HMRS testbed to confirm the advantage of the
proposed technique. The transmitted symbols are generated by FPGA board and
AD/DA data conversion card. The transmitted streams are sent over the rich scattering
MIMO channels while the received signals from FPGA board can be decoded by
transferring data into Matlab program to determine the HMRS performances. The
results show that the trends of all BER curves between analysis and the experimental

results are well corresponded.
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In this appendix, the author derives the covariance of the effective post-
processing noise for ZF detection and STBC decoding in the presence of CEE and EP,
and derive the effective SNR per symbol after STBC decoding.

A-1 Covariance of the effective post-processing noise for ZF detection
E[ww"] = E[(H}w — tH} ¢s, — tH} @H}w + N,AH}H,—tN,AH} oH} H )
(Hiw —<H! ps, — tH! pHlw + N, AHH, —N, AH <pH§Hp)H]
= E[NoH! (1)) +02H] (1)) oo E,+ 12N H I (HY)" ot H (H1)"
+o2N A (HD) s, o (HD) B + N202HE (D) HIH,
+o2N, AR (HD) o HY Hys!! +02N2A2H (B ot HE (HE) HY Hp]
= (Np + T2N,E, +T2Not, ((HYH,)™Y)
+72N, As,t, ((HY H,) " )HE(HD) ™ + N2A2M
+72N, Asllt, ((H! H,) 1)H, ((HI)H)_1
+72NZA Mt (HYH,)™))(HIH,)™

. . . H
where we permute the matrixes by various relations as follows:H}(H}) =

(H;IHZ)_l,E[SZSg] = EsINth[WWH] = NOINr' E[(p‘pH] = NtINr

andE[@(H{H,) " "] = t, (H] H,)™ DI,
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A-l1Covariance of the effective post-processing noise for STBC decoding

o= (2 2 (L T e

= ||Hs'i||iE[W’W’*]

((ZZ"H b= 2l) + W) (<Z:h“ =21+ W>*

Ng
= Bl {E [l =21 7 W]+ Elww)

2
= || Hsill £

= | Hy || (No + N, A%)

A-111 Effective SNR per symbol after STBC decoding

2 2 i
CE|(lclx) (asdi=) | Al E
‘ E[w, ;] | H |7 (N + N,22)

2
g
2(1/y + Nodgp/2)
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Performance Analysis of MU-MIMO Systems
Using HMRS Technique for Various
Transmission Modes

Tanapong Khomyat*!,

Peerapong Uthansakul*?, and Monthippa Uthansakul*®, Non-members

ABSTRACT

It is the fact that the bandwidth of wireless com-
munication system is such a limited resource that
several techniques are selectively applied to increase
the bandwidth efficiency. The highest bandwidth effi-
ciency can be taken by applying Multi-User Multiple-
Input Multiple-Output (MU-MIMO) technique. For
this technique, the complexity of detection is rapidly
increased by increasing the number of users. Thus
the lower complex detection is necessarily required
for MU-MIMO system. Recently, the simple detec-
tion technique called hybrid-MIMO receiver scheme
(HMRS) has been proposed by the authors. However,
that study neglected the demands of multiple users
for transmitting MIMO modes which are erucially
unpredictable in practice. In this paper, the perfor-
mance analysis of MU-MIMO system using HMRS
technique to support various types of user transmis-
sion modes is presented. Moreover, the nearly ex-
act symbol error rate (SER) analysis of HMRS with
the nonlinear error propagation effect over Rayleigh
channels is originally presented: The recursive pro-
cedure is adopted to derive the nearly closed-form
expressions of the error probability of each user. The
results indicate that HMRS technique can improve
the error rate more than the existing hybrid-MIMO
about 8 dB at 10~* SER, increasing the total number
of user and number of SM user introduce the diver-
sity gain loss. The simulation results illustrate the
performance accuracy of the proposed analysis.

Keywords: Multiple-Input Multiple-Output (MIMO),
Maximum Likelihood Detection (MLD), Successive
Interference Cancellation (SIC), Space-time Block
Code (STBC), Symbol Error Rate (SER).

1. INTRODUCTION

Wireless communications are widely used around
the world. The new applications have been frequently
established such as WLAN, 3GB, LTE, etc. Many

Manuscript received on February 25, 2014 ; revised on March
26, 2014.

*The authors are with School of Telecommunication
Engineering, Suranaree University of Technology, Thai-
land, E-mail: k_tnp@hotmail.com®, uthansakul@sut.ac.th?,
mtp@sut.ac.th®

customers need to access the limited spectrum in the
same time. Therefore the available bandwidth cannot
be enough for every user [1]. The saving bandwidth
techniques for wireless communication have been re-
searched and already applied such as TDMA, CDMA,
MIMO [2-4], hybrid-MIMO [5-7], MU-MIMO |§], etc.
Fig. 1 illustrates the basic structure of MU-MIMO
system. The transmitted signals from N users are sent
through MIMO channel and reached to the receiver
in the same time and frequency to achieve a high
bandwidth efficiency, to increase a capacity gain and
to keep a benefit of diversity gain. The receiver must
have capability to suppress interference and detect all
symbols from all users by using multi-user detections
such as QR decomposition [9], ZF detection, MMSE
detection [10], ML detection [11], Sphere detection
[12], IC [13], etc. In 2005, the simple hybrid-MIMO
technique called Hybrid-MIMO Transceiver Scheme
(HMTS) [14] has been proposed. The two users at
transmitting side can select either Space-Time Block
Code (STBC) or Spatial Multiplexing (SM) to en-
code the. transmitted signals. It has a simple struc-
turewhen a few users are operated in the system be-
cause MMSE detection and Successive Interference
Cancellation (SIC) [15] are jointly applied. However,
the complexity of detection at receiver is increased
when a lot of users are operated because the MMSE
detection and SIC are operated every time of detect-
ing SM layer. Recently, the authors proposed the
novel hybrid-MIMO technique called Hybrid-MIMO
Receiver Scheme (HMRS) [16] that the system applies
ML detection and SIC jointly to detect all symbols in
entire layers. The ML detection is operated only one
time for every case of N users, thus this scheme has
the number of detecting procedures less than HMTS.
The comparison of SER performance between HMRS
and HMTS is presented in Section IV. However, the
work in [16] did not study on the various types of
user demand on MIMO transmission modes. In fact,
the user demand cannot be predicted and this devi-
ate the system performance from results presented in
[16]. Hence, this paper has concerned this issue and
proposes the performance analysis to investigate the
effect of various MU-MIMO transmission modes.

In literature, the performance analysis of MLD
over fading channel is presented in [17-21]. In [22-26],
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Receiver

Fig.1: MU-MIMO system.

the closed-form expression of symbol error probabil-
ity is derived for orthogonal space-time block coded
(OSTBC) MIMO Rayleigh fading channels with arbi-
trary number of transmit and receive antennas. The
successive procedure of error rate analysis for zero-
forcing successive interference cancellation (ZF-SIC)
is obviously described in [27] and [28]. However, so
far in literature the performance analysis of hybrid-
MIMO scheme has never been proposed.

In this paper, the authors investigate the SERI per-
formances of HMRS in case of N users, where N can
be assigned as 2, 3 and 4, in order to study the effect
of the various transmission modes. Because the sev-
eral users may be randomly operated in practice, thus
the evaluation of SER performance under this situa-
tion is an important task. The performance analysis
of symbol error rate for HMRS hybrid-MIMO systems
is also derived. From the aboye analyzing results, the
readers can utilize it on the design of the proper trans-
mitting parameters keenly including the transmitting
power, antenna gain, modulation scheme, channel
coding scheme and the number of antenuas: ' More-
over, the transmitted signal, the received signal and
the structure of N users using HMRS are presented
in this work in order to reveal the procedure of the
HMRS system.

The remainder of this paper is structured as fol-
lows. In section 2, the authors present the system
model. Then the analysis of symbol error rate for
MLD and STBC systems is described in section 3.
The performance analysis of HMRS is explained in
section 4. The numerical results and discussion are
presented in section 5 and followed by the conclusions
in section 6.

2. SYSTEM MODEL

The structure of MU-MIMO system is shown in
Fig. 1. All MIMO streams are simultaneously trans-
mitted by N users. Each user equipped with a 2-
element antenna array and applies either 2xM STBC
or 2xM SM system. The receiver equipped with an
M-element antenna array. The transmitted signal
vector s is sent through a random channel matrix H
in uplink channel. Flat and slow Rayleigh fading is

assumed to evaluate the SER performance. The re-
ceiver can detect all symbols from all users by using
MU detection. The received signals can be expressed
as

y=Hs+w (1)

where y is the vector of received signals, H is M x 2N
MIMO channel matrix, s represents the 2N x 1 trans-
mitted signal vector consisted of 2N BPSK symbols
with a constellation size of C' and average symbol en-
ergy Eg (Eg=E4/2N) and the M elements of vector
w are samples of independent complex additive white
Gaussian noise (AWGN) processes with single-sided
power spectral density o2. The channel matrix H is
assumed to have a unit variance that can be described
as

E[IH3] = 2N M (@)

A||r denotes the Frobenius norm of matrix A,

v
P Dr g - P L

and F|[-] represents the expectation operator.

where

it can be expressed as ||A|p =

3. SYMBOL ERROR RATE ANALYSIS OF
MLD AND STBC DETECTION

The transmitted signals of HMRS can be simul-
taneously sent by multi-user including SM users and
STBC users. The detection of each scheme can be
done by using the different algorithm. Therefore,
SER of each technique can be derived by applying the
different methods and various factors. In this section,
the"SER analysis of both SM and STBC techniques
are separately explained. Then in section 4, the SER
expression of both techniques are jointly combined to
get the average SER of each user by considering the
error propagation effect in SIC process.

3.1 Union Bound on SER for MLD Systems

At the transmitting side of HMRS, any users can
apply MLD technique to meet the high speed data
rate. The tight union bound on the SER of the nth
(n = 1,,2N) transmitted signal stream can be de-
rived by applying the expression in [17] and [18]. It
is assumed that all the possible symbols in constel-
lation are equally probable. The authors define sc
as the set of all C' possible symbols transmitted at
an especial antenna, and s represents the set of C2V
possible symbol vectors form the 2N transmit anten-
nas. The authors define the C?V~! vectors s; as the
subset of s for comparing with s; that differs in their
nth position form s;. The number of s; vectors can
be defined by C?N — (C?N-1). The distance metrics
of s; and s; are denoted by d; and d;, respectively. A
pairwise error occurs when D;; = d; — d; < 0. Thus,
the union bound on the SER of the signal stream
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transmitted by the nth antenna is given by

Py < C_ZNZ Z P i 3)

i i

where Py.;j = P(Dij < Olse,s; = [°_ p(Dij)dDyj
represents the pairwise error probability (PEP) be-
tween s; and s; and p(D;;) is the pdf of D;;. The
closed-form expression of Ps_;; has been presented
as

M-1

1 oM-1) ,
- g 2 () s i

a

Psc 8=

where

Te,ij = Ac.ich.j + \/(Ac.ijr('._)).z + 2(‘41’,1.[1‘('.]) +1 (r))

and
Uog=na=s Bgfog = 7 (6)
and
Acij = lIsi —851°/2B0 i j (7)

The BPSK codebook of each transmitting antenna is

{+\/ES/2N,—\/ES/2N}. Therefore, s; =s;in (7)

can only be chosen from {+2 VEs/2N; 2 \/ES/QN}.

3.2 SER Analysis of STBC Systems

After STBC streams pass through the MIMO
channel, the received signals are combined accord-
ing to the STBC decoding algorithm. The-combined
signal y. at the receiver can be written as

2N M
lhij|?| s + @
22 ®
=|H|Zsi+ @, 1=1,2,..,L

where L denotes the symbols transmitted over T
time slots, the code rate of OSTBC is R=L/T, w;
is the noise term after combining with a distribution
CN(0, ||H|| . The transmitted symbol can be de-
coded by §. = argmzn6€c|yc — ||H|%s[%. Thus, the
effective signal-to-noise ratio (SNR) per symbol after
STBC decoding can be determined by

|H|FEo
1H[Z02

%
—N||Hl|i*

YSTBC = _ZW” ||

where 7 = —f is the average SNR per receiving an-

tenna, Ey = E[|31|2] = FE,/2N. For the case of per-
fect CSIin [25], the authors can get the following SER

o
2

for BPSK modulation case.

2N
Pstpc = 29 (QPSK, T,G)
¥

1 rG+3) ( 1 1 1 )
S g iy | G G ——
TA+Re Tle+1) * i\t et

(10)
where (p q, m) = _t%m_) IOO Q(p.’t)eiqxl'"lildflf,
Q) = L7 eTP( m—) df, the Gaussian hy-

pelgeometll( function defined as oFi(e, f;g:7) =
Taeg Geileze, gPSK = 2sin?(m/C), G = 2NM,

(9)k

¢ = V5E%%, 4 = 2N/7 = |H||}/vsrsc and
b= gPSK/2(2N/7).

4. PERFORMANCE ANALYSIS OF HMRS

In this section, the expression of symbol error rate
for HMRS systems is derived by considering both
SM and STBC users. By considering section 3, the
expression of SER analysis of MLD and STBC are
clearly explained and it is ready to be applied in this
section. In order to understand the method to derive
the SER expression of HMRS, the HMRS algorithm
has to be firstly discussed in section 4.1. Then, the
encoding process at transmitting side and the detec-
tion at receiving side for 2 users are explained later.

4.1 HMRS. Systems

The hybrid-MIMO system applies both SM and
STBC te encode the transmitted signals for each user
at, the transmitting side. The structure of multi-user
HMRS is illustrated in Fig. 2. The N users at trans-
mitting side are encoded by using SM and STBC code
where .J users and N — J users are applied by encod-
ing SM and STBC code, respectively. The transmit-
ted signals are sent through the MIMO channel. At
the receiver, the ML detection is used to get all sym-
bols of SM users. All symbols of STBC users can be
successively taken by operating the N — J modules
of the sub-received signals generator (GEN Sub-RX),
SIC and STBC decoding. In this section, the signals
and detecting procedure of the HMRS are demon-
strated (where N=3, J=2 and M=4). The equivalent
Space-Time Coding matrix for three users HMRS can
be given by

T
S1 S22 S3 84 S5 S6

s = *

(11)
S7 S8 S9 S0 —S§ S5

the M x 2N MIMO channel can be described as

hii hoi har har hsi her
hi2 hoa hza hyo hsay he
hiz  hoz haz haz hsz hes
hie hos has has hss hes

(12)
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Fig.2: HMRS technique for MU-MIMO system.

where h,,, is the complex channel coefficient of the
m'" transmitting antenna to the nth receiving an-
tenna. The corresponding received signals can be ex-
pressed as

Y Y
Ye Ye
y = HS+W = Y2 Yo (13)
Yys Y7
Y4 Y8

then, all symbols of SM user can be calculated by

arg min

i =112

5= Feq2N HnyS”F (14)
N A R

a _ |51 2 3 54 15

S =|. R é - 9

o [57 58 59, Sm} )

where §5); denotes the 1%t row to the 4% row i (14).
The equivalent received signals of SM users can be
generated as

Ysu = Hsussu (16)
where Hgs is the 1st column to the 4" column of

MIMO channel H. The equivalent received signals of
STBC users can be calculated as

Ya Yo
- S Ye Yd
=y- = 17
YstBc =Y ~Ysm Ye Yf 17)
Yg Yh
YSree = Wa Ui Ve Y3 e U Yo i)T  (18)

where Hg7rpe is the 5 column to the 6 column
of MIMO channel H. The modified Hsrpc can be
reformed by

HY,

STBC

— [rs1 h&} hgo hgs hsg hga hsa hg
hg1 —hiy he2 —hgy hgzs —his hea —hpy

(19)

= SM1 sink
3 SM2 sink

= SM‘J sink
® STEC J+1 sink
@ STEC J+2 sink

& STBC N sink

GEN sic
DEC Sub-RX
@

A _ Vv v _
ssrpc = Hgppe¥sree = 3

?5} (20)
6

Finally, the decoding symbols of SM and STBC users
can be taken from (15) and (20), respectively. As in-
dicated in the HMRS procedure, all symbols of SM
users can easily be obtained by using ML detection
in only one time but HMTS technique in [14] ap-
plies MMSE filter many times to take all symbols of
SM users. Hence it can be indicated that the HMRS

can offer the benefit of simplification more than the
HMTS.

4.2 Performance Analysis of 1SM+1STBC
HMRS Systems

In this mode, each user applies MLD and STBC,
respectively, The transmitted symbol can be detected
by 11sing ’MLD, SIC and STBC decoding. By con-
sidering' from (14), the SER expression after MLD
detecting as well as SER of SM user (P, gps) can be
determined by (3) where the authors define N=2 and
M=4. Pyr, represents the probability of symbol error
equally for each transmitted stream from all transmit-
ting antennas. In order to decode the STBC streams,
the interference of SM user needs to be cancelled from
the received signals according to (17). Then the er-
ror propagation P., (where the subscript n=1,2,3,4)
after SIC process is presented (if §, — s, # 0) ac-
cording to Table 1. where P,{$; # s1()$2 # s2} rep-
resents the probability of the event that both s; and
so are incorrectly detected by MLD. The error propa-
gation from possible 4 cases are used to calculate the
average symbol error rate of STBC user of HMRS
system. Because the system has two SM detecting
symbols (8; and $s), each case has a different value
of error propagation depending on the detectable re-
sults of s; and s2. By considering 4 cases of the error
propagations in Table 1, the different effective SNRs
of STBC user are generated by the error propagations
that the effective SNRs are presented in Table 2.
From Table 2, the 4 different effective SNRs are used
to determine symbol error probability (Pstc) of each
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Table 1: Error propagation of 1SM+1STBC  Table 3: error propagation of 2SM+1STBC HMRS
HMRS. 3 The number of
Case Error propagation B piopagaton occurrences of the event
1) P {51 # s1( )52 # s2 P =Py Py =Py, 1
2)P {51 # s1()82 = s2} | Peo = Pur(1— Prr) Po =Py (1— Pyy 4
3)P {81 =515 # 52 Pe3 = Pey Py =P} (1— Pyp)? 6
4) r 31231052282} Pe4:(1_PA1L)2 Pc4=P)\1L(1—PA[L)J 4
1

Table 2: Effective SNRs of 1SM+1STBC HMRS.

P = (1— Pyp)*

Table 4: Effective SNRs of 2SM+1STBC HMRS

Case Effective SNR SER of each case
T2
1 Yel = !t‘ . 2 Pyter = PrissTBC # ssTBC Pl } Y
2N 4q Case | Effective SNR SER of each case
-
_ =% } H |2
2 Ye2 = zE;j Pste2 = PridsTpc # ssTpc Pe2} 1 Va1 = (!—N-llsz) P,y = Pr{bgrpe # ss1EC|Pal
= J
3 3 =Ye2 Pytes = PridsTBo # 557 BCPes) : H |2
e “;[, = stesd STBC TBC|Pe3 2 Yao = MWL) Pyo = Pr{égrpe # ssTBc|Pea}
Yed = 'YTE Pstca = PridgrBc # ssTB@|Ped} ”;{ E
3 Vd3 = (—D_—Jrfgj Psg = PriésTpc # ssTBC|Pes)
'S
:
PO} : o)
4 ld4 = (;\_+;;) Pga = Pr{ssTBC # 3sTBC|Pca}
case by applying ve, in (10), where N=1 (because 2 T
streams of SM user are cancelled from the received 5 Yds =Y =55 — | Pws = Prissrpc # ssTpclPes)

signals), ssrpc denotes the transmitted symbol of
STBC user (s3 or s4) and H represents the M %2
MIMO channel of STBC user. Finally, the error prop-
agation and probability of symbol error (Py;.,) of all
cases from Table 1 and Table 2 are jointly combined
to calculate the average SER of STBC user-HMRS,
is given by

Pe,sTBC150m115T7BC HMRs) S FPeiPster & PeaPstea
+ Pe3Pstes + PeaPstea

P"ST”(“(ISM+15TBC HMRS) =

{ere 5 s (1)

=)
+20—¢;g A+ .wi(‘Z)"g'“
s s mtr ()]

: 7(%)((1_(%)2)).

22 +2 F\ K 4
s o)
{1

(21)

where ¢e, = ||H'||§:/’ch, n=1,2,3,4. The average
SER of SM user-HMRS is already determined by (3),
then it can be written as P,
PMLy 2

-4
TP B e

3 i,i#j

WSMusM+1STBC HMRS) —

4.3 Performance Analysis of 2SM+1STBC
HMRS System

In this mode, MLD and STBC are applied by 2 SM
users and 1 STBC user, respectively. All transmitted
streams can be detected according HMRS algorithm.
By considering from (14), the SER expression after
MLD detecting as well as SER of SM user (Pe sar) can
be determined by (3) where the authors define N=3
and M =4\ Py, represents the probability of sym-
hol:etror  equally for each transmitted stream from
all' transmitting antennas. In order to decoding the
STBC streams (s; and sg), the interference of 2 SM
users (s1, s2, s3 and s4) needs to be cancelled from the
received signals by (17). Then the error propagation
after SIC process is presented according to Table 3.

where P.; represents event that 4 symbols are
wrong detected, P.o represents event that 3 symbols
are wrong detected, P.3 represents event that 2 sym-
bols are wrong detected, P4 represents event that 1
symbols are wrong detected and P .5 represents event
that 4 symbols are correctly detected. From Table 4,

HMRS
s1 LReceiver
SM user \:[% §2 Y
s3 Y_
STBC user i:l} s4 Y_
N=2 M=4
Fig.3: 1SM+1STBC HMRS system.
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the 5 different effective SNRs are used to determine
SER ( Py,,) of each case by applying van in (10), where
N =1 (because 4 streams of SM users are cancelled
from the received signals). Finally, the error prop-
agation and probability of symbol error (Ps,) of all
cases from Table 3 and Table 4 are jointly combined
to calculate the average SER of STBC user which is
given by

Pe,STBC(3sp4157BC HMRs) S PerPsi +4Pc2Psa
+ 6Pc3Psg + PeaPsa + Pes Pss

. - <
P“vSTBC(zs M+1STBC HMRS)

{2 e (1) }

3 iiF#d

2 7 1 -
2’1:11 + 2 “

+4{( GZZ(1+1,,,)7i<-> }

G ivi#i a

St (Of))

J o ii#d a
-6 1 2 s .
G{C Z-Z.(lwwvg<a>’w}

FEERES]

f-{ 25 oy w%}}z

G ividi

S 63 2 )

+4{C ZZ(H“.,)’Z Z }

{-fes )

2 7(k>(< m))

2¢as +2 =,
z
2 7 2%k 2.,d5+z
zdl-—
: 2qas +2 Ag‘)( k )
(22)

where qgn, = n={1,2,3,4,5}. The aver-
age SER of SM users is already determined by (3),
then it can be written as P,
PAIL:\'::}.}\I:J'

In case of N is defined more than 3, the average
SER can also be analyzed by calculating the number
of occurrences of the event for each error propaga-
tion case, computing the effective SNR and writing

©

PP (1+uu) Z(Z>

J o ii#d

Joii#]

SM(sM41STBC HMRS) —

HMRS

s1 Y Receiver
SM user 2 Y—

s3 Y—
SM user o4 Y—

sS T

STBC user I:g $6 M=4
N=3

0 5 10 15 20 25 30
Eb/No (dB)

Fig.5: SER performance of HMRS and HMTS tech-
niques.

10° i — ‘

— SMuser
---- Average
B —©— STBC user
104 RS —
10°% RN
x
10°} N
10" RN
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Fig.6: SER performance of 1SM+1STBC HMRS

system.

all patterns of error propagation for 22(N =1 events.
Then the analytical SER equation can be written by
the method in (22).

5. NUMERICAL RESULTS AND DISCUS-
SION

In this section, the authors present numerical re-
sults for symbol error probability of HMRS systems
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system. system.
10 = .
; — SMusert | Fig.6 presents the SER performance of the
_ - i&;sgeerz 1ISM+1STBC HMRS system. The STBC user can
100 —6- STBC user achieve a higher performance than SM user because of
applying the interference cancellation and the orthog-
10%- onal structure of STBC code. The dash line shows the
% E average performance of a whole system.
(23 Fig.7 illustrates the SER performance of the
10 1SM+2STBC HMRS system, the STBC code is used
by two users and the SM code is used by one user.
10%: The highest performance can be obtained by STBC
: user2 because the two steps of the interference cancel-
lation are continuously used at the receiver to detect
0 10 T 20 the symbols of STBC user2. The last layer has the
Eb/No (dB) minimum level of interference.
. Fig.8 presents the SER performance of the
Fig.8: SER performance of 2SM+1STBC HMRS 28\ -+ 1STBC HMRS system, the STBC code is used
system. by one user, and the SM code is used by two users.

including SM and STBC users. The parameter N and
M are varied to reveal the HMRS performances that
support various types of user transmission modes.
The performance comparisons between Monte-Carlo
simulation and analysis are also presented to demon-
strate the performance accuracy of this work.

5.1 Simulation Results of HMRS

The simulations of multi-user HMRS system in
case of N users (N=2, 3 and 4) and M=4 are pre-
sented to reveal the effect of increasing the number of
users at the transmitting side. The several transmit-
ting configurations are assigned in the Monte-Carlo
simulation model to investigate the trend of HMRS
performance under the multi-user situation. Fig. 5 il-
lustrates the SER performance comparison of HMRS
and HMTS in case of two users. Both SM and STBC
users apply BPSK modulation to form the transmit-
ted signals. As the result, HMRS can offer higher
performance than HMTS about 8 dB at 10~* SER.

The highest performance can be taken by STBC user
becanse'the SIC technique is employed before STBC
layer is detected. The performances of two SM users
are equivalence because the symbols of all SM users
can be taken by MLD in one time. The HMRS in Fig.
7 has a higher performance than the HMRS in Fig. 8
because the two steps of the interference cancellation
are continuously applied.

Fig.9 shows the SER performance of the
1SM+3STBC HMRS system. 1 SM and 3 STBC
users are placed at the transmitting side. The highest
performance can be achieved by STBC user3 because
the three steps of the interference cancellation are
continuously operated at the receiver to detect the
symbols of STBC user3. The average performance of
this mode has a higher performance than the HMRS
in Fig. 10 and Fig. 11 because the interference level
of this system can intensively be decreased by using
many SIC modules and the orthogonal property of
STBC users.

Fig.10 shows the SER performance of the
2SM+2STBC HMRS system. The STBC code is used
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system.

by two users and the SM code is used by two'users.
The highest performance can be achieved by STBC
user2 because the two steps of the interference can-
cellation are continuously applied at the receiver to
detect the symbols of STBC user2. The performance
of STBC users can also be enhanced by the orthogo-
nal property of STBC code.

Fig.11 shows the SER performance of the
3SM+1STBC HMRS system. The STBC code is used
by one user and the SM code is used by three users.
The highest performance can be taken by STBC user.
The performances of all SM users are equal because
the symbols of all SM users can be taken by ML de-
tection in one time.

5.2 Analytical Results of Error Rate Perfor-
mance

Fig.12 presents the comparing results between ana-
lytical SER given by (21) and simulation results. The
simulations employ BPSK modulation with one SM

10" - r
i —— SM user (Analysis)
[ © SM user (Simulation)
10Q —— STBC user (Analysis)
: ~©- STBC user (Simulation)
.2'
107:
1
w10
n
10™:
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10° .
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Fig.12: Comparison between simulation results and
analytical results for 1SM+1STBC HMRS system.
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100 ¢ O —— STBC user (Analysis) |
o ~@+ STBC user (Simulation) |}

10 15 20
Eb/No (dB)

Fig.13: Gomparison between simulation results and
analytical results for 2SM+1STBC HMRS system.

user, one STBC user (1SM+1STBC HMRS system)
and perfect CSI. The authors observe that, when the
SER of simulation is below 0.01, the maximum rel-
ative error between simulation and analytical results
is less than 5.3%.

Fig.13 shows the performance comparison between
the analytical results given by (22) and simulation re-
sults for BPSK modulation with two SM users, one
STBC user (2SM+1STBC HMRS system) and per-
fect CSI. The authors observe that, when the SER of
simulation is below 0.01, the maximum relative error
between simulation and analytical results is less than
3.6%.

From the results in Fig. 12 and Fig. 13, the rel-
ative error between simulation and analytical results
is presented due to the approximation of the union
bound on the SER in (3), (21) and (22). However,
the performances in Fig. 12 and Fig. 13 can properly
be used for general wireless systems because the rel-
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ative error is not presented in the high SNR region,
especially at 107SER or better level.

6. CONCLUSIONS

In this paper, the investigation of MU-MIMO sys-
tem with HMRS technique for N users (N=2, 3 and
4) are presented. The study of SER performance
when increasing the number of users is reported.
From the results, the average SER performance of
the HMRS is degraded when the numbers of users is
increased. The SER performances of HMRS can be
improved when the number of STBC users is more
than the number of SM users but the spectral effi-
ciency is also degraded. The SER performances of
SM users in any configurations of HMRS are corre-
sponded when they have the same total number of
users. When comparing between HMRS and HMTS
performances, it can indicate that the HMRS offers
a better advantage than HMTS, both in SER perfor-
mance and the complexity of the detecting procedure
under the same spectral efficiency scenario. In case of
the 1ISM-+2STBC HMRS system, the simulation xe-
sult can reveal that the performance of STBC userl
is close to SM user. The STBC user2 give a higher
performance than STBC userl. Therefore, the sys-
tem needs to detect the symbols of STBC user2 in the
second step if the location of STBC user? is placed far
away from the base station more than STBC userl.
In case of 2SM+2STBC HMRS system, the equiva-
lent performances of both STBC users are presented.
This transmission mode can appropriately be applied
in MU-MIMO systems in the situation of the same
distance between the location of both STBC users
and the base station. In case of the multi-STBC user
scenario, the symbol of STBC users can be detected
in the end of process if the lgcations of the STBC
users are positioned at the largest distance from the
base station. Consequently, the signals of other ¢ells
are mildly interfered because this STBC layer can
be transmitted by applying the lowest power. From
above reasons, each transmission mode can offer the
different benefits. Especially, the base station needs
to detect the symbols in each STBC layer sequen-
tially by considering the level of interference in each
layer and the position of each user. Moreover, the
limit of the Multi-user HMRS depends on the num-
ber of users. When many users are placed in the
system, the complexity of ML detection is intensely
increased. Therefore the system needs to choose the
number of users carefully. The corresponding perfor-
mances of analytical result and simulation result can
indicate the accuracy of this work.
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Abstract: Multi-user multiple-input—multiple-output (MU-MIMO) systems are a promising technology for increasing spectral
efficiency and diversity gain in the up-link channel. Space-time block coding (STBC) or the spatial-multiplexing (SM)
scheme may selectively be used by each user. The simple techniques, zero-forcing (ZF), STBC and successive interference
cancellation are jointly applied to separate and detect all stieams at the ZF-STBC MIMO receiver. Unfortunately the channel
estimation error (CEE) and error propagation (EP) are usually presented in practical multi-layers detection. In this study, the
author investigates the effect of CEE and EP on the bit error rate (BER) performance of the ZF-STBC MIMO receiver over
Rayleigh flat fading channels. They derive a nearly exact closed-form BER for general phase shift keying/quadrature-
amplitude modulation with CEE and EP for arbitrary number of users. Finally, simulation results demonstrate the validity of

the author’s analysis.

1 Introduction

For the up-link channel, multi-user multiple-input—
multiple-output  (MU-MIMO)  systems  becomes = an
interesting option for wireless networks because it can
increase the spectral efficiency and maintain the diversity
benefits [1-4]. With this technique, various users can
transmit their signals simultaneously to the receiver by
using different MIMO schemes. Generally, there are two
such MIMO transmission schemes, namely,_the ‘Spacestime
block coding (STBC) [5, 6] and the spatial-multiplexing
(SM), that is an implementation of the Vertical Bell Labs
Layered Space-Time (V-BLAST) algorithm or zero-forcing
(ZF) receiver [7, 8]. For multi-mode MU-MIMO systems,
either SM or STBC mode is may selectively be applied by
each user. Mode selection approach between SM and STBC
transmit diversity is discussed in [3, 4]. By considering the
scenario in cellular network, any users usually move to the
different locations and continue to face the different
wireless channels. Thus mode selection in real time
implementation should be continuously executed and
decided by the receiver corresponding to the average speed
of all users in the network. Generally, the existing works
usually discuss either channel estimation error (CEE) or
error propagation (EP). Unfortunately CEE and EP usually
occurred in practical multi-layers detection. The CEE can
cause error in the singular value of MIMO channel that the
singular value is the important parameter for making mode
selection at the receiver [4]. Therefore, the precision of
mode selection is directly deducted by CEE. However, EP

IET Commun., 2014, Vol. 8, Iss. 18, pp. 3381-3392
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only affects to the detection performance corresponding to the
numerical results. The simple multi-mode MU-MIMO
systems called ZF-STBC MIMO systems are presented in this
work. Each transmitted stream can be detected by applying
ZF detection, STBC decoding and successive interference
cancellation (SI€) [9] at the receiver as shown in Fig. 1.

In this paper, we analyse the effects of CEE on the
performanee’, of ZF-STBC MIMO systems. During the
detection process, the receiver needs to know the channel state
information (CSI), however, accurate CSI will not be
available in practice. Moreover, before the receiver detects the
transmitted stream of the desired user, SIC is used to subtract
the transmitted stream of the other users. However, this
subtracted process cannot be done perfectly, because the
probabilities of bit error of the other users is always presented.
The error because of the SIC process is known as error
propagation (EP), and the degree of EP for the desired user
depends on total number of the other users. The performance
of receiver is limited by EP [7, 10]. Therefore, the effect of
CEE and EP need to be carefully considered in analysis and
simulation in order to obtain the real performance. The work
in [11] derived the closed-form bit error rate (BER) for
ZF-MIMO receiver for a general phase shift keying/
quadrature-amplitude modulation (PSK/QAM) in MIMO
Rayleigh channels with CEE. The nearly exact BER analysis
of ZF-SIC vertical Bell laboratories layered space-time
(ZF V-BLAST) for binary PSK (BPSK) modulation in
MIMO Rayleigh channels with EP have been presented
in [12]. The symbol error rate (SER) performances of the
MIMO-minimum-mean-square-error-SIC (MIMO-MMSE-SIC)

3381
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Fig. 1 ZF-STBC MIMO systems

for a general PSK in flat Rayleigh-fading channels with EP
have been derived in [13]. The exact closed-form SER of
STBC system for general pulse-amplitude modulation
(PAM)/PSK/QAM with CEE has been described in [14].
However, these techniques do not consider both CEE and EP
on the general MIMO receiver as well as the multi-mode
MU-MIMO receiver. Multi-mode MU-MIMO has been
developed to apply in the next generation wireless network,
thus the actual effects of CEE and EP are not clearly
revealed from the real systems. However, the effect of CEE
and EP decrease the system reliability obviously as presented
in performance analysis and simulation results. Therefore, in
practice, the problems of CEE and EP should be effectively
solved by using an efficient channel estimation technique
and applying appropriate channel coding or time diversity
technique, respectively. From the above reasons, the
problems of CEE and EP should be carefully considered
otherwise we will miss the two_important parameters for
designing wireless network in praetice.

In this work, we focus on the effeet of CEE and EP on the
effective signal-to-noise ratio (SNR) of ZF-STBC MIMO
receiver in uncorrelated Rayleigh flat fading channels with
N users and M receive antennas, where each user applies
two antennas. The estimation error of MIMO channel is
modelled as independent complex Gaussian random
variables [11, 15, 16]. The average effective SNR for each
data stream in ZF detection can be calculated by using a
weighted chi-square distributed random variable with
2(M-2N+1) degrees of freedom. The effective SNR for
STBC decoding can be derived from the combined signals at
the receiver, where the average effective SNRs for ZF and
STBC are evaluated in the presence of CEE and EP. Next,
we apply the average effective SNRs to calculate tight
closed-form approximations for BERs of SM and STBC user
in ZF-STBC receiver for general PSK and QAM. In
particular, the work in [13] uses an approach base on the
total probability theorem to calculate the average SER that
apply 2N loops for computation, where N, denotes the total
number of transmitted streams of other users. Compared to
this work, our analytical approach applies only N,+ 1 loops
to calculate average SER or BER. An advantage of this work
is that we present the simple analytical method to derive the
average BER of multi-mode MU-MIMO systems in the
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presence of CEE and EP. Simulation results are presented to
demonstrate the validity of our analysis.

The remainder of this paper is structured as follows. In
Section 2, we present the system model and explain the
characteristic of error in imperfect channel estimation; then
we investigate the EP of other users for BPSK, QPSK and
QAM modulation signal. The performance analysis of
ZF-STBC MIMO is derived with the CEE and EP in
Section 3. Then the analysis and simulation results are
described in Section 4. Section 5 concludes the work.

2 System model

In this section, we explain a description of the system model;
discuss the characteristic and issue of EP because of the SIC
process for C-PSK and C-QAM modulation signal. Next, we
introduce the channel estimation model applied entirely
this paper.

2.1 Signal and system overview

We ' consider the ZF-STBC MIMO system with N
synchronous co-channel users (e.g. uplink cellular) in
Fig. 1, where each user equipped with N-element antenna
array (N,=2 for this work); we assume that J users are in
SM mode and the remaining N-J users are in STBC mode.
All 2N MIMO streams are simultaneously transmitted over
the same frequency band without additional spreading to a
common receiver equipped with M-element antenna array.
All users are synchronous in the sense that each user
transmits its symbol vector in the synchronisation with
others. The transmitted signals are assumed to propagate
through the M x 2N random channel matrix H in the uplink
communication channel. The MIMO channel is assumed to
be a rich-scattering and flat-fading, all sub-channels
between all users and receiver are assumed to be
independence. We assume that the mode of operation of
each user is known at the receiver, which can be indicated
in the packet header. The received signal is then given by

N
Y=Y Hs+w 1)
=1
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where the received signal ¥ is an M x 1 vector, the signals of
user 7 are sent through the M x N, random channel matrix H;,
s; represents N, x 1 transmit data symbol vector of user i
consisting of N, symbols each with a constellation size C
and w denotes M x 1 vector i.i.d. complex circular Gaussian
random variable; each element distributed as CN(0, Np).
The average energy of the transmitted symbol is assumed to
be Ey=EUsi/2], where s; denotes the element of s; The
overall channel matrix is denoted by H = [H_, H“.] that
assumed to have unit variance such that E[||H||§] = N,NM,
where the overall channel for all SM users and all STBC
users are denoted by H. = [H, H, HJ] and
H,=[H,, H,, Hy],  respectively, |||

denotes the Frobenius norm of @ x b matrix A, it can be

defined as |42 />, 27_

expectation operator.

2
A..

u

and E[] is the

2.2  Error propagation in SIC process

In MIMO uplink channel, we normally use SIC to cancel the
early streams of the other users in order to detect the symbols
for the desired user. The previous detected symbols §,, of
other users in (2) are used to subtract with real symbols s,,
in the received signal ¥, where m=1, 2, 3, ..., N; then(the
received signal for user k (desired user) can be described as

N
Yk =Y- ZHV)1§/11 (2)

m=1

where k#m. However, the previously detected symbols
always have the probability of symbol error during
detection (s,, # §,,); thus the cancellation of SIC cannot be
completed without error. The error because of SIC process
is known as error propagation (EP). In [17], the EP has
been described in the form of distance between two
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different value depending on the type of modulation. The
symbol distance dgp for C-PSK case can be calculated [13]

by 4sin(7/C), where dgp = |s,,, — S *. For C-QAM case,
the symbol energy should be normalised by the average
energy [7] E,=2(C—1)/3. Thus the symbol distance dgp
for C-QAM case can be obtained by averaging the distance

of all symbol pairs in constellation that, as
s;— 8

dgp = (1/(CC- D)LYy |si—s;
denote the symbol in constellation of C-QAM signal that
are normalised by ,/E,, and i#j. The pattern for the

appearance of EP has 2N possible patterns. However, the
pattern for the appearance of EP can be reduced to be N, +
1 possible patterns by using the coefficient vector By that
is addressed in Section 3, because some patterns of 2N
possible patterns have the same value as others. One way to
improve reliability in ZF receiver is to use STBC code,
which increase the diversity gain and also mitigate the
effect of EP in ZF receiver [18-20]. The detection process
of ZF-STBC MIMO in Fig. I can be explained in Table 1.

2
, where s; and s;

2.3 CEE model

The receiver needs to estimate the channels for decoding the
symbols from the transmitter, but the perfect channel
estimation cannot be done in practice. Thus the model of
CEE is described in this part. The good model to explain
the characteristic of estimated channel H at the receiver is
[L1, 15, 16]

H=H+rp ?)

where all elements in ¢ are i.i.d zero-mean complex Gaussian
having zero-mean and unit variance, and 7 is used to measure
an accuracy of channel estimation. The value 7=0 is
presented in case of no estimation error. The normalised-

symbols; the average distance can be represented by mean-square-error (NMSE) between h; and h; can be
Table 1 Process of the ZF-STBC MIMO detection

Step Process

1 Begin: The 2N transmitted streams are seént to the réééiver at the same time. Y represents the received signal vector Y at time

slot t,, where n=1, 2.

2 At DETECT1, all detected symbol §™ = [é:”, - é;’;v] are obtained by 2N x M ZF detection. All detected symbols §™ are
regenerated to be the estimated receive signal Y&, for all SM users and Y& for all STBC users at time slot t,, where

1, t, 1, 1,
Yre = [Ys"Tc,1 Ysrca: YS"TC,N—J]

3 At DETECT2, define Y;"T =Yh— Yé"M. The detected symbols $gr¢ ; for all STBC users can be obtained by for i=1to N-J
N-J
Y8 =Y& - 21 Y, Where j # i
j=
Yt Yo (= Yo
ST 8T /; STC,j
81 = dec(Yg',., Yg',.)
Yire, =Yg and Y, =Yg,
end
where $g1¢,; is 2 x 1 detected symbol vector for the ith STBC user and dec() denotes N; x M STBC decoding operation. Define
5, = [éSTTmésTTClzﬁsTTcla..,ésTTc,N, J], where " denotes the matrix transpose operation.
4

At DETECTS, the new received signals Y'» of SM users can be obtained by SIC that, as Y% = V' — V&, where V& denotes the

regenerated receive signal for all STBC users that is generated by the elements of §, according to the STBC structure. Then Y’ is
used to detect the transmitted symbols for all SM users by applying JN;x M ZF detection.

End process.
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written as

E["’z/‘ — hy 2]
NMSE = ————= = 7 o)
Ellh; ]

where Ay, i1ij represent the (i, j)th element of H and ﬂ,
respectively. The correlation coefficient between the true
channel coefficients and their estimates can be defined as

E [hi/i’;;'] 1

p=—— - )
JEUR,PY-EDRgP] YT+ 7

where * denotes the complex conjugate operation. The
relation between NMSE and p in (4) and (5), can be shown as

p=1/+/1+NMSE (6)

3 Performance analysis

The transmitted signals of ZF-STBC MIMO systems can be
simultaneously sent by multi-user including SM users and
STBC users. The transmitted symbols of each scheme ecan
be continuously detected by using the different MIMO
technique. Therefore, BER expression of each technique
can be separately derived by applying the different
methods. In this section, the BER analysis of both ZF and
STBC techniques is separately derived; then the BER
expression of both techniques are jointly applied to obtain
the average BER expression for each user by considering
the effects of CEE and EP.

3.1 Closed-form BER for ZF receiver

In this section, we derive the effective SNR and the
closed-form BER with CEE and EP for ZF detection. At
the fourth step in Table 1, the transmitted symbol with CEE
[11] and EP can be written as

s.=HIY.=#H. +10)  (H.s. % WHNAH,)  (7)

where H. represents M x JN, channel matrix for all SM users,
s. denotes the JN, x 1 symbol vector for the all SM users,
 denotes the pseudo-inverse operation, N,AH,, term denotes
the total EP because of SIC process, A = /dppE,, H,
represents M x 1 channel vector for one other user and the
M1 received signal vector Y. represents ¥ in Table 1,
regardless of time slot. However, 7< 1 in practice, then the
pseudo-inverse of the estimated channel matrix can be
approximated by the linear part of the Taylor expansion as

il = 1 (1, - reH]) ®)

A

thus (7) can be reformed as
¥, =Ht (e - r‘pﬂf)(ﬂzs: +w+N,AH,)
=s:+ij— TH_qus:— THj.qu_Tw (€
+N,AHIH, — N AH] oHIH,
From (9), the effective post-processing noise can be written as

W= ij — TH_T(OS: = 'rHj-anj-w
i foaty,
+N,AH!H,— N, AH. ¢H H,

In Appendix 1, we derive the covariance matrix of # that can
be described as (see (11))

where tr(*) is the matrix trace operation. In [11], the mean of
t,.((H_f’H__)_ I) is quite small for practical number of transmit
antennas  (M>JN,).
is scaled by 7 with 7«1, the term

and receive Moreover,  after

-1
’l'((H!,H:) )
f{,_((Hi’H:)—I) in (11) can be ignored. Therefore, (11)
can be besides presented as

E[wi"] = (Ny + PNE, + N A*M)(H'H )™ (12)

From (9) and (12), the effective SNR per symbol of the kth
stream can be described as

E /Ny
(1 + TN E/N + N2A2M/Ny) (B2 H) ']

kk
k=1,2, ..., N,
(13)

where [(H_{'H:)_I]M denotes the (k, k)th elements of

(H"H.)™' Feom [21, 22], we know that 1/[(HfH:)_I]kk

is a chisquare distributed random variable with 2(M —
JNgt 1) degrees of freedom. As the SNR distribution of
each stream is the same, the subscript & in (13) can be
dropped. Thus we denote the average SNR per symbol of
each stream asy. = y,g, where

~ — E.&‘/NO
L (1 4+ PN,E /Ny + MdgpN2E,/N,)

(14)

and g denotes a chi-square distributed random variable with
2(M —JN,+ 1) degrees of freedom. However, N, in (14) can
be defined by 0 for the first detection, because the EP is not
presented before SIC process. From [11], we can write the
approximate BER expression for ZF detection with CEE
and EP as follows (see (15) at the bottom of the next page)

E[wi"] = (No + PNE, + PN, (HIH) ™) + AN As. (B H) ™ Va) (HT) +N2A%M
£ -rZN,,Asﬁ’t,.((H_f’H:)_')H,,((Hj)H)il # ?NjAzMz,((H_f’Hz)")) (H'H)™ (11
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where = \/(3i+ 17%,)/(2(C — ) +3Qi + 1%,
G=M—JN, and | b] represents the largest integer that is no
larger than b. (see (16) at the bottom of the page)

where

s = 3sin?(@i — /) (1 + ¥,sin’(2i — 1)m/C)),

[b] represents the smallest integer that is no smaller than b.
From [23], if we consider only the dominant terms (i=0, 1)
in (15), the equation can be reformed as (see (17) at the
bottom of the page).

3.2 Closed-form BER for STBC systems

At the third step in Table 1, each STBC user applies 2 x M
STBC scheme. The code rate of STBC is 1, there are L
symbols transmitted over 7 time slots, where L and 7' are
defined to be 2 for this work. The received signal for the ith
STBC user can be obtained by using SIC to cancel data
streams of all SM users and other STBC users from the
received signal, it can be described as

Y, =Hx;+w+ Wep (18)
where ¥,; represents the M x2 receive signal matrix
[¥{; ¥2] during two successive time slot for the ith STBC
user addressed in Table 1, H, represents M2 channel
matrix, x; is an 2 x2 transmission matrix of STBC, w’
denotes the M x 2 noise matrix with i.i.d. complex circular
Gaussian random variables, each element distributed as CIV.
(0, Ny) and w,, denotes the M x 2 error propagation matrix,
each element of w, can be represented by wey,=N,h,A.
Where £y, denotes the channel gain describing the channel
of the EP of 2(N-1) other users from the /th transmit
antenna to the Ath receive antenna, where hj; denotes the
sub-channel of H ; describing the channel from the jth
transmit antenna to the ith receive antenna. The channel

matrix H,; is normalised such that E|:HH\J ||§] =
The average energy of the transmitted symbols per each

antenna are assumed to be E,/2, thus-the average power of
the received signal for each receive antenna is £, and the

www.ietdl.org

average SNR per receive antenna is E,/N,. The total
average energy of a symbol duration can be written as E,=
TE,=2LE,. Thus the average energy of the constellation
can be calculated as E;=TE,/2L =E,/2. At the receiver, the
received signals in the presence of EP are combined for

decoding by maximum-likelihood (ML) decoder. The
combined signal at the receiver can be expressed as
2 .
= |Hg[x + W, (19

where x denotes the element of matrix x;, W, is the noise plus
EP term after combining that can be expressed as

M:
&

2
’
=W

Jj=1i

(20

where w' = Y0 hylx — 2| +w = }\“ hy A+ w, & denotes
the detected symbol from the previous detection and w is
the element of vector w'. In Appendix 2, we derive the
covariance of W, that can be described as

E[ 5] = [ Hollp (8o + N,A%) @1

The transmitted symbol can be determined by X, =

argminr\e(-’l‘“_ = ||H\,||i_i|2 Thus from (19) and (21), the

effective SNR per symbol after STBC decoding [14] is
derived in Appendix 3 that can be expressed as

2
_ IlH\l "F
O (22)
2(1/7+ NadEP/Z)

where ¥ = E,/N,=2E/N,. The probability density
function (pdf) of the effectlve SNR (y,) under imperfect
channel estimation and EP can be described as a function of
the correlation coefficient. The similar pdf of the y, with
CEE have ‘been proposed in [14, 24, 25], the pdf of the

i-2!
P logy /C (1-27%)v/C-1 \‘ JC J P
F Ry & X =1 _ | 25e g
Pi(v*QAM_Jang\/E ; =0 W ’ +C +2 (15)
i GH G /G | j
x [=( —ll-,')] ( [—(1 +IL,-):H
E (%)
5 min(Z.I_%—I)
Pl psk = (16)

max (log,C, 2)

i=l1

1 G+1 G
{[E(I—M,-)] ( +’ (1+#,)”
j=0

2(v/C—1)

F
P/ZJ.C—QAM
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ol od [1(1 )]GHG(G“)[(H )]j+
~ JClog,/C |2 H =\ J "

f/%/f—g;/]% B(l - ,L,)]GHJZ:;(G;”)[ (1+ ;L.)]/

a7
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Table 2 Pattern vector for presenting error propagation

N, Coefficient vector (By,) The pattern vector for appearance of EP (lllN,)
=[(%) () - (%)]

ﬁ~,~[( 2 s
1 1,1 [Poo, (1= Pro)]
2 (1,2,1] [PRo: Peol1 = Poo). (1= Poo¥?]
3 1,331 [P,iO Piol1 = Pogh, Pool1 = Pogl, (1= Pyol?]
4 (1,4,6,4,1] [Phor Piolt = Puo). PRl = Pl Pogl1 = Pigl®, (1= Pyg)*]
5 11,5, 10, 10, 5, 11 [Poo. Piol1 = Poo). Piol1 = Pool, PRo(1 = Pool®, Prgl1 = Prg)*, (1= Poo)®]
6 (1,6, 15, 20, 15,6, 1] [Pgo, P51 = Pyg), Piy(1 = Poo)2, Poo(1 — Pyol?, P2o(1 = Pyg)?, Pogl(1 — Py, (1 —P,,o)s]

3

e L2 2]

[P,’,'o, PES1 = Pog), P21 — Pogl, P31 — Pgl®, o Pogl1— P, (1= P,,o)"]

received instantaneous SNR is described as

e X001\ /D-1\/( Py,
Py, (Ya) = _(1 — )P : q; (F)( k ><_1 m— | ‘1)

(23)

k

where D=2M, q = |H|%/v, =2(1/7+ N,dp/2), and

(Z) denotes the binomial coefficient given by

k
applied to regroup term [26, 27] in (23) as follows

(n) =n!/(n — k)'k!. The Bernstein polynomials can be

D

B () W _,
pn(*/,.)=;—‘ (}()p 7 %"\ (24)

where I'(-) denotes the Gamma function and the Bemnstein
— " The

exact closed-form SER for STBC systems have been
proposed in [14]. The instantancous SER: of C-PSK.-and
rectangular C-QAM for the effective SNR 7, "ever' an

AWGN  channel are P, psx(v,) = @,0(y/Gpsc v,) and

2
Pooam(Ye) = [l —an(‘/GQAMy,,)] , respectively, where
a,=2, Gpsg =2sin’(#/C), a, = 2(1 — 1/+/C) and Goam=
3(C—1) [17, 28]. The SER over fading channel can be
often described by

polynomials is defined as Bj(1)%& (?)1/(1

m

V(b, q, m) — F‘zm) Jo Q(M)e—qnnm—l dn

5]

where & = \/b/(b+ 2q), b= Gpsk or Goam depending on
modulation scheme. By applying (22), (24), (25) and the
instantaneous SER over AWGN channel, the BERs for
C-PSK and C-QAM signalling with CEE and EP can be

25)
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expressed as

D

al — .

PLCISK = Togog 2 B0 (P V(Grso 0:) - (26)
i=1

2
s 1 D )
P?.T(%(A.\q ~Tont = (l —aq B?ll(pz)v(GQAM’q”))

2 i=1

@7

3.3 Average BER for STBC users

From Fig. 1, the ZF-STBC MIMO system is operated by
STBC and SM users. The receiver detects the transmitted
symbols successively by ZF detection and STBC decoding
for each user. The BER performances of each user are
different depending on the modulation scheme, number of
antennas and number of users. In this part, we explain the
procedure to evaluate the average BER for STBC user in
ZF-STBC MIMO systems. By considering the presence of
EP in multi-layers detection, the presence of EP can be
appeared-by N,+ 1 different patterns that represented by
vector- 4y, in Table 2, each pattern has a different
frequency for appearance that can be described by the
elements of vector By . The different pattern also gives the
different bit error probability according to the element in
vector Py from Table 3. Finally, vector By, ¢y and
P, y, are jointly employed to calculate the average BER for
the desired user corresponding to [12, 13]. From the first
step in Table 1, all transmitted symbols are detected by
applying 2N x M ZF-detection; the bit error probability at
this step named P. can be evaluated by replacing (14) into
(16) or (17) depending on modulation scheme, where N, in
(14) is defined by 0 because of no EP in the first detection.
Then define P.= Py for vector Yy, in Table 2, select the
coefficient vector By by determining N,=2(N-1) and
compute BER vector P, in Table 3, where each element
in vector P, can be calculated as follows

" H,|:
%00 =3 17 (28)

1/7 + xdgp/2)
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Table 3 BER vector
Na BER vector (Py,y,)
! Pyy = [Py(7(1), Py ¥(OD]
. Pyy = [Py(¥(2)), Py ¥ (1), Pyl ¥(O)]
3 Pys = [Py(¥(3), Po(7(2)), Py(¥(1), Po(¥(O)]
4 Py = [Po(7(4), P,(7(3)), Pyl ¥(2)), Po( (1), Py (O]
5 Pos = [Po(¥(5)), Po(y(4), Po(y(3), Poly(2), Poly (1)), Puly(0)]
6 Pog = [P 7(6)), Py(¥(5)), Pyl ¥(4), Pyl ¥(3)), Pyl ¥(2), Pyl ¥ (1), Pyl 7(ON]
n Py = [Po(3(n), Po(3(n— 1), Pyl ¥(n—2)), Po(¥(n—3), ..., Py 7(1), Py( 7 (ON]

;(;'(X))= % ZD:B’?"(pZ)v G “”n“i‘ ;
g log,C & ==l PSK > A 5

(29)

or (see (30))

where ;/((n) = ;(n) in Table 3, (28)—(30) are modified from
(22), (26) and (27), respectively. Equations (29) and (30) can
be chosen for C-PSK and C-QAM modulation, respectively.
All elements of P, in Table 3 can be calculated by (28),
(29) or (30). Here, we show a simple method to estimate
the probability of bit error P, of user k take into account
the effects of EP. By using the total probability theorem,
we can describe

N,+1

Py 2 Y By, (mPr{EP" | Pr{e, [EPY 31)
n=1

where the N,+1 mutually exclusive events EPf,k), with
ZQ’;TI BN”(n)Pr{EPj,k)] = 1, regarding the (k-1) previous
symbols decisions, Pr{EPi,"')] is the probability of event
EPf,k' and Pr{eklEP‘,,"')} is the probability of making an error
in the detection of the symbols of 4th user conditional on
the event EPf,k’. For convenient ealculation, we write the
probability terms in (31) into vector form. All elements in
By, ¥y, and Py, are employed to calculate. the average
BER for STBC and SM user of ZF-STBC"MIMQ) system
by modifying (31) as follows

N,+1

Py )" By (D, (P, (i) (32)
i=1

For calculating the average BER of STBC user (P, (), the
bit error probability P. of the first detection is initially
calculated by replacing (14) into (16), where N, =0 and G =
M — N,N. Next, we evaluate P, grpc by (32), where N,=2
(N —1), Pyy=P. for vector ¢, in Table 2 and the elements
ofPM-“ in Table 3 can be calcufated by (28), and (29) or (30).

3.4 Average BER for SM users

To mitigate the effect of EP from other layers, the transmitted
symbols for SM user are detected after STBC decoding and
SIC process according to the fourth step in Table 1, thus the
P stpe in section C is applied for evaluating the average
BER for SM user (P, gy). Pysy can also be evaluated by
(32), where Py = P, grpc for vector sy in Table 2, N,=2
(N=J), G=M—JN, and the elements of P, in Table 3
can be calculated by (33), and (34) or (35) as follows

E,/Ny

33
/Ny + MdgpaE /Ny &=

v.(a) = T+ 2NE,

(see (34))
where (see equation (35) at the bottom of the next page)

where

s \/ (301 + 1P7.@)/(2C - D +3Ci+ D),

Y.(n) = y(n) in Table 3, (33)~(35) are modified from (14),
(16) and (17), respectively. Equations (34) and (35) can be
selected for C-PSK and C-QAM modulation, respectively.
Finally, all elements of By , ¢y and P, in this section are

[1 = (1= a0 22, B2 @V (Gonws (1H.ull3/7:00) f))z]

Pi(%00) = e (30
W= \/ Y.lesin(@i = Da/C)/ (1 + 3(@sin®(2i — 1)7/C))
min(2,[C/4]) G+l G ; U 34
< e N 2 | , G+j\[1 ,
Ph(Y:(OI)) = —max(long, 2) ; {[5(1 &= .Uvi)] ;( j )[5 (1+ .U-i):l )
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Fig. 3 BER performance of QPSK ZF-STBC systems with N=2, M= 5

employed to calculate the average. BER for SM user of the
ZF-STBC MIMO system.

By averaging P, grpc and Py, the average BER of the
ZF-STBC MIMO receiver in the presence of CEE and EP
can be obtained. For the general number for &,/ and M,
the BER of each user can easily be evaluated by assigning
N,=2(N-1) for STBC decoding and N,=2(N-J) for SM
detection. Moreover, (32), Tables 2 and 3 can be employed
to evaluate the average BER for both STBC and SM users.

4  Numerical results

In this section, we present numerical results for BER with the
effect of CEE and EP. Monte Carlo simulations are used to

verify our analytical derivation. Fig. 2 shows the BER
performance ‘of the QPSK V-BLAST systems (the second
layer) and the'proposed systems (SM user of QPSK ZF-STBC
systems)-with CEE and EP when the accuracy of channel
estimation is about 0.99, 0.999 and 1 (perfect case) for N=2
users, M=5 receive antennas. It should be noted that the
performance of V-BLAST is worse than that of ZF-STBC for
all cases of p. This means that the EP problem in V-BLAST
or ZF-SIC receiver can be solved by STBC technique.
According to our analysis in (32) and (34), these results agree
very well with our simulation results shown in Fig. 2.

Fig. 3 shows the BER performance of QPSK ZF-STBC
systems, where the BER expression of STBC user shown in
(29) and (32), and BER expression of SM user given by
(32) and (34) when the accuracy of channel estimation are

1) = 3@ + 17.@/2(C — 1)+ 32+ 1¥7,(@)

<oy 2(/C-1T1 ;
Py(@) > Coa [5( - .U«o)]
2(WC-1)T1 ,
& «/aogzs/f[z(l s
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Fig. 4 BER performance of BPSK ZF-STBC systems with N =2, M =4

about 0.99, 0.999 and 1 for N=2 users and M=35 receive
antennas. From Fig. 3, we can see that the average BERs of
SM user offer higher reliability than average BERs of
STBC user because the transmitted streams of SM user are
detected after the previous STBC decoding that can
mitigate the EP problem. The analytical results correspond
closely to the simulation results.

Fig. 4 demonstrates the average BER performance of
BPSK ZF-STBC systems, where the BER performance of
both STBC user and SM user are averaged in the presence
of CEE and EP when the accuracy of channel estimation
are about 0.99, 0.999 and 1 (perfect case) for N=2 users
and M =4 receive antennas. From Fig. 4, we found that the
average BER performances are rapidly changed by varying
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Fig. 6 BER performance of QPSK ZF-STBC systems for different number of users, p =0.999, M =8

IET Commun., 2014, Vol. 8, Iss. 18, pp. 3381-3392
doi: 10.1049/iet-com.2014.0740

3389
© The Institution of Engineering and Technology 2014




139

www.ietdl.org

10 T T T T

Bit Error Rate

~10| N ' i

— CEE+EP(Analysis)
O CEE+EP(Simulation)
---EP(Analysis)
o EP(Simulation)
- - CEE(Analysis)
A CEE(Simulation)

666 S-6664

o
&H‘\! 4
=3

DA S
A, 8
AAAAAAA Axsg:e AA

0% 5 10 15 20
Eb/No [dB]
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the accuracy of channel estimation, and these agree with our 6
simulation results.

Fig. 5 illustrates the BER performance of 16QAM 1
ZF-STBC systems, where the BER of STBC user shown in
(30) and (32), and BER of SM user given by (35) and (32)
with EP when the accuracy of channel estimation are about
0.99, 0.999 and 1 (perfect case) for N=2 users and M= 6 3
receive antennas. From Fig. 5, we can see that the average
BERs of SM user correspond closely to the average BERs
of STBC user. According to our analytical performances,
these results agree very well with our simulation results.

Fig. 6 shows the BER performance of QPSK ZF-STBC 5
systems with CEE and EP when the accuracy of channel
estimation is about 0.999 for N=2 (J=1), N=3 (J=1) and
N=4 (J=2) with M =8 receive antennas. From Fig. 6, the
simulation results agree with our analysis that, as the 7
number of user increases, the sensitivity of the ZF-STBC
system to the CEE and the EP increases.

Fig. 7 presents the BER performance comparison of QPSK
ZF-STBC systems between only CEE case, only EP case, and
both CEE and EP cases. From the first and second cases, it 9
should be noted that EP degrades’ BER performance more
than CEE. Significantly, the last: case shows the most
impact on the system performance and it is most similar to
the real scenario. These mean that the problem of CEE and 11
EP should be carefully considered for designing wireless
network in practice.

2

10

5 Conclusion

In this paper, the performance of ZF-STBC MIMO receivers
over uncorrelated Rayleigh flat fading channel in the presence 14
of CEE and EP is investigated. The effective SNR and tight
closed-form approximations for the BER expression of
general PSK/QAM modulation are derived. It is found that 15
the effect of EP on the BER performance of SM user in
ZF-STBC systems is mitigated by the orthogonal property
of previous detection of STBC user. Besides, the BER
performance gets worse as N increases. By multi-detection
of ZF-STBC systems, the BER performance is rapidly
degraded by CEE and EP more than a single user MIMO 17
case; because the error of estimated channel and error
because of the SIC process are always present every time
during detection.
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7 Appendix
7.1 Covariance and effective SNR derivation

In this appendix, we derive the covariance of the effective
post-processing noise for ZF detection and STBC decoding

www.ietdl.org

in the presence of CEE and EP, and derive the effective
SNR per symbol after STBC decoding.

7.1.1 Appendix 1: Covariance of the effective
post-processing noise for ZF detection: (see
equation at the bottom of this page)

where we permute the matrixes by various relations as
H
follows: HT(HT) =(HfH:)_|E[s:s'_f1]=EYIN), E[ww'']=
Noly E[e¢"|=N1, ~ and E[ga(Hﬁ'H_.)_lqo”]
-1
t,((Hf’H:) )INr .

7.1.2 Appendix 2: Covariance of the effective
post-processing noise for STBC decoding: (see
bottom of the equation)
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7.1.3 Appendix 3: Effective SNR per symbol after
STBC decoding:
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Abstract—In Cognitive Radio (CR) network, the secondary users
are required to sense the spectrum based on their environment
and then they adapt the spectrum as well as the transmission
scheme for CR services to the vacant channels. Multiple-Input
Multiple-Output (MIMO) technique becomes an interesting
option for CR networks because it can increase the spectrum
efficiency and maintain the diversity benefits. In fact, there are
two schemes of MIMO transmission including Spatial-
Multiplexing (SM) and Space-time block coding (STBC) schemes.
These schemes provide the different benefits according to the
channel quality or user requirements. Therefore, base station or
fusion center must have the capability of detecting both SM and
STBC from each CR user at the same time. In this paper, the
novel Hybrid-MIMO receiver has been proposed by merging the
detection methods of both SM and STBC schemes. The
simulation results confirm that the proposed system can improve
the symbol error rate and still maintain the benefits of diversity.

Keywords-Cognitive Radio Network; Multiple-Input Multiple-
Output(MIMO);  Space-Time Block Code(STBC);  Spatial
Multiplexing(SM)

L INTRODUCTION

Wireless communication technology is continuously
developed and various techniques have been proposed to
support the user requirements in ‘the.increase of channel
capacity. MIMO technique seems to be'the key technology to
provide favors on many applications such as WLAN, WiMAX
and LTE. This fame also gains the attention of new technology
such as CR network. This is because the MIMO system
consisting of both transmitting and receiving antennas can
effectively combat the multi-path fading and greatly improve
the diversity gain which supports the high speed wireless
communications.

In November 2002, Federal Communications Commission
(FCC) announce the spectrum utilization survey report in 6
state of USA that indicate 70% of the allocate spectrum are
not consumed and many vacant frequency bands are quietly
appeared [1]. Thus, the IEEE formed the 802.22 Working
Group to develop a standard for wireless regional area
networks (WRAN), which is an alternative broadband access

978-1-4577-2166-3/11/$26.00 ©2011 IEEE

scheme operating in vacant VHF/UHF TV bands [2]. The
smart systems are employed by CR users and fusion center
that adapt transmission scheme according to their environment
or user requirement [3]. MIMO technique is suitably applied
on CR network to enhance both capacity gain and reliability of
service. When difference MIMO schemes are used by CR
users, SM and STBC hybrid-detection is employed by fusion
center to enhance time and spectrum efficiency. Hybrid-
MIMO techniques were proposed on many literatures. The
switching of MIMO schemes was introduced in [4]. This
switching process is operated by realizing the channel
condition. The high performance is achieved but their
structure of both transmitter and receiver are high complexity.
The other hybrid technique is Multi-layer STBC code that has
a very good performance but the system is so complicated and
it is difficult to be implemented [5). In [6], the hybrid
technique was proposed by selecting one of many STBC
patterns which offer the lowest bit error rate layer. This work
provided the highest diversity gain but low capacity gain and
the complex structure of the system was unattractive. From all
literatures, both transmitter and receiver are necessary to be
modified which are different from typical SM and STBC
structures. These causes the real implementation is difficult in
practice. In ‘this paper, the novel Hybrid-MIMO technique
merging both typical SM and STBC detections is proposed.
The transmitter of CR users can independently transmit either
SM or STBC schemes. In turn, the receiver of CR users is able
to detect both SM and STBC schemes without known
knowledge of transmitter. The Hybrid-MIMO detection is
suitable for fusion center side that has a simple structure, high
capacity gain and high diversity gain. In simulations, the
various scenarios are undertaken in order to judge the
advantages of the proposed system.

In this paper, the symbol error rate is used to indicate the
figure of merit. The results of proposed Hybrid-MIMO
scheme are compared to the conventional MIMO schemes
with both SM and STBC. The remainder of this paper is
organized as follows. The system overview is described in
Section II. Then the novel concept of Hybrid-MIMO detection
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is explained in Section III. Simulation results are presented in
Section IV and followed by the conclusion in Section V.

II.  SYSTEM OVERVIEW

The illustration of cognitive radio networks is presented in
Figure 1. Transmit operation of both Primary User (PU) and
Secondary User (SU) are actived simultaneously in the
common area, which spectrum sensing or spectrum sharing is
used to solve interfering problem. At CR transmitters, a
modulation schemes, transmit power, carrier frequency and
MIMO schemes are assigned suitably by each CR user. The
MIMO schemes might be different depending on channel
conditions or user requirements. Thus, it is better if the fusion
centre can detect any MIMO schemes at the same time. For
MIMO schemes, there are two main categories, STBC and
SM.

A. STBC scheme

Space-Time block code (STBC) is a modify fashion of
Alamouti code. Multiple antennas at both transmitter and
receiver are utilized to increase diversity gain. All signals in
symbol vector are orthogonal to each other then sink signal can
be recovered by orthogonal channel matrix. The STBC
structure for 2x2 MIMO system is given by

Sone =|:sl —s2 *:| (l)

52 sl*

where s1 and s2 are the first and second transmitting
symbols, ()* is a conjugate operation.

B. SM scheme

Spatial multiplexing (SM) scheme uses multiple antennas at
both transmitter and receiver to carry independent signal
vectors by same frequency band then data sink can be detected
by many methods such as Zero-forcing (ZF), MMSE,
Maximum likelihood detection (ML), Sphere detection etc. The
capacity and diversity gain of SM scheme can be increased by
the number of antennas used at transmitter and receiver
respectively. In comparing with STBC scheme, SM scheme
provides a higher data rate transmission while suffers from
worse symbol error rate. Due to the different.benefits from both
schemes, there are various choices of users'to use both-of them.
However, the detection methods of both schemes are different.
As a result, the new design of receiver to have the capability of
detecting both schemes at the same time is proposed here.

III.  THE PROPOSED HYBRID-MIMO SCHEME

Figure 2 shows the proposed concept of hybrid-MIMO
scheme which can detect both STBC and SM symbols at the
same time. In Figure 2, two independent signal vectors are
transmitted from CR-SM user and CR-STBC user through
MIMO channel. Each user has two transmitting antennas. Then
all signals are received by four receiving antennas. In the first
step, SM sink vector and channel estimation matrix are
achieved by SM-Detection block and channel estimation block

respectively. At this stage, the STBC symbols are treated as the
unknown-independent symbols. For the second step, the
estimated SM symbols are fed to generate SM receiving signals
at R-SM GEN block. This SM receiving signals are used to
subtract the input receiving signals at Signal subtraction block.

’ CRl

™
Buildings Ch2 N
N

~

N LN
CR3 =z N
& * CR4
PU Trees

PU band
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ssssan SU band

Figure 1. Cognitive radio network.
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Figure 2. The proposed hybrid-MIMO receiver.

The purpose of this block is to eliminate all SM symbols
from the input receiving signals. The output of this block
remains only the information of STBC symbols. Then STBC
sink vector can be recovered by STBC Decoder block. In the
following subsections, the explanation on transmission process
and detection process are detailed.

A. Transmission process

At transmitter, the transmission patterns of SM and STBC
users are assigned as shown in (2) and (3), respectively. The
column_data in each matrix regzresents the transmit data in
each 'symbol interval. S™ and S™ in equation (4) and (5) are
the symbol vectors at the first and second period, respectively.

sl s5
Sos = (2
M [sZ 56]

"S“*] 3)
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All transmit symbols are sent through Rayleigh fading
channel matrix (in equation 12) and then these signal qualities
are degraded by Additive White Gaussian Noise (AWGN)
channel at receiver. The receiving vector Ry is able to be

expressed as
Tl T1 T1
R = r'Tz = = * B : ©)
r, HSTZ N] 2

where N™ and N™ are AWGN at receiver in the first and
second period, respectively.

B. Detection process

The SM symbol vector is detected in the first step at the
receiver. In this paper, ZF and ML detections are employed as
given by

~Tn

S =g )
| - Esf @®

~Tn

S =argmin
seCM

Equation (7) and (8) express the estimated symbols from
ZF and ML detections, respectively. Note that 7» denotes the
symbol period index and C are all possible symbols in the
specific modulation scheme. In this process, only sink
symbols of SM user are available. but the sink symbols of
STBC user are rejected because they have a low benefit of
diversity gain. Then Rgypc in (9) is employed to calculate
receiving signal vector of STBC user and. it ean represent by.
HstecSstee in (11). It is believed that the subtraction between
Ry and Rgy in (9) will eliminate the signals of SM users. The

~Tn
SM symbols S in (10) are the estimated receiving symbols

of SM user. Where Rgy and Has denote the estimated
receiving signals and the estimated channel of SM user,
respectively. After that, the STBC symbols can be achieved by
decoding process shown in (11), where Hgrpe denotes the
channels of STBC users, N and Ng are a noise at receiver and
a noise that appeared by SM signal decoding process,
respectively.

Rope =R, =Ry ©

~ ATl

-~ AaT2

v Ssm
Ssmac = HsmcﬁSTBCSsmc +I/'}srec(N+ Ng) (1)

In this paper, the perfect channel estimation and perfect
data synchronization are assumed in simulations. At the
transmitting side, both CR-SM user and CR-STBC user
completely send at the same time with the same power and the
same distance to receiver. The proposed hybrid-detection is
utilized on fusion center side to detect 6 symbols from both
CR users within 2 symbol periods. The average throughput is
3 symbols per one period. To compare with only STBC users,
the overall rate is 1 symbol per one period while the overall
rate of only SM users is 4 symbols per one period. Roughly,
the proposed concept improves the data throughput in
comparing with only STBC users. However, it is interesting to
see whether the proposed concept will provide a better symbol
error rate than only SM users or not.

The Ngx4 channel matrix H used in simulations is given
by
hll k12 K13 hl4
h21
12
e (12)
hN, 4
BNl hN,2 hN3 hN, 4
Where h,, is the complex channel coefficient of mth
transmitting antenna to sth receiving antenna.

IV. SIMULATION RESULTS

In simulations, the symbol error rate is the parameter to
indicate the system performance. The proposed Hybrid-MIMO
system is simulated according to all process described in
Section III. The ZF and ML detection are used to detect
symbols for, SM scheme. Only uplink communication is
considered here. Simulation parameters are shown in Table I.

TABLE L. SIMULATION PARAMETERS
Modulation type QPSK
Symbol length 1,000
Detection scheme ZF,ML
No. of transmitting 2
antennas for each user
No. of receiving antennas 1,2,3,4
No. of STBC users 1
No. of STBC users 1
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Figure 3 shows the SER performance of proposed hybrid-
MIMO scheme in comparing with only SM users. For SM
users, both first and second symbol periods are detected by ML
detection. In turn, the proposed scheme uses ML detection to
obtain SM symbols and then uses STBC detection to obtain
STBC symbols. The results indicate that the proposed hybrid-
MIMO scheme offers the best SER performance which means
that it provides more diversity gain than system with only SM
users.

In Figure 4, the SER performance of ZF and ML detections
are presented for 4x4 MIMO configurations. The performance
of ML detector is higher than ZF detector which is the well
known conclusion as described in theoretical work. However,
the interesting point of these results is that the SER
performance of proposed hybrid scheme lies between SM and
STBC schemes. The results confirm that the proposed scheme
can merge the benefits of both SM and STBC scheme. The
overall transmission rate is higher than STBC scheme and the
SER performance is better than SM scheme.

1
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Figure 3. SER performance of Hybrid-MIMO and Typical-MIMO.
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Figure 6. PER performance of Hybrid-MIMO on NRx4 configuration.

Figure 5 shows the SER performance of proposed hybrid-
MIMO scheme when the Nx number is varied from 1 to 4. The
results reveal that the more number of antennas are used, the
better performance is obtained. In addition, the performances
of packet error rate with the same scenario presented in Figure
5 is also investigated and shown in Figure 6. The same
conclusion as Figure 5 can be also found in Figure 6.

V.  CONCLUSTION

This paper proposes the new hybrid-MIMO scheme that
can detect both SM and STBC schemes at the same time. The
simple structure is the distinctive point of the proposed
technique. Especially, the CR-users on transmitting side are
not required to modify any MIMO structure. The data rate and
reliability of proposed MIMO system are easily enhanced by
adapting antenna numbers and other parameters according to
the simulation results. The proposed receiver is very useful for
CR networks.
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Abstract—In this paper, we evaluate the performance of the
Hybrid-MIMO Receiver Scheme (HMRS) in Cognitive Radio
network (CR-network). We investigate the efficiency of the proposed
scheme which the energy level and user number of primary user are
varied according to the characteristic of CR-network. HMRS can
allow users to transmit either Space-Time Block Code (STBC) or
Spatial-Multiplexing (SM) streams simultaneously by using
Successive Interference Cancellation (SIC) and Maximum Likelihood
Detection (MLD). From simulation, the results indicate that the
interference level effects to the performance of HMRS. Moreover,
the exact closed-form capacity of the proposed scheme is derived and
compared with STBC scheme.

Keywords—Hybrid-MIMO, Cognitive radio network (CR-
network), Symbol Error Rate (SER), Successive interference
cancellation (SIC), Maximum likelihood detection (MLD).

I. INTRODUCTION

IN the present, the using of frequency band in wireless
communication is continuously increased by the mnew
applications such as WLAN, 3G and 4G. Consequently, the
available spectrums are not enough used [1], the CR-network
is established to solve this problem [2]. In CR-network, the
spectrum sensing and the energy control are strictly operated
by Fusion Center (FC) to eliminate the interference in
Primary-network (PR-network) in common area. In Fig. I,
CR-network is a wireless communication that consumes the
public frequency band commonly with PR-network during no
PR-user is operated. CR-network can be simultaneously
operated with PR-network in the: common spectrum by
adjusting the power under the enforeing threshold. Multiple-
input multiple-output (MIMO) technique 'is “an.attracting
choice for CR-networks because it can increase both.capacity
and diversity gain [3]-[6]. Normally, there are two schemes of
MIMO technique including STBC [7], [8] and SM [9].
Hybrid-MIMO [10]-[12] is an efficient choice to apply in CR-
network, because the receiver can detects both STBC and SM
streams in the same time and the same frequency. Hence, it
increases both the spectrum efficiency and the information
rate. Generally, the Successive Interference Cancellation
(SIC), Zero-Forcing (ZF), Minimum Mean Square Error
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(MMSE) detection and Maximum Likelihood Detection
(MLD) are commonly used to separate each layer [13]. The
closed-form capacity expression over MIMO fading channels
has been presented in [14]. We proposed the HMRS technique
in [15], the algorithm of detection and the performance are
presented when the variety of both the antenna configuration
and the detection techniques are applied to investigate the
performance of HMRS technique.

In this article, we show the performance of HMRS when the
system is effected by the interference of PR-user. When PR-
user and FC are closely placed or the number of PR-user is
increased, both the level of interference and the diversity gain
are also changed. In addition, we show the varying of the CR-
user energy and PR-user energy when CR-user moves directly
to PR-network area under the limited threshold. The energy of
CR-user can be adjusted to control the quality of information.
Moreover, we derive an exact closed-form capacity expression
over MIMO Rayleigh channels of HMRS by comparing with
2x2STBC technique.

This article is organized as follows. Section II discusses the
CR-network environments that are modeled for simulation in
section V. In section III, we present the construction of both
2x2STBC and HMRS. The exact closed-form capacity is
derived in section IV. In section V, both SER under CR-
network environment and capacity analysis are simulated.
Finally, section VI summarizes the paper.

(’E B;)j -'——_j -usert

T PR-user2
bicaab e

CR-user1

S .

\ -user !
4 \ N\ \ PR-user3 @C\R s "’
\\ \ g N

! N

| ’
! PR-user5 \\PR-useM CR-user3_ .+ ((( )))
v e ¥ A

FC
Fig. 1 Cognitive radio network

II. CR-NETWORK ENVIRONMENT

In this section, we introduce an environment of CR-network
that operates with PR-network in common area. All CR-users
transmit signal according to HMRS encoding, the detection of
FC can be done corresponding to HMRS algorithm. The
energy of CR-user and the number of PR-user are considered
for studying the effective result in HMRS system. In this
section, the models of CR-network are used to simulate in
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PR-user direction of CR-user
—d2
/ _
d1/ PR-BTS
4
/ L de
2 §P1 )
% CR-user

Fig. 2 The first model of CR-network in simulation

section V. In Fig. 2, the simulation model is assumed as
follows. CR-user moves directly to PR-network (The biggest
line represents the moving direction of CR-user), while other
users do not move and all users operate simultaneously in the
same spectrum band. Every time interval, CR-user moves
closely into the center of PR-network, SNR and SER at FC are
degraded. Therefore, the energy of CR-user is instantly
increased for keeping the diversity order at FC. Presently,
signal to noise ratio (SNR) at PR-base station (PR-BTS)-is
also decreased when CR-user moves closely. Therefore, the
PR-BTS commands CR-network urgently to change the
operating frequency or decrease the transmitted power. The
received energy at FC can be described as

E,.=d,E +dE, +c’ (M

where d, denote a scaling constant of path loss for P1 and P2,
E, denotes the transmitted symbol enmergy of CR-user, E,
denotes the transmitted symbol energy of PR-user (we
assigned E,=1.3E,) and another denotes the noise energy.
SNR at FC can be expressed as

SNR =y = d,_E, 2 4 2
dE,+o, 24, +1/y
where d; = 0.01, ds=[1, 0.9, 0.8,...,0.3] in"each @#me iteval

and ; denotes the average SNR per received antenna.

PR-user1  pR.user2

PR-user3
/

PR-user4
////
dp
CR-user

Fig. 3 The second model of CR-network in simulation

In Fig. 3, the simulation model is assumed as follows. All
members in two networks operate on fixed position in

common area. The interference powers of all PR-users are
equally assigned as d, P, by using the power control technique,
where d,=0.01, ¢ =1 and P, denotes the power of CR-user.
Therefore, the SNR at FC can be considered as

SNR =y = o -
d,NE, +o,

= 1 _ 3)
1.3d,N +1/y

When the number of PR-user (N) increases, the interference
level at FC is also changed. We will discuss this effect in
section V.

III.  SYSTEM MODEL
In this section, we present the structure and signals in
2x2STBC and HMRS. The effective SNR of both schemes are
explained.
A. Space-Time Block Code scheme
The received signal of 2x2STBC can be described as

Y=H, ,G+W
by hy s s W, @
= & |+
hy hy s, s W,
where Y denotes the vector of received signal, Hy,, is an 2x2
MIMO channel matrix, G is an 2x2 space-time block code
matrix and W is an 2x1 vector i.i.d. complex circular Gaussian

random variable. The received signal of each receiving
antenna in each time interval can be written as

ry=hys +hys, +w,
2
ry = hys, +hy,s, +w, )
|

rh=—hs, +hys, +w,

i ~hy, s, +hﬂ,sI +w,

where 7, _denotes the received signal of the 2™ antenna in the

b time, interval in block. The combining signal can be
expressed as

s —rh +r|h1 +r

-

Hence,

Shy + 13 h,

22
2

2 hy, P h,,

) s, +mhi, +n,hy, +n by, +nh,
(6)
the transmitted symbol can be determined as

Sn — ||H2 o2

s, =arg min

s€EA

2 .
|i s| , where A denote the signal

constellation. Therefore, the effective SNR per symbol after
combining can be written as [14]

I A "
Lo 2

w

Vstoe =
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where ||B||» denotes the Frobenius norm of matrix B. it can be

’ 2
defined as ||B||z £ }"112}‘=1|Bii| .

B. Hybrid-MIMO receiver scheme (HMRS)

In this paper, we provide two CR-users that use STBC and
SM technique for transmitting signal to FC. In Fig. 4, each
layer can be separated by using SIC and MLD at FC. The
received signal at FC can be expressed as

by hy o hy hu_ S 5 W
Y= by hy by by s, s 5 W, (8)

by hy by by |lsy s, w;

hy hy, hy, hy|s, s w,
hy hy, ’

Yo = by hy Si8s ©)
(N |
by, )

where s, denotes the transmitted symbol of SM user that is
detected by MLD in the first step at FC, the received signal of
SM layer can be regenerated as (9). Then the received signal
of STBC user can be approximated as

~

Qsmt =¥ -Q’w = ’§>|

= * ¢
DR D W o -

~

10)

therefore, the combining signal can be expressed as

b 15.% 2+ 3. 4p% i % 3 4
83 = yhyy + 1k + rihay + rihy AR 1 iy 41 Ry 1y,

Sn = ||HSTHC "; s, +AsL +||HSTBC|| Wi

(11)
where Hgrpc is all elements in the 3" and the 4" ¢olumn of
MIMO channels during two consecutive time in (8),
As:su—g,, and L denotes the product of Ihly in STBC

combining process. From (11), the transmitted symbol of
STBC user can be determined as

‘;"""Hsmrl *. Hence, the effective SNR

per symbol after combining of HMRS STBC-user can be
written as

2
FS

sy =argmin _,

P Hsncl

(12)
z[ I 2+1]
o, |HSTBC|F

STBC _
HMRS —

STBC  HESTBE sink
DECODER Tsm sink
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1 R-SM GEN

CHANNEL
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Fusion Center (FC)
Fig. 4 Hybrid-MIMO receiver scheme (HMRS)

IV. EXACT CLOSED-FORM CAPACITY

In CR-network, CR-user and FC communicate to each other
over fading channels. The channel capacity can be represented
as the maximum data rate that can be supported by channel
without error. It can be used to indicate the merit of the
communication system. In this section, we derive the exact
closed-form ergodic capacity of both HMRS (STBC-user) and
2x2STBC (single user). The probability density function (pdf)
of the effective SNR can be expressed as

(npng)-1

p, ()= y—-we
I'(n,ng)y,

Tals (13)

where I'() is the Gamma function that can be defined as

1-(0):}\."—10—::(,{1, the average SNR per channel can be

expressed as y = Vu /|

Hn
transmitted antenna and the number of received antenna,
respectively. The ergodic capacity can be written as

i nr and ng denote the number of

C=R[ log,(1+7,)p, (,)d7, {14)

we can reduce the complexity of (14) by using the formula

I(m,n) :%Eln(l +x)x" e ™ dx (15)
or
m-1 i
I(m,n) =P, (-n)E,(n)+ Zw (16)
k=1

where Py, (+) denotes the Poisson distribution, which can be
defined as

P () & TR e a7

and E,(-) is the exponential integral function of the first
order, which can be described as

EG) 2 [05dt, x>0, (18)

t

Under perfect CSI, the Shannon capacity of (14) can be
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easily calculated [14] as following using (13) and (16)

R
=7 , (19)
c D (npny.q,)

or

X ) B ()P, 4 (=q,)
C=——P,, (-¢,)E (g,)+ e WY
ngz)| e COE@) ; k

where R denotes the STBC code rate, ¢, =1/ ;_‘, qn of

2x2STBC and HMRS scheme can be obtained by using (7)
and (12), respectively. Therefore, the ergodic capacity of
2x2STBC scheme and HMRS technique can be calculated by
(21) and (22), respectively.

2 H 2
CS“,C:ln(lz) R[_"HZQll ]E] || 2:||l a

Vstoc Vstc
2 2 (21)
Bl |, [ 1B,
F P
3 Vstac Vstac
= k
U el | (Tl
Crams = n(2) |:Px[ }’ZZ]R(; E, ® 7/,‘%5 TS
> @2
" [nny,m.u,. ],, i nu_w-u:]
5 STBC 8-k STBC
Y mrs Y mis
3

= k

The exact closed-form ergodic capacities of two schemes
are simulated in the next section.

V. SYSTEM PERFORMANCE

In this section, the SER of HMRS under the adjusting
power of CR-user and the number of PR-user are presented by
using Monte Carlo simulation method. QPSK modulation is
applied to simulate SER. We consider the N number of PR-
user that degrades the SER performance. In addition, the
ergodic capacities of both HMRS and 2x2STBC are analyzed
by applying (7), (12) and (20).

Fig. 5 presents the SER performance of each HMRS-user
when PR-network is not operated, the SER performance of
STBC-user is higher than SM-user about 2 dB at 10, The
average SER of both users are also presented.

822

0y S
£ & SM-user
~~~~~ Average
—— STBC-user ||

L " L L N
0 2 4 O 2 [ 16 18

8 10
EbMNo (B)

Fig. 5 Symbol error rate for HMRS technique

. ‘b EblN’:«dBv
Fig. 6 Symbol error rate of FC when CR-user moves directly to PR-

network area

[ — CR-network Energy
@ - | PR-network Energy |

1 2 3 6 7 3

‘Tlme lrlewals
Fig. 7 The varying powers of the CR-network and the PR-network
versus the time interval

Fig. 6 shows the SER performance under the situation of the
first model in Fig. 2. The power of CR-user is increased for
keeping the SER level, because the SNR at FC and the
interference from PR-user are changed when CR-user moves
directly to PR-network area. Every time interval, d; in (2) is
increased about 0.1 times of the CR-user power. If FC wants
to keep SER as 10, the CR-user needs to increase the power
continuously in every time interval. Initially, CR-user applies
power at SNR=12dB for keeping SER=10". Then in the 1*
time interval, CR-user increases power until SNR=15dB. After
that in the 2" time interval, CR-user increases power until
SNR=16.8dB. The power of CR-user is continuously
increased until the CR-user stops his motion.
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Fig. 8 Symbol error rate of FC when the number of PR-user (N) is
increased
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Fig. 9 The varying power of CR-user versus the number of PR-usér

Fig. 7 illustrates the changing of both CR-user power and
SNR at the PR-BTS versus time interval under the situation of
the first model in Fig. 2. When CR-user moves continuously
to the center of PR-network, the SNR at PR-BTS is also
decreased because the interference in PR-network is increased
versus the distance between CR-user and PR-BTS. At time
interval=5, the SNR at PR-BTS is closely decreased to the
threshold level (we assume threshold level=12dB). Hence, the
PR-network commands CR-network urgently to change the
operating frequency. Finally, the SNR;at PR-BTS can be
returned to the initial level (21dB) after CR:network changes
the spectrum band.

Fig. 8 illustrates the varying of SER of HMRS when N
number is increased. We assign d,=0.01 in (3), the power from
each PR-user is assigned by E,=1.3E; in simulation. The
distances between FC and each PR-user are assumed as the
equal distance under the situation of the second model in Fig.
3. If CR-network wants to keep the quality of signal, CR-user
needs to increase power according to the N number. The
interfering level increases according to the number of PR-user.
As the results, if the number of PR-user (N) is 1 then CR-user
needs to increase power until SNR at FC is 15dB that differ
from the case of no PR-user about 3dB at SER=10".
Similarly, if the number of PR-user (N) is 4 then CR-user
needs to increase power until SNR at FC is 29dB that differ
from the case of no PR-user about 17dB at SER=10",

Fig. 9 presents the varying power of CR-user when the
number of PR-user is increased under the situation of the

[— 2asTec |
| 4~ HMRS-STBC user &

Ergodic Capacity

0 15 20
SNR (dB)

Fig. 10 Exact closed-form ergodic capacity of HMRS (STBC user)
and 2x2STBC

second model in Fig. 3. The interference level in PR-network
is changed according to the number of PR-user. The power of
CR-user is needs increased for keeping the quality of
information at SER=10". Therefore, N number is an important
factor for designing the CR-network.

Fig. 10 illustrates the exact closed-form ergodic capacity of
2x2STBC and HMRS by using (21) and (22), respectively. As
the results, the maximum data rate that can be supported by
channel without error of HMRS technique exceeds the data
rate of 2x2STBC scheme. Therefore, the higher modulation
order can be applied by HMRS technique.

VI. CONCLUSION

In this paper, we evaluate SER of HMRS in the model of
cognitive radio network under the varying of both power and
the number of PR-user. We apply HMRS technique for CR-
network to investigate its performance in the environment of
CR-network. As the results, the SER performance of HMRS is
degraded by increasing the PR-user number corresponding to
a far distance between FC and CR-user. In Fig. 7, the
correlation between the power of CR-user and PR-user may be
represented as akey for the energy handling in CR-network in
future work,“In addition, we derive an exact closed-form
expression ‘of the ergodic capacity of the HMRS technique
compate with 2x2STBC scheme. We will investigate the
HMRS performance in case of channel estimation error which
can be written as a topic of future research.
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Abstract— Tt is the fact that the bandwidth of wireless
communication system is such a limited resource that several
techniques are selectively applied to increase the bandwidth
efficiency. The highest bandwidth efficiency can be taken by
applying MU-MIMO technique. For this technique, the
complexity of detection at receiving side is rapidly increased by
increasing the number of users at transmitting side. Therefore
the lower complex detection is necessarily required for MU-
MIMO system. Recently, the simple detection technique called
hybrid-MIMO receiver scheme (HMRS) has been proposed by
the authors. However, that study neglected the demands of
multiple users for transmitting MIMO modes (STBC or; SM)
which are crucially unpredictable in practice. In this paper, the
performance of MU-MIMO system using HMRS technique to
support various types of user tr: i les is pre
The results indicate that the HMRS technique can significantly
improve the error rate for any modes of transmission.

Keywords— SIC,MMSE, ML detection, Hybrid-MIMO

I. INTRODUCTION

Wireless communications are widely used around the world.

The new applications have been frequently established such as
WLAN, 3GB, LTE, etc. Many customers need to access the
limited spectrum in the same time. Therefore the available
bandwidth cannot be enough useéd for every user [1]. The
saving bandwidth techniques for<wireless communication
have been researched and alreadyapplied such as TDMA,
CDMA, MIMO [2]-[4]. hybrid-MIMO" [5]-{7]. MU-MIMQ
[8]. etc. Fig. 1 illustrates MU-MIMO system.The-transmitted
signals from N users are sent through MIMO channel and
reached to the receiver in the same time and frequency to take
a high bandwidth efficiency. capacity gain and diversity gain.
The receiver must have capability to suppress interference and
detect all symbols from all users by using multi-users
detection such as QR decomposition [9], ZF detection, MMSE
detection [10], ML detection [11]. Sphere detection [12], IC
[13]. etc. In 2005, the simple hybrid-MIMO technique called
Hybrid-MIMO Transceiver Scheme (HMTS) [14] has been
proposed. The two users at transmitting side apply Space-
Time Block Code (STBC) or Spatial Multiplexing (SM) to
encode the transmitted signals. It has a simple structure when
a few users are operated in the system because MMSE
detection and Successive Interference Cancellation (SIC) [15]
are jointly applied. However, the complexity of detection at

978-1-4799-0545-4/13/$31.00 ©2013 IEEE

receiver is increased when a lot of users are operated because
the MMSE detection and SIC are operated every time of
detecting SM layer. Recently, we proposed the novel hybrid-
MIMO technique called Hybrid-MIMO Receiver Scheme
(HMRS) [16] that the system applies ML detection and SIC
jointly to detect all symbols in entire layers. The ML detection
is operated only one time for every case of N users, thus this
scheme has the number of detecting procedures less than
HMTS.The comparison of SER performance between HMRS
and HMTS is presented in Section IV. However, the work in
|16] did not study on the various types of user demand on
MIMO transmission modes.

In this paper. we investigate the SER performances of
HMRS in case of N users, where N can be assigned as 2,3 and
4. in order to study the effect of the various transmission
modes. Because the several users may be randomly operated
in practice, thus the evaluation of SER performance under this
situation is an important task. From the aboveanalyzing results,
we can use it to assign the transmittingparameterskeenly
including the transmitting power, antenna gain, modulation
scheme. channel coding scheme and the number of antennas.
Moreover, the transmitted signal, the received signal and the
structure of N users HMRS are presented in this work in order
to reveal the procedure of the HMRS system clearly.

The remainder of this paper is structured as follows. In
Section II. we.present the system overview. Then the concept
of HMRS is depicted in section III. The system performances
are shown-in section IV and followed by the conclusion in
section V.

Receiver

Fig. 1 MU-MIMO system
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Fig. 2 MU-MIMO system with HMRS technique

II. SYSTEM OVERVIEW

The structure of MU-MIMO system is shown in Fig, 1. All
MIMO streams are simultaneously transmitted by N users at
transmitter. Each user equipped with a 2-element antenna
array and applies the 2xM STBC or 2xM SM system; The
receiver equipped with an M-element array. The transmitted
signals are sent through a random channels matrix H in uplink
channel. Flat and slow Rayleigh fading is assumed to cvaluate
the SER performance. The receiver can detect all symbols
from all users by using MU detection. We can express the
received signal as

y=Hs+w M

where y is the received signal, H is Mx2N MIMO channel
matrix, s represents the 2Nx1 transmitted signal vector and w
denotes Mx1 AWGN vector. The channel matrix H is
assumed to have unit variance that can be described as

£

where||A[|, denotes the Frobenius norm of axb matrix A, it can

B, | =My @)

" and E[] represents the

/'1, ij

be expressed as A, £ zi
i=1 =1
expectation operator.

1II. MU-MIMO SyYSTEM USING HMRS

The hybrid-MIMO system applies both SM and STBC to
encode the transmitted signals for each user at the transmitting
side. The structure of Multi-user HMRS is illustrated in Fig. 2.
The N users at transmitting side are encoded by using SM and
STBC code where J users and N-J users are applied by
encoding SM and STBC code, respectively. The transmitted
signals are sent through the MIMO channel. At the receiver,
the ML detection is used to get all symbols of SM users. All

a SM2 sink

& SMJ sink

B STBC J+1 sink
—& STBC J+2 sink

-2 STBC N sink

GEN sic STEC
#e8 | Sub-RX DEC
(N-J) (N-J) (N-J)

symbols of STBC users can be successively taken by
operating the N-J modules ofthe sub-received signals
generator (GEN Sub-RX), SIC and STBC decoding. In this
section. the signals and detecting procedure of the HMRS are
demonstrated (where N=3, J=2 and M=4). The equivalent
Space-Time Coding matrix for three users HMRS can be
given by

S G)

the 2x2N MIMO channel can be described as

hy hy by hy o hy by

A= hy By by By hy kg
hy hy hy hy hy o kg

hl 4 hZ-l hi-‘ h-N hi-l h()-l

(C)

where hy, s the complex channel coefficient of the m™

iransinit antenna to the »™ receive antenna. The corresponding
received signals can be expressed as

N s
yZ y{x
Vi
Yo Wy

y=Hs+w= 5)

all symbols of SM user can be calculated by

§= arg1nin||y—H§||2 6)

seCc2N

- & A 7

~ St 52 8§30 S

Ssv = 2 A A (7)
§7 S8 S Swo
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where Ss denotes the 1% row to the 4™ row in (6). The
equivalent received signals of SM users can be generated as

¥o, =Hg, s ®)
where Hgy is the 1% column to the 4™ column of MIMO

channel H. The equivalent received signals of STBC users can
be calculated as

Yo W

” 2 Ve Vi

Ysse =Y ~Yar = ¥, y: (9)
Yo Vi

Ve=(v % v % % ¥, v v Ao

. .

h, k& h, K, h, k. h, K |
= 4 A1
-h}

v | 61 52 62 53 63 54

STBC — . B .
" hy —hy hy —hy hy —hg b,

A » Ss
v v
$omc = Hipe¥ e =« |

Y3

Finally, the decoding symbols of SM and STBC users can be
taken from (7) and (12), respectively. As indicated 'in the
HMRS procedure, all symbols of SM users can casily be
obtained by using ML detection in only one times but HMTS
technique in [14] applies MMSE filter many times to take all
symbols of SM users. Hence it can be indicated that the
HMRS can offer the benefit of simplification more than the
HMTS.

(12)

IV. PERFORMANCE EVALUATIONS

In this section, the simulations of MU-MIMO with HMRS
performances in case of N users (N=2. 3 and 4) are presented
to reveal the effect of increasing the mmber of user at the
transmitting side. The several transmitiing eonfiguration arg
assigned in the Monte-Carlo simulation model to investigate
the trend of HMRS performance under the multi-users
situation. Fig. 3 illustrates the SER performance comparison
of HMRS and HMTS in case of two users. Both SM and
STBC user apply BPSK modulation to form the transmitted
signals. As the result, HMRS can offer higher performance
than HMTS about 10dB at 10™ SER.

Fig. 4 presents the SER performance of the two users
HMRS. STBC user can take higher performance than SM user
because of applying the interference cancellation and the
orthogonal structure of STBC code. The dash line is
represented the average performance of the system.

Fig. 5 illustrates the SER performance of the three users
HMRS, the STBC code is used by two users and the SM code
is used by one user. The highest performance can be taken by
STBC user2 because the two steps of the interference
cancellation are continuously applied at the receiver to detect
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Fig. 3 SER performance of HMRS and HMTS.
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Fig. 5 SER performance of HMR Sfor 3 users (1SM, 2STBC).

the symbols of STBC user2. Hence the last layer has the level
of interference less than other layers.

Fig. 6 illustrates the SER performance of the three users
HMRS, the STBC code is used by one user and the SM code
is used by two users. The highest performance can be taken by
STBC user because the SIC technique is employed before this
layer is detected. The performance of SM userl and SM user2
are equivalence because the symbols of all SM users can be
taken by ML detection in one times. The HMRS in Fig. 5 has
a higher performance than the HMRS in Fig. 6 because the
two steps of the interference cancellation are continuously
applied at the receiver.

Fig. 7 shows the SER performance of the four users HMRS.
The STBC code is used by one user and the SM code is used
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Fig. 7 SER performance of HMRS for 4 uscrs (3SM, 1STBC)

by three users. The highest performance can be taken by
STBC user. The performance of all SM users are equivalence
because the symbols of all SM users can be taken by ML
detection in one times.

Fig. 8 shows the SER performance of the four users HMRS.
The STBC code is used by two users and the SM code is used
by two users. The highest performance can be achieved by
STBC user2 because the two_steps of the interference
cancellation are continuously applicd at the receiver to detect
the symbols of STBC user2. The performance of STBC users
can also be enhanced by the orthogonal jproperty of STBC
code.

Fig. 9 shows the SER performance of the four users HMRS.

The STBC code is used by three users and the SM code is
used by one user. The highest performance can be achieved by
STBC user3 because the three steps of the interference
cancellation are continuously operated at the receiver to detect
the symbols of STBC user3. The performance of HMRS in
this figure has a higher performance than the HMRS in Fig. 7
and Fig. 8 (four users HMRS) because the interference level
of this system can intensely be decreased by using many SIC
modules and the orthogonal property of STBC users.

V. CONCLUSIONS
In this paper, the investigation of MU-MIMO system with
HMRS technique for N users (N=2, 3 and 4) are presented.
The study of SER performance when increasing the number of
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Fig. 8 SER performance of HMRS for 4 users (2SM, 2STBC)
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Fig. 9 SER performance of HMRS for 4 users (1SM, 3STBC)

users is reported. From the results, the average SER
performance of the HMRS is degraded when the number of
users are increased. The SER performances of HMRS can be
improved when the number of STBC users more than the
number of SM users but the spectral efficiency is also
degraded. The SER performances of SM users in any
configuration of HMRS are corresponded when they have the
same total number of users. When the comparison between
HMRS and HMTS is presented, it can indicate that the HMRS
offers higher, advantages than HMTS, both in SER
performance and the complexity of the detecting procedure
under 'the: same spectral efficiency scenario. In case of the
thrce users HMRS (1SM user. 2STBC users), the simulation
result can reveal that the performance of STBC userl is close
to SM user. The STBC user2 give higher performance than
STBC userl. Therefore, the system needs to detect the
symbols of STBC user2 in the second step if the location of
STBC user2 is placed far away from the base station more
than STBC userl. In case of four users HMRS (2SM users.
2STBC users), the equivalent performances of both STBC
users are presented. This transmission mode can appropriately
be applied in MU-MIMO systems in the situation of the same
distance between the location of both STBC users and the
base station. In case of the multi-STBC users scenario, the
sysmbol of STBC users can be detected in the end of process
if the locations of the STBC users are positioned at the largest
distance from the base station. Consequently, the signals of
other cells are mildly interfered because this STBC layer can
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be transmitted by applying the lowest power. From above
reasons, each transmission mode can offer the different
benefits. Especially, the base station needs to detect the
symbols in each STBC layer sequentially by considering the
level of interference in each layer and the position of each
user. Moreover, the limit of the Multi-user HMRS depends on
the number of users. When many users are placed in the
system, the complexity of ML detection is intensely increased.
Therefore the system needs to choose the number of users
carefully.
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Abstract—The developing fifth generation (5G) wireless networks
are prepared to support the fundamental challenges, for example,
very high data rate application, power control and high spectrum
efficiency. To achieve these requirements, Multiuser Multiple-
Input Multiple-Output (MU-MIMO) systems is the attractive
option to increase both data rate and spectrum efficiency in
uplink channel. In this paper, switching between spatial
multiplexing (SM) and transmit diversity (TD) is proposed to
increase the diversity performance in MU-MIMO systems. In this
technique, the different transmission modes can be chosen for
each user based on the instantancous channel state at the
receiver. Monte Carlo simulations validate advantage of the
proposed technique over either spatial multiplexing or hybrid-
MIMO technique in term of symbol error rate.

Index Terms—Multiuser Multiple-Input Multiple-Output
(MU-MIMO), space-time coding, spatial multiplexing.

8 INTRODUCTION

In the next generation, the available wircless channel is
continuously decreased by the various wireless applications
that support the increasing demand for worldwide
communication [1]-[3]. Many techniques have been applied to
increase the spectral efficiency such‘as Orthogonal Frequency
Division Multiplexing (OFDM). Maulfiple-Input Multiple-
Output (MIMO) systems [4] and spreading code that have a
limit to expand the available channel and increase data tatc.
One optional technique to increase the spectral efficiency is
Multi-modes MIMO systems [5]. because it can increase the
spectral efficiency and maintain the diversity benefits in the
uplink channel. To improve performance of MU-MIMO in
practice, among users can apply different transmission mode
independently by decision of receiver because the channel
states in MIMO systems are continuously changed. Two
general modes in MIMO channel are spatial multiplexing (SM)
[6] and transmit diversity (TD) [7] can improve capacity gain
and diversity advantage, respectively. However the switching
transmission mode in MU-MIMO has not been proposed in
literatures.

In this paper. we consider the problem of mode selection
between SM and TD mode in MU-MIMO systems based on
the instantaneous channel at the receiver [5]. Low-rate
feedback channel from the receiver to each user is required.

The receiver utilizes switching criterion by considering
minimum Euclidean distance of the receive signal. Flat-fading
channel is known perfectly to the receiver but not to each user.
Transmitted data of two users are mapped by 4QAM signal and
send simultaneously to the receiver. We consider Alamouti
scheme and BLAST system (Maximum likelihood detection:
MLD) for TD and SM mode, respectively. To succeed the
mode sclection, we calculate Euclidean distance of both TD
and SM mode for comparing the channel quality between two
modes for cach user at the receiver. Simulations show
advantage of the proposed technique over static SM and static
hybrid MIMO [8] (the fixed number of SM and TD user are
assigned at the transmitter).

The remainder of this paper is structured as follows. In
Section II, we present the system model. The Euclidean
distances of SM and TD mode and the switching criterion are
presented in Section III. In Section IV, the simulation results
are discussed. Finally, Section V concludes the work.
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Fig. 1. MU-MIMO system where each user switches between SM and
TD mode based on feedback from the receiver.

II.  SYSTEM MODEL

We consider the MU-MIMO system with K users, K=2
(e.g. uplink cellular) in Fig. 1, where each user equipped with
N, antennas, N, = 2. All streams are simultaneously transmitted
to a receiver equipped with N, antennas, N,=4. All users are
synchronous in the sense that each user transmits its symbol
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vector in the synchronization with others. To succeed the
mode selection, the MIMO channel matrix of each user is
independently utilized to compute the minimum Euclidean
distance of both SM and TD mode. The decisions at the
receiver are sent back to each user at transmitting side. The
signals of user & are sent through the N,. X N, random channel
matrix H;. and the overall channel matrix is denoted by
H=[H,, H,. .... Hg]. The MIMO channel is assumed to be a
flat-fading, all sub-channels between all users and receiver are
assumed to be independence. The received signal is then given
by

K
Y= Z Hyse +w,
k=1
(1)

where Y denotes the N, x 1 vector of received signal, sy
represents N, X 1 transmit data symbol vector consisting of N,
symbols each with a constellation size M. w denotes Ny x 1
vector i.i.d. complex circular Gaussian random variable; each
clement distributed as CN (0, Ny). The average energy of the
transmitted symbol from each antenna is assumed to be E;.
The entries of channel matrix H is assumed to have unit
variance that can be expressed as

E[IIHII] = N.KN;.. @
The transmitted power is constrained by

E[sysi] = Ely, . @)

where I is the identity matrix of size Bx B. " denotes the
complex conjugate transpose, ||Al|; denotes the Frobenius
norm of axb matrix A, it can be defined as [|Allp 2

} ?=125?=1|Ai,-|2 and E[-] is the expectation operator. In the

MU-MIMO receiver, the previous decoding symbols usually
have the probability of error dutring detection: thus the
cancellation of Successive Interference -Cancellation (SIC)
cannot be completed without error propagation «(Ep). For,
detecting symbol of user £, all streams of-other wsers are
cancelled to get the received signal for user & as follows:
K
Y, =Y- ) H,5,,
m=1
(€))
where H,, denotes the estimated channel for user m . m# k
and §,,, denotes detected signal vector for user m. From (4),
$,, can be detected by spatial multiplexing (SM). The receiver
solves the ML detection problem

~ arg min
§ = g

= Y~ Hsl? ®)

The detected symbols of user & in (4) can be detected by
applying MLD or Alamouti decoding. Repeat all process until
the detected symbols of all K users are received.

III. TRANSMISSION MODE

In this section, we present the method to compute the
squared minimum Euclidean distance [5] for the two utilized
modes and the switching criterion at the transmitting side.

A. Spatial multiplexing mode

SM technique can send independent streams of
transmitted symbols from each antenna. All streams are
simultaneously transmitted to the receiver by the same
spectrum without spreading code. MLD technique is applied
for all users. The squared minimum Euclidean distance of SM
mode can be computed by search the minimum distance as
follows:

min

dinin s () == fiine M.t [IHx (m —n)||2,

(6)

min 2 _ drznin,sm

m,neM,m;f:n"m—nII = '
(7

d2,
min,sm
Tmin (Hk)T < dhinsm(Hy)

(8)

where m and n denote the transmitted code words, dZ;nsm
denotes the minimum Euclidean distance of the transmit
constellation, a;,(H,) denotes the minimum singular value of
H, and ||A||? is the matrix norm of matrix A. From (8),
singular value of channel matrix indicates the quality of
MIMO channel for each user.

B. Transmit diversity mode

TD mode is the second mode for all users. The
improvement of diversity gain can be archived by the
orthogonal property of Alamouti code. The orthogonal code
words are sefit to multiple antennas during 2 time slot of
Alamouti code.

1
dinrp (Hie) < N [1H 7 Zyin,
)

G
1
dhinrp(Hi) < A @hinga Z af (Hy)

J=1

(10)

where G = min(N,, N,) and 0; is the jth singular value of H;.
From (10), the quality of MIMO channel can also be indicated
by the singular value of channel matrix.

C. Switching criterion for each user

In MU-MIMO systems, the quality of MIMO channel for
cach user is always changed. Thus the static MIMO schemes
cannot always offer the best performance. Either SM or TD
mode may take more advantage than other at any
instantancous time. Therefore the switching (ransmission
mode is the attractive option to improve the performance of
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Fig. 2. Symbol error rate versus SNR for K=2, N=2.N,=4 MU-MIMO
system with 4-QAM signal and optimal sclection of SM or TD mode
based on minimum Euclidean distance.

MU-MIMO systems. The selection criterion for obtaining the
best transmission mode can be done by calculating the
minimum Euclidean distance of both SM and TD mode for
each user. In order to get the switching criterion, compute
dZinp (Hy) from (9) and d2;, su (Hy) from (6). The best mode
can be chosen from the largest minimum Euclidean distance.
Therefore the SM mode is preferred when

”Hklllz-‘dlgnin,td < ar%u’n (Hk)drznin,sm * (11)

IV. SIMULATION RESULTS

In this section, Monte Carlo simulation is used to reveal
the advantage of the switching transmission mode in MU-
MIMO system over the general SM-MIMO and hybrid-MIMO
system. The bit streams of all users are mapped with 4-QAM
signal and encode symbol streams by either SM or Alamouti
code. In simulation, the mode selection in (11) of each user in
the proposed technique is always made every two symbols
periods by computing the minimum Euclidean distance of
both SM and TD mode. To present the advantage of the
proposed technique, the general SM-MIMO and hybrid-
MIMO technique are utilized in MU-MIMO system to
compare with the switching transmission mode- technigue.
Where hybrid-MIMO system also applies MLD, SIC and
Alamouti coding like the proposed technique, but the
transmission mode of each user in hybrid-MIMO are not
changed (SM and Alamouti scheme are always applied by
Userl and User2, respectively). In contrast. both users of SM-
MIMO system apply only SM mode.

Fig. 2 shows the SER performance of the optimal
selection technique (proposed scheme) with K=2, N=2, N,=4.
It shows that power gain of the proposed scheme against the
SM-MIMO and hybrid-MIMO are 3 dB and 3.5 dB,
respectively. The performance of hybrid-MIMO is better than
SM-MIMO because the orthogonal structure of Alamouti code
at User2. However the proposed technique offers the highest
diversity advantage because the qualities of MIMO channels
are always changed by the traveling of users and any object in

= : : : -¢-Optimal selection/User1
-e-Optimal selection/Average
-e-Optimal selection/User2

0 1 2 3 4 5 é
SNR [dB]

Fig. 3. Symbol crror rate versus SNR for each user when K=2,
N=2N=4 with 4-QAM signal and optimal sclection of SM or TD
mode based on minimum Euclidean distance.

real practical network. Mode of each user is always selected
according to the quality of MIMO channels by utilizing (6),
(9) and (11). Moreover the diversity advantage of SM and TD
mode are differently given by varying SNR in the networks.

Fig. 3 illustrates the SER performance of each user in the
optimal selection technique (proposed scheme) with K=2,
N=2, N,=4. It shows that performance of User2 is higher than
Userl. because the second detection experiences lower
interference level than the first detection. Thus the detected
sequence of cach user should be carefully considered by
decision of the base station.

V. CONCLUSIONS

In this paper we propose the switching criterion to apply in
MU-MIMO system that switches between spatial multiplexing
(SM modes) and transmit diversity (TD mode) based on
instantancous channel state information. The receive signal of
both SM and TD mode are utilized to calculated the minimum
Euclidean distance for making decision at the receiver. The
proposed technique offers the highest diversity advantage
when compare with SM-MIMO and hybrid-MIMO system
because the qualities of MIMO channels are always changed
by ~the-(raveling of users and any object in real practical
seenario.. Moreover the second detection experiences lower
interference level than the first detection. Thus the detected
sequence of each user should be carefully considered by
decision of the base station and the requirements of each user.
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Abstract

In this paper, we evaluate the performance of the Hybrid-
MIMO Receiver Scheme (HMRS) in Cognitive Radio network
(CR-network). We investigate the efficiency of the proposed
scheme which the energy level and the total number of primary
user are varied according to the characteristic of CR-network.
HMRS can allow users to transmit either Space-Time Block Code
(STBC) or Spatial-Multiplexing (SM) streams simultaneously by
using Successive Interference Cancellation (SIC) and Maximum
Likelihood Detection (MLD). From simulation, the results indicate
that the interference level and the number of primary user can

effect to the performance of HMRS intensely. Moreover, the exact
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closed-form capacity of the proposed scheme is derived and

compared with STBC scheme.
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