
Performance Analysis of MU-MIMO Systems Using HMRS Technique for Various Transmission Modes 53

Performance Analysis of MU-MIMO Systems
Using HMRS Technique for Various

Transmission Modes

Tanapong Khomyat∗1 , Non-member,

Peerapong Uthansakul∗2 , Member, and Monthippa Uthansakul∗3 , Non-member

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 e�ciency. The highest bandwidth e�-
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 crucially
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 e�ect 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 10−4 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
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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 [8], 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 e�ciency, to increase a capacity gain and
to keep a bene�t 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-
ture when 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
e�ect 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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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 SER per-
formances of HMRS in case of N users, where N can
be assigned as 2, 3 and 4, in order to study the e�ect
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 above 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 antennas. 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 2×M STBC
or 2×M 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 isM×2N
MIMO channel matrix, s represents the 2N×1 trans-
mitted signal vector consisted of 2N BPSK symbols
with a constellation size of C and average symbol en-
ergy E0 (E0=Es/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 σ2

ω. The channel matrix H is
assumed to have a unit variance that can be described
as

E[∥H∥2F ] = 2NM (2)

where ∥A∥F denotes the Frobenius norm of matrixA,

it can be expressed as ∥A∥F =
√∑a

i=1

∑b
j=1 |Aij |2

and E[·] represents the expectation operator.

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 di�erent algorithm. Therefore,
SER of each technique can be derived by applying the
di�erent 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 e�ect 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 de�ne sc
as the set of all C possible symbols transmitted at
an especial antenna, and s represents the set of C2N

possible symbol vectors form the 2N transmit anten-
nas. The authors de�ne the C2N−1 vectors sj as the
subset of s for comparing with si that di�ers in their
nth position form sj . The number of sj vectors can
be de�ned by C2N − (C2N−1). The distance metrics
of si and sj are denoted by di and dj , respectively. A
pairwise error occurs when Dij = di − dj < 0. Thus,
the union bound on the SER of the signal stream
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transmitted by the nth antenna is given by

PML ≤ C−2N
∑
j

∑
i,i ̸=j

Psc,ij (3)

where Psc,ij = P (Dij < 0|sc, sj =
∫ 0

−∞ p(Dij)dDij

represents the pairwise error probability (PEP) be-
tween si and sj and p(Dij) is the pdf of Dij . The
closed-form expression of Psc,ij has been presented
as

Psc,ij =
1

(1 + rc,ij)2M−1

M−1∑
a

(
2M − 1

a

)
racij (4)

where

rc,ij = Ac,ijΓc,j +
√

(Ac,ijΓc,j)2 + 2(Ac,ijΓc,j) + 1 (5)

and

Γc,j = γc = Es/σ
2
ω = γ̄ (6)

and

Ac,ij = ∥si − sj∥2/2E0 , i ̸= j (7)

The BPSK codebook of each transmitting antenna is{
+
√
Es/2N,−

√
Es/2N

}
. Therefore, si - sj in (7)

can only be chosen from
{
+2

√
Es/2N,−2

√
Es/2N

}
.

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 yc at the receiver can be written as

yc =

 2N∑
i=1

M∑
j=1

|hij |2
 s+ w̃

= ∥H∥2F sl + w̃l, l = 1, 2, ..., L

(8)

where L denotes the symbols transmitted over T
time slots, the code rate of OSTBC is R=L/T, w̃l

is the noise term after combining with a distribution
CN(0, ∥H∥2Fσ2

ω). The transmitted symbol can be de-
coded by ŝc = argmins∈C |yc − ∥H∥2F s|2. Thus, the
e�ective signal-to-noise ratio (SNR) per symbol after
STBC decoding can be determined by

γSTBC =
∥H∥4FE0

∥H∥2Fσ2
ω

=
Es

σ2
ω

1

2N
∥H∥2F

=
γ̄

2N
∥H∥2F

(9)

where γ̄ = Es

σ2
ω
is the average SNR per receiving an-

tenna, E0 = E[|sl|2] = Es/2N . For the case of per-
fect CSI in [25], the authors can get the following SER

for BPSK modulation case.

PSTBC = 2ℑ
(
gPSK,

2N

γ̄
,G

)
=

1
√
π(1 + b)G

Γ(G+ 1
2
)

Γ(G+ 1)
2F1

(
G,

1

2
;G+

1

2
;

1

1 + b

)

= 1− ζ

G−1∑
k=0

(
2k
k

)(
1− ζ2

4

)k

(10)

where ℑ(p, q,m) = qm

Γ(m)

∫∞
0

Q(px)e−qxxm−1dx,

Q(x) = 1
π

∫ π/2

0
exp

(
− x2

2sin2θ

)
dθ, the Gaussian hy-

pergeometric function de�ned as 2F1(e, f ; g; r) =∑∞
k=0

(e)k(f)k
(g)k

rk
k! , gPSK = 2sin2(π/C), G = 2NM ,

ζ =
√

gPSK
2q+gPSK , q = 2N/γ̄ = ∥H∥2F /γSTBC and

b = gPSK/2(2N/γ̄).

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 �rstly 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 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 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 (whereN=3, J=2 andM=4). The equivalent
Space-Time Coding matrix for three users HMRS can
be given by

s =

[
s1 s2 s3 s4 s5 s6
s7 s8 s9 s10 −s∗6 s∗5

]T
(11)

the M × 2N MIMO channel can be described as

H =


h11 h21 h31 h41 h51 h61

h12 h22 h32 h42 h52 h62

h13 h23 h33 h43 h53 h63

h14 h24 h34 h44 h54 h64

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

where hmn is the complex channel coe�cient of the
mth transmitting antenna to the nth receiving an-
tenna. The corresponding received signals can be ex-
pressed as

y = Hs+w =


y1 y5
y2 y6
y3 y7
y4 y8

 (13)

then, all symbols of SM user can be calculated by

ŝ =
arg min
s̃ ∈ C2N ∥y−Hs̃∥2F (14)

ŝSM =

[
ŝ1 ŝ2 ŝ3 ŝ4
ŝ7 ŝ8 ŝ9 ŝ10

]T
(15)

where ŝSM denotes the 1st row to the 4th row in (14).
The equivalent received signals of SM users can be
generated as

ŷSM = HSM ŝSM (16)

where HSM is the 1st column to the 4th column of
MIMO channel H. The equivalent received signals of
STBC users can be calculated as

ŷSTBC = y− ŷSM =


ya yb
yc yd
ye yf
yg yh

 (17)

y∇
STBC = [ya y∗b yc y∗d ye y∗f yg y∗h]

T (18)

where HSTBC is the 5th column to the 6th column
of MIMO channel H. The modi�ed HSTBC can be
reformed by

H∇
STBC

=
[
h51 h∗

61 h52 h∗
62 h53 h∗

63 h54 h∗
64

h61 −h∗
51 h62 −h∗

52 h63 −h∗
53 h64 −h∗

54

]
(19)

ŝSTBC = H∇
STBCy

∇
STBC =

[
ŝ5
ŝ6

]
(20)

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 �lter many times to take all symbols of
SM users. Hence it can be indicated that the HMRS
can o�er the bene�t of simpli�cation 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 using MLD, SIC and STBC decoding. By con-
sidering from (14), the SER expression after MLD
detecting as well as SER of SM user (Pe,SM ) can be
determined by (3) where the authors de�ne N=2 and
M=4. PML 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 Pen (where the subscript n=1,2,3,4)
after SIC process is presented (if ŝn − sn ̸= 0) ac-
cording to Table 1. where Pr{ŝ1 ̸= s1

∩
ŝ2 ̸= s2} rep-

resents the probability of the event that both s1 and
s2 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 (ŝ1 and ŝ2), each case has a di�erent value
of error propagation depending on the detectable re-
sults of s1 and s2. By considering 4 cases of the error
propagations in Table 1, the di�erent e�ective SNRs
of STBC user are generated by the error propagations
that the e�ective SNRs are presented in Table 2.
From Table 2, the 4 di�erent e�ective SNRs are used
to determine symbol error probability (Pstcn) of each
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Table 1: Error propagation of 1SM+1STBC

HMRS.

Case Error propagation
1)Pr{ŝ1 ̸= s1

∩
ŝ2 ̸= s2} Pe1 = P 2

ML

2)Pr{ŝ1 ̸= s1
∩
ŝ2 = s2} Pe2 = PML(1− PML)

3)Pr{ŝ1 = s1
∩
ŝ2 ̸= s2} Pe3 = Pe2

4)Pr{ŝ1 = s1
∩
ŝ2 = s2} Pe4 = (1− PML)

2

Table 2: E�ective SNRs of 1SM+1STBC HMRS.

Case E�ective SNR SER of each case

1 γc1 =
∥H

′
∥2F(

2N
γ̄

+42
) Pstc1 = Pr{ŝSTBC ̸= sSTBC |Pel}

2 γc2 =
∥H

′
∥2F(

2N
γ̄

+22
) Pstc2 = Pr{ŝSTBC ̸= sSTBC |Pe2}

3 γc3 = γc2 Pstc3 = Pr{ŝSTBC ̸= sSTBC |Pe3}

4 γc4 = γ
−∥H

′
∥2F

2N
Pstc4 = Pr{ŝSTBC ̸= sSTBC |Pe4}

case by applying γcn in (10), where N=1 (because 2
streams of SM user are cancelled from the received
signals), sSTBC 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 (Pstcn) 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,STBC(1SM+1STBC HMRS)
≤ Pe1Pstc1 + Pe2Pstc2

+ Pe3Pstc3 + Pe4Pstc4

Pe,STBC(1SM+1STBC HMRS)
≤C

−4
∑
j

∑
i,i ̸=j

1

(1 + rc,ij)7

3∑
a

(
7
a

)
r
a
c,ij


2

x

1 −

√
2

2qc1 + 2

7∑
k=0

(
2k
k

)
(
1 −

(√
2

2qc1+2

)2
)

4


k


+ 2C
−4

∑
j

∑
i,i ̸=j

1

(1 + rc,ij)7

3∑
a

(
7
a

)
r
a
c,ij

x

1 −

C
−4

∑
j

∑
i,i ̸=j

1

(1 + rc,ij)7

3∑
a

(
7
a

)
r
a
c,ij




x

1 −

√
2

2qc2 + 2

7∑
k=0

(
2k
k

)
(
1 −

(√
2

2qc2+2

)2
)

4


k


+

1 −

C
−4

∑
j

∑
i,i ̸=j

1

(1 + rc,ij)7

3∑
a

(
7
a

)
r
a
c,ij




2

x

1 −

√
2

2qc4 + 2

7∑
k=0

(
2k
k

)
(
1 −

(√
2

2qc4+2

)2
)

4


k

(21)

where qcn = ∥H
′
∥2F /γcn, n=1,2,3,4. The average

SER of SM user-HMRS is already determined by (3),
then it can be written as Pe,SM(1SM+1STBC HMRS)

=
PMLN=2,M=4

.

Table 3: error propagation of 2SM+1STBC HMRS

Error propagation
The number of

occurrences of the event
Pc1 = P 4

ML 1
Pc2 = P 3

ML(1− PML) 4
Pc3 = P 2

ML(1− PML)
2 6

Pc4 = PML(1− PML)
3 4

Pc5 = (1− PML)
4 1

Table 4: E�ective SNRs of 2SM+1STBC HMRS

Case E�ective SNR SER of each case

1 γd1 =
∥H

′
∥2
F

( 2N
γ̄ +82)

Ps1 = Pr{ŝSTBC ̸= sSTBC |Pcl}

2 γd2 =
∥H

′
∥2
F

( 2N
γ̄ +62)

Ps2 = Pr{ŝSTBC ̸= sSTBC |Pc2}

3 γd3 =
∥H

′
∥2
F

( 2N
γ̄ +42)

Ps3 = Pr{ŝSTBC ̸= sSTBC |Pc3}

4 γd4 =
∥H

′
∥2
F

( 2N
γ̄ +22)

Ps4 = Pr{ŝSTBC ̸= sSTBC |Pc4}

5 γd5 = γ
−∥H

′
∥2
F

2N Ps5 = Pr{ŝSTBC ̸= sSTBC |Pc5}

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,SM ) can
be determined by (3) where the authors de�ne N=3
and M=4. PML represents the probability of sym-
bol error equally for each transmitted stream from
all transmitting antennas. In order to decoding the
STBC streams (s5 and s6), 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 Pc1 represents event that 4 symbols are
wrong detected, Pc2 represents event that 3 symbols
are wrong detected, Pc3 represents event that 2 sym-
bols are wrong detected, Pc4 represents event that 1
symbols are wrong detected and Pc5 represents event
that 4 symbols are correctly detected. From Table 4,

Fig.3: 1SM+1STBC HMRS system.
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the 5 di�erent e�ective SNRs are used to determine
SER (Psn) of each case by applying γdn 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 (Psn) 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(2SM+1STBC HMRS)
≤ Pc1Ps1 + 4Pc2Ps2

+ 6Pc3Ps3 + Pc4Ps4 + Pc5Ps5

Pe,STBC(2SM+1STBC HMRS)
≤C

−6
∑
j

∑
i,i ̸=j

1

(1 + rc,ij)7

3∑
a

(
7
a

)
r
a
c,ij


4

x

1 −

√
2

2qd1 + 2

7∑
k=0

(
2k
k

)
(
1 −

(√
2

2qd1+2

)2
)

4


k


+ 4

C
−6

∑
j

∑
i,i̸=j

1

(1 + rc,ij)7

3∑
a

(
7
a

)
r
a
c,ij


3

x

1 −

C
−6

∑
j

∑
i,i ̸=j

1

(1 + rc,ij)7

3∑
a

(
7
a

)
r
a
c,ij
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where qdn = ∥H
′
∥2F /γdn, n={1,2,3,4,5}. The aver-

age SER of SM users is already determined by (3),
then it can be written as Pe,SM(2SM+1STBC HMRS)

=
PMLN=3,M=4 .

In case of N is de�ned 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 e�ective SNR and writing

Fig.4: 2SM+1STBC HMRS system.

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

niques.

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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Fig.7: SER performance of 1SM+2STBC HMRS

system.

Fig.8: SER performance of 2SM+1STBC HMRS

system.

including SM and STBC users. The parameterN 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 e�ect of increasing the number of
users at the transmitting side. The several transmit-
ting con�gurations 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 o�er higher
performance than HMTS about 8 dB at 10−4 SER.

Fig.9: SER performance of 1SM+3STBC HMRS

system.

Fig.6 presents the SER performance of the
1SM+1STBC HMRS system. The STBC user can
achieve a higher performance than SM user because of
applying the interference cancellation and the orthog-
onal structure of STBC code. The dash line shows the
average performance of a whole system.

Fig.7 illustrates the SER performance of the
1SM+2STBC HMRS system, the STBC code is used
by two users and the SM code is used by one user.
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
the symbols of STBC user2. The last layer has the
minimum level of interference.

Fig.8 presents the SER performance of the
2SM+1STBC HMRS system, 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 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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Fig.10: SER performance of 2SM+2STBC system.

Fig.11: SER performance of 3SM+1STBC HMRS

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

Fig.12: Comparison between simulation results and

analytical results for 1SM+1STBC HMRS system.

Fig.13: Comparison 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 10−4SER 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 e�-
ciency is also degraded. The SER performances of
SM users in any con�gurations 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 o�ers
a better advantage than HMTS, both in SER perfor-
mance and the complexity of the detecting procedure
under the same spectral e�ciency scenario. In case of
the 1SM+2STBC HMRS system, the simulation re-
sult can reveal that the performance of STBC user1
is close to SM user. The STBC user2 give a higher
performance than STBC user1. Therefore, the sys-
tem 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 user1.
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 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
be transmitted by applying the lowest power. From
above reasons, each transmission mode can o�er the
di�erent bene�ts. 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.

References

[1] T. Yucek, and H. Arslan, �A survey of spec-
trum sensing algorithms for CR applications
�rst quarter,� University of South Florida, USA,
Tech. Rep., 2009.

[2] S. Alamouti, �A simple transmit diversity tech-
nique for wireless communication,� IEEE J. Se-

lected Area Commun., vol. 16, no. 8, pp. 1451-
1458, Oct. 1998.

[3] V. Tarokh, H. Jafarkhani, and A. R. Calder-
bank, �Space-time block codes from orthogonal
designs,� IEEE Trans. Inform. Theory, vol. 5,
no.5, pp.1456-1467, Jul. 1999.

[4] G. J. Foschini, �Layered space-time architecture
for wireless communications in a fading environ-
ment when using multiple antennas,� Bell Labs
Tech. J., vol. 1, no. 2, pp. 41-59, Oct. 1996.

[5] Y. J. Song, S. W. Ko, H. J. Park, H. H. Lee, and
H. K. Song, �A novel e�cient detection scheme
for hybrid STBC in MIMO-OFDM systems,�
Proc. 12th IEEE Int. Conf. Commun. Technol-

ogy, pp. 701-704, 2010.

[6] L. Zhao, and V.K. Dubey, �Transmit diversity
and combining scheme for spatial multiplexing
over correlated channels,� Proc. Veh. Technology
Conf. IEEE 59th, pp. 380-383, 2004.

[7] J. Cortez, M. Bazdresch, D. Torres and R. Parra-
Michel, �ABBA- VBLAST hybrid space-time
code for MIMO wireless communications,� Proc.
5th IEEE Int. Conf. Elect. Eng., Computing Sci.

Automat. Control, pp. 257-262, 2008.

[8] Hien Q. Ngo, T.Q. Duong, and E.G. Lars-
son, �Uplink performance analysis of multicell
MU-MIMO with zero-forcing receivers and per-
fect CSI,� IEEE Swedish Commun. Technologies

Workshop, pp. 40-45, 2011.

[9] C. W. Tan, and A. R. Calderbank, �Multiuser de-
tection of Alamouti signals,� IEEE Trans. Com-

mun., vol. 57, no. 7, pp. 2080-2089, Jul. 2009.

[10] L. L. Yang, �Receiver multiuser diversity aided
multi-stage MMSE multiuser detection for DS-
CDMA and SDMA systems employing I-Q mod-
ulation,� Proc. Veh. Technology Conf. Fall IEEE
72nd, pp. 1-5, 2010.

[11] K. Liu, S. S. Xing, �Combined multi-stage
MMSE and ML multiuser detection for under
determined MIMO systems,� IET Int. Commun.

Conf. on Wireless Mobile Computing, pp. 10-14,
2011.

[12] M. A. Shah , B. Mennenga, and G. Fettweis,
�Iterative Soft-In Soft-Out sphere detection for
3GPP LTE,� IEEE 71st Veh. Technology Conf.,
pp.1-5, 2010.

[13] Y. Sanada, and Q. Wang, �A co-channel inter-
ference cancellation technique using orthogonal
convolutional codes on multipath Rayleigh fad-
ing channel,� IEEE Trans. Veh. Technology, vol.
46, no. 1, pp. 114-128, Feb. 1997.

[14] W. da C. Freitas Jr., F. R. P. Cavalcanti, and R.
R. Lopes, �Hybrid transceiver schemes for spatial
multiplexing and diversity in MIMO systems,� J.
Commun. Inform. Syst., vol. 20, no. 3, pp. 63-76,
Mar. 2005.



62 ECTI TRANSACTIONS ON ELECTRICAL ENG., ELECTRONICS, AND COMMUNICATIONS VOL.12, NO.1 February 2014

[15] S. Reinhardt, T. Buzid and M. Huemer, �Suc-
cessive interference cancellation for SC/FDE-
MIMO system,� IEEE 17th Int. Symp. Personal,

Indoor Mobile Radio Commun., pp. 1-5, 2006.

[16] T. Khomyat, P. Uthansakul, and M. Uthansakul,
�Hybrid-MIMO receiver with both space-time
coding and spatial multiplexing detections for
cognitive radio networks,� IEEE 2011 Int. Symp.

Intelligent Signal Process. Commun. Syst., pp.
1-4, 2011.

[17] X. Zhu and R. D. Murch, �Performance analysis
of maximum likelihood detection in a MIMO an-
tenna system,� IEEE Trans. Commun., vol. 50,
no. 2, pp. 187-191, Feb. 2002.

[18] M. Kiessling, J. Speidel, N. Geng, and M. Rein-
hardt, �Performance analysis of MIMO maxi-
mum likelihood receivers with channel correla-
tion, colored gaussian noise, and linear pre�lter-
ing,� IEEE Int. Conf. Commun., pp. 3026-3030,
2003.

[19] M. D. Renzo, and H. Haas, �Bit error probability
of SM-MIMO over generalized fading channels,�
IEEE Trans. Veh. Technology, vol. 61, no. 3, pp.
1124-1144, Mar. 2012.

[20] R. V. Nee, A. V. Zelst, and G. Awater, �Maxi-
mum likelihood decoding in a space division mul-
tiplexing system,� Proc. IEEE 51th Veh. Tech-

nology Conf., pp. 6-10, 2000.

[21] A. I. Sulyman, Y. Al-Zahrani, S. Al-Dosari,
A. Al-Sanie, and S. Al-Shebeili, �A two-stage
constellation partition algorithm for reduced-
complexity MIMO-MLD systems,� IEEE 35th

Conf. Local Comput. Networks, pp. 745-748,
2010.

[22] H. M. Carrascol, J. R. Fonollosa and J. A.
Delgado-Penin, �Performance analysis of space-
time block coding with adaptive modulation,�
Proc. 15th IEEE Int. Symp. Personal, Indoor

Mobile Radio Commun.,pp. 493-497, 2004.

[23] W. Li, H. Zhang, and T. A. Gulliver, �Capac-
ity and error probability analysis of orthogonal
space-time block codes over correlated Nakagami
fading channels,� IEEE Trans. Wireless Com-

mun., vol. 5, no. 9, pp. 2408-2412, 2006.

[24] H. Zhang, and T. A. Gulliver, �Capacity and
error probability analysis for orthogonal space-
time block codes over fading channels,� IEEE

Trans. Wireless Commun., vol. 4, no. 2, pp. 808-
819, Mar. 2005.

[25] K. S. Ahn, R. W. Heath, and H. K. Baik, �Shan-
non capacity and symbol error rate of space-time
block codes in MIMO Rayleigh channels with
channel estimation error,� IEEE Trans. Wireless

Commun., vol. 7, no. 1, pp. 324-333, Jan. 2008.

[26] G. Li, and C. Wang, �Performance analysis of
space-time block codes with general rectangular
QAM in MIMO fading channels with channel es-
timation error,� Proc. 11th IEEE Singapore Int.

Conf. Commun. Syst., pp. 1405-1409, 2008.
[27] D. M. Shin, H. J. Lee, and K. Yang, �Closed-form

expressions of the V-BLAST performance over
quadrature-amplitude modulation,� Proc. 69th

IEEE Veh. Technology Conf., pp. 1-5, 2009.
[28] C. Shen, Y. Zhu, S. Zhou, and J. Jiang, �On the

performance of V-BLAST with zero-forcing suc-
cessive interference cancellation receiver,� Proc.
IEEE Global Telecommun. Conf., pp. 2818-2822,
2004.

Tanapong Khomyat received the B.
Eng. and M. Eng degree in telecommu-
nication engineering from Rajamangala
University of Technology Thanyaburi,
in 2000 and King Mongkut's Institute
of Technology Ladkrabang, in 2006, re-
spectively. At present, he is working to-
wards his Ph.D. degree in telecommuni-
cation engineering at Suranaree Univer-
sity of Technology, Nakhon Ratchasima,
Thailand. His current research interests

concern the design, simulation, analysis, and testing of hybrid-
MIMO systems.

Peerapong Uthansakul received the
B.Eng and M.Eng of Electrical Engi-
neering from Chulalongkorn University,
Thailand, in 1996 and 1998 respectively,
and Ph.D. degree (2007) in Informa-
tion Technology and Electrical Engi-
neering from The University of Queens-
land, Australia. From 1998 to 2001, he
was employed as a telecommunication
engineer at the Telephone Organization
of Thailand. At present, he is working

as Associate Professor in School of Telecommunication Engi-
neering, Suranaree University of Technology, Thailand. His
research interests include wave propagation modelling, MIMO,
OFDM and advance wireless communications.

Monthippa Uthansakul received the
B.Eng degree (1997) in Telecommuni-
cation Engineering from Suranaree Uni-
versity of Technology, Thailand, M.Eng
degree (1999) in Electrical Engineering
from Chulalongkorn University, Thai-
land, and Ph.D. degree (2007) in Infor-
mation Technology and Electrical Engi-
neering from The University of Queens-
land, Australia. She received 2nd prize
Young Scientist Award from 16th Inter-

national Conference on Microwaves, Radar and Wireless Com-
munications, Poland, in 2006. At present, she is lecturer
in School of Telecommunication Engineering, Suranaree Uni-
versity of Technology, Thailand. Her research interests in-
clude wideband/narrowband smart antennas, automatic switch
beam antenna, DOA �nder, microwave components, applica-
tion of smart antenna on WLANs.


