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Abstract. The global impact of 4G brought about increases in mobile usage and
network performance. 5G is building on this momentum, bringing substantial net-
work improvements, including higher connection speeds, mobility, and capacity,
as well as low-latency capabilities. In the recent technological development, 5G
technology is on fore front for development of wireless connectivity between any
two points on the earth compared to other technologies such as satellite, opti-
cal, WiMAX, WiFi or Bluetooth. It uses multiple antenna deployed at transmitter
and receiver side which are actually spatially correlated to each other as less
spacing between adjacent antennas and non-uniform scattering in wireless prop-
agation. It degrades the error rate performance. Moreover, the demand for higher
spectral efficiency is ever increasing. The Generalized Quadrature Spatial Mod-
ulation (GQSM) has recently been proposed to improve the spectral efficiency.
This research work examines the transmit antenna correlation effect’s in terms
of bit error rate (BER) analysis for GQSM – Quasi orthogonal space time block
codes (QOSTBC). We use three distinct detection strategies for QOSTBC while
analysing a BER performance of three detection schemes for the GQSM. For
the investigation, different transmit antenna spacing values of dt = 0.1, 0.2, and
0.4 have been taken into consideration.The experimental results show that at the
lower signal to noise ratio(SNR) i.e. SNR=10dB the effect of antenna correlation
is low whereas at the higher SNR it is rising. Also, the effect of antenna corre-
lation on one to another become approximately constant for SNR= 20 to SNR=
30. This practical outcome will be helpful in the estimation of the performance
analysis. . . .

Keywords: Spatial Modulation, Generalised Quadrature Spatial Modulation, Quasi
Orthogonal Space Time Block Code, Spatially correlated Channel, QR decom-
position with interference cancellation, Low Complexity Maximum Likelihood
(LCML)

1 Introduction
Unprecedented levels of energy and spectrum efficiency are anticipated from fifth gen-
eration (5G) wireless networks in order to enable ubiquitous communications between
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two devices.[1] [2]. The primary factors directing research towards future wireless com-
munication systems are higher spectral efficiency and data rates. A significant develop-
ment recently presented for wireless transmission technology in the MIMO commu-
nication system is spatial modulation (SM) [1] [2] [3]. Due to the utilization of just
a single antenna for transmission, spatial modulation offers the benefit of eradicating
inter-channel interference (ICI) and avoiding the need for antenna synchronization, all
while still achieving spatial multiplexing gains [1] [2]. Spatial modulation has received
a lot of attention in the scientific community as a result of its potential to provide a
MIMO implementation that is both spectrally efficient and minimal in complexity [4].
To achieve twice the index bits as SM, quadrature SM (QSM) was proposed in [5–7] to
expand index bits to the in-phase/quadrature domain. Furthermore, the space-time do-
main has been included to the SM/SSK scheme in order to increase the BER efficiency.
Examples of this include the differential SM (DSM) in [10, 11], the space-time block
coded SM (STBC-SM) in [8, 9], and STSK in [7]. In order to maximize the SE of the
conventional QSM scheme, a new SM scheme known as generalised QSM (GQSM) was
developed. Three distinct detection algorithms with the lowest possible computational
complexity were implemented for GQSM-QOSTBC[12] transmission, presuming un-
correlated channels in the transmit and receive antennas. Despite the fact that practical
communication scenarios cannot take spatially uncorrelated pathways into account, this
work examines a real-time scenario in which the MIMO system’s two ends have spa-
tially correlated channels [13–17]. Under the assumption of antenna correlation at the
transmitter and receiver ends of the connection, we provide the BER (bit error rate)
performance of the GQSM-QOSTBC.

The rest of this article is structured the following way. The system model and the
generation of spatially correlated channels are presented in Section II, different de-
tection methods are described in Section III. Results and discussions are explained in
Section IV . Section V deals with conclusions.

2 System Model
In a situation that is somewhat static spatially correlated Rayleigh fading channel sce-
nario, we are examining a MISO system comprising Nt transmitting antennas and a sin-
gle receiving antenna. Our approach involves implementing a novel transmitter scheme
that combines GQSM (Generalized Quadrature Spatial Modulation) with QOSTBC
(Quasi-Orthogonal Space-Time Block Coding). Within this system, a variable number,
denoted as p, of transmitting antennas from the total Nt antennas is activated for oper-
ation. To facilitate the transmission of the real component (II) of the modulated signal
vector through activated antennas, we employ antenna activation permutation (AAP).
Likewise, when it comes to transmitting the imaginary component (IQ) of the modu-
lated signal vector, a separate AAP is employed for the activated antennas. C(Nt , p) is
the total AAPs for both the real and imaginary parts. The modulated signal vector’s
AAPs are L = 2⌊log2C(Nt ,p)⌋. In this context, C(Nt , p) represents the choice of picking p
antennas from a pool of Nt antennas. Following this, we elucidate the process of GQSM
transmission and detection.

The data has splitted into m1, m2, and m3, the total number of input bits (m) was
divided. The m1 characterizes the binary components responsible for M-ary modula-
tion, yielding the modulated signal vector s comprising elements s1,s2, ...,sp. An initial
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vector s is formed by m1 = p · log2(M) bits. Here, each element sτ in the vector is
expressed as sτ = sI

τ + jsQ
τ for 1 ≤ τ ≤ p, with sτ belonging to the set χ , which consists

of M - ary constellation points. It’s worth emphasizing that sI
τ and sQ

τ are extracted from
χ I and χQ, corresponding to the real and imaginary components of χ , respectively. The
real and imaginary parts’ index bits are denoted by the bits m2 and m3, respectively.
To compute the AAPs of II and m3 = ⌊log2C(Nt , p)⌋, bits of m2 = ⌊log2C(Nt , p)⌋ are
utilized. The real and imaginary parts of the signals {sI

τ}
p
τ=1 and {sQ

τ }p
τ=1 are sent using

bits for the AAPs of IQ.
Consider sI as the real components of the modulated signal vector s, represented

as [sI
1,s

I
2, ...,s

I
p], and sQ as the imaginary components of the modulated signal vector s,

expressed as [sQ
1 ,s

Q
2 , ...,s

Q
p ]. Assume that II

β
and II

α are the β th legal AAPs for IQ and II ,
respectively, and that they can be expressed as

II
α = {iIα(1), i

I
α(2), ..., i

I
α(p)}, (1)

as well
IQ
β
= {iQ

β
(1), iQ

β
(2), ..., iQ

β
(p)}, (2)

correspondingly, iIα(η) and iQ
β
(η) belong to the set of integers ranging from 1 to Nt for

values of η between 1 and p. Following this, the real and imaginary sections’ Nt × 1
signal vectors are as follows:

xI = {sI
1,0,s

I
2, ...0,s

I
p}, (3)

and
xQ = {0,sQ

1 ,s
Q
2 ,0, ...0,s

Q
p }, (4)

correspondingly, Note that in xI and xQ, the non-zero elements are determined by AAPs
II and IQ. The final creation of the signal vector, which has dimensions of Nt × 1, is
accomplished through the transmission,

x = xI + jxQ (5)

As per [19], the symbol x in (5) is the GQSM Symbol which includes real, imaginary,
and zero values for antenna indices.

x is the transmit GQSM symbol of Nt ×1; it also contains a zero mean and a covari-
ance matrix. Rx = ExxH ] = σ2xI.

The intricate Gaussian noise vector, denoted as n, has an average of zero and a
covariance matrix represented by Rn = E[nnH ] = σ2

n I.
Matrix h = [h1,h2,h3,h4]

T , where hi, for i = 1, . . . ,4, represents the partially static
spatially correlated(associated) Rayleigh fading channel coefficient of the ith transmit-
ting antenna to the receiving antenna. The matrix H denotes the corresponding channel
matrix.

The signal vector that was received given by [18].
y1
y∗2
y3
y∗4

=


h1 h2 h3 h4
h∗2 −h∗1 h∗4 −h∗3
h3 h4 h1 h2
h∗4 −h∗3 h∗2 −h∗1




x1
x2
x3
x4

+


n1
n∗2
n3
n∗4

 (6)
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Algorithm 1 Transmit Receive antennas correlation Algorithm
In a single column vec(H), layer all H elements

vec(H) =


h1,1
h2,1
h3,1
h4,1


The matrices representing the transmitter ρt along with the receiver ρr could be represented in
the subsequent manner,

ρt =


E[h1,1h1,1

∗] E[h1,1h2,1
∗] E[h1,1h3,1

∗] E[h1,1h4,1
∗]

E[h2,1h1,1
∗] E[h2,1h2,1

∗] E[h2,1h3,1
∗] E[h2,1h4,1

∗]
E[h3,1h1,1

∗] E[h3,1h2,1
∗] E[h3,1h3,1

∗] E[h3,1h4,1
∗]

E[h4,1h1,1
∗] E[h4,1h2,1

∗] E[h4,1h3,1
∗] E[h4,1h4,1

∗]


ρr =

[
E[h1,1h1,1

∗]
]

The channel correlation R matrix can be shown as follows R= ρt ⊗ρr

where ”⊗” is used to represent the Kronecker product.
R = VDV∗

Vector r 16× 1 formation in which every element in r is independently separated and dis-
tributed as a complex Gaussian element with a variance of one and a mean of zero.
We may now state the following about vec(H)
vec(H) = VD1/2r

which, in equivalent form, is

y = Hx+n = H(xI + jxQ)+n, (7)

Where, H is to be constructed as per the steps of algorithm 4.
The optimal maximum likelihood(ML) detection can be expressed as

x̂ = argminx ∥y−Hx∥2 (8)

x̂ = argminx ∥y−H(xI + jxQ)∥2 (9)

To ensure completeness, we present the three QOSTBC detection techniques em-
ployed in [18] in the next section.

3 Detection Methods
We offer three QOSTBC detection strategies in this section [18].

Detection Scheme I Equation (6) can be used to express the received vector as

y = Hx+n, (10)

where, x = xI + jxQ.
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It is possible to factorize the equivalent channel matrix as,

H = Q1R1 = Q1


a 0 b 0
0 a 0 b
0 0 c 0
0 0 0 c

 (11)

The unitary matrix is denoted by Q1, and the upper triangular matrix is represented
by R1. On both sides of (10), multiply QH

1 leftward. The matrix that results is,
ỹ1
ỹ2
ỹ3
ỹ4

=


a 0 b 0
0 a 0 b
0 0 c 0
0 0 0 c




x1
x2
x3
x4

+


ñ1
ñ2
ñ3
ñ4

 (12)

Using (11), the H x can be expressed as
h4 h3 h2 h1
−h∗3 h∗4 −h∗1 h∗2
h2 h1 h4 h3
−h∗1 h∗2 −h∗3 h∗4




x4
x3
x2
x1

 (13)

Consequently, we obtain
y = Hx+n = H′x′+n (14)

The H′ QR decomposition may be found using,

H′ = Q2R2 = Q2


m 0 n 0
0 m 0 n
0 0 k 0
0 0 0 k

 (15)

Multiplying the left and right sides of (14) by QH
2 yields

ỹ′1
ỹ′2
ỹ′3
ỹ′4

=


m 0 n 0
0 m 0 n
0 0 k 0
0 0 0 k




x4
x3
x2
x1

+


ñ′1
ñ′2
ñ′3
ñ′4

 , (16)

which is able to be stated as
ỹ′ = R2x′+ ñ′ (17)

Creating a new matrix by combining the 3rd and 4th row of the (12) with the 3rd and
4th of (16) yields 

ỹ′4
ỹ′3
ỹ3
ỹ4

=


k 0 0 0
0 k 0 0
0 0 c 0
0 0 0 c




x1
x2
x3
x4

+


ñ′1
ñ′2
ñ3
ñ4

 (18)

The four symbols have been separated as it is illustrated in (19) and (20). Hence,
x1,x2,x3 and x4,can be detected in parallel as,
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x̂1 = arg min
x1∈ξ

∥ỹ4
′− kx1∥2 x̂2 = arg min

x2∈ξ

∥ỹ3
′− kx2∥2 (19)

x̂3 = arg min
x3∈ξ

∥ỹ3 − cx3∥2 x̂4 = arg min
x4∈ξ

∥ỹ4 − cx4∥2 (20)

The x̂1, x̂2, x̂3 and x̂4 are used to detect GQSM symbol.

Detection Scheme II As per (12), the equation is given as

ỹ = R1x+ ñ (21)

Subsequently, the LC-ML decoder [18] chooses a maximum likelihood (ML) solu-
tion. The vector x̂ is composed of four elements: x̂1, x̂2, x̂3, and x̂4. The value of ξ from
the sample space fulfills the following condition:

x̂ = argmin∥ỹ−R1x∥2 = argmin
x∈ξ

4

∑
k=1

dk, (22)

where dk for k = 1, ...,4 are given by

d1 = |ỹ1 −bx3 −ax1|2 d2 = |ỹ2 −bx4 −ax2|2 (23)

d3 = |ỹ3 − cx3|2 d4 = |ỹ4 − cx4|2 (24)

Hence, (22) can be expressed as

(x̂1.x̂3) = min
x1,x3∈ξ

(d1 +d3)(x2.x4) = min
x2,x4∈ξ

(d2 +d4) (25)

The x̂1, x̂2, x̂3 and x̂4 are employed to identify the GQSM symbol.

Detection Scheme III As per the (23) and (24), it is possible to decode the output
symbol as

x̂3 = arg min
x3∈ξ

∥ỹ3 − cx3∥2 x̂4 = arg min
x4∈ξ

∥ỹ4 − cx4∥2 (26)

x̂1 = arg min
x1∈ξ

∥ỹ1 −bx̂3 −ax1∥2 x̂2 = arg min
x2∈ξ

∥ỹ2 −bx̂4 −ax2∥2 (27)

Using this method, we first identify the x̂3, x̂4 using (24), rather than joint detection
of two pairs of transmitted symbols using (23) in LC-ML decoder. We can then identify
x1 and x2 by replacing x3 and x4 into (27). When we remove the first and second rows
from (16), we obtain

[
ỹ′1
ỹ′2

]
=

[
m 0 n 0
0 m 0 n

]
x4
x3
x2
x1

+

[
ñ′1
ñ′2

]
(28)

Then, x3 and x4 can be detected as
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x̂3 = arg min
x3∈ξ

∥ỹ′2 −nx̂1 −mx3∥2 x̂4 = arg min
x4∈ξ

∥ỹ′1 −nx̂2 −mx4∥2 (29)

The following procedures can be used to summarize the D-QR-IC:

– First, identify x3 and x4 from (24). x3 and x4 should be substituted into (23), after
which x1 and x2 should be found.

– Replace x1 and x2 in equation (28) to obtain the final values of x3 and x4.

GQSM symbol detection is done using the x̂1, x̂2, x̂3, and x̂4.

4 Findings and Analysis
This section presents MIMO BER simulation results compared to average SNR per-
formance for the detection scheme-I (GQSM based LCML method), detection scheme-
II(GQSM based D-QR method) and detection scheme-III (GQSM based D-QR-IC method)
with various values of dt for the transmit antenna distance, such as 0.1π , 0.2π , and 0.4π

and distance of receive antenna 0.1π with Nt = 4, Nr = 1, p= 2 and m= 8 using 4-QAM
modulation in figure 1.
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d
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d
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d
t
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r
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d
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=0.1λ [Detection Scheme-I]

d
t
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=0.1λ [Detection Scheme-III]

Fig. 1. A comparative analysis of the performance of detection schemes I (LCML), II (DQR),
and III (QRIC) is conducted for various values of dt , including 0.1π , 0.2π , and 0.4π for transmit
antenna distance and 0.1π for receive antenna distance, where Nt = 4, Nr = 1, p = 2, and m = 8
with 4-QAM modulation.
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Table 1. Bit error rate provided by Nt = 4, Nr = 1, p = 2, and m = 8 Generalized Quadrature
Spatial Modulation (GQSM) for various detection detection systems using 4-QAM modulation
with SNR=10 dB and SNR=30 dB with varied transmit-receive antenna spacing

Conditions A B C D E F
Detection dt = 0.1π dt = 0.1π dt = 0.2π dt = 0.2π dt = 0.4π dt = 0.4π

dr = 0.1π dr = 0.1π dr = 0.1π dr = 0.1π dr = 0.1π dr = 0.1π

Schemes SNR=10dB SNR=30dB SNR=10dB SNR=30dB SNR=10dB SNR=30dB

Detection 0.070 0.000038 0.035 0.0000040 0.0120 0.0000030
scheme-I
Detection 0.073 0.000024 0.039 0.0000057 0.0140 0.0000021
scheme-II
Detection 0.063 0.000029 0.030 0.0000030 0.0150 0.0000016
scheme-III

Figure 1 shows that as the transmission antenna distance is increased, BER perfor-
mance improves. This demonstrates that a smaller distance between transmit antennas
leads to greater antenna correlation. Eventually, it affects the error rate performance of
the system. Table 1 demonstrates the bit error rate offered by Generalised Quadrature
Spatial Modulation(GQSM) for various detection schemes at the receiver with Nt = 4,
Nr = 1, p = 2, and m = 8 under different antenna separation between the transmitting
and receiving ends with SNR=10 dB and SNR=30dB using 4-QAM modulation. Ta-
ble 1 shows that all three detection schemes have very little variation up to low SNR
i.e. 10dB which are shown from condition A, C and E. As the SNR increases from
10dB to 30dB, the BER difference increases from low to high. But the large BER gap
between low and high SNR begins at 12dB, justifying the same with all the detection
schemes with condition E and F offers approximately 0.01 BER and 0.000003 BER
respectively. Also, the BER performance difference between condition B and D is quite
higher than D and E. This means that shorter distances between transmit antennas have
a greater impact on BER performance than longer distances between transmit antennas.
Eventually, this turns on to be keep minimum distance between consecutive transmit
antennas for desired BER performance. The detection scheme 3 outperform over detec-
tion scheme 1 and 2 in all SNR region. Similarly, the detection scheme 2 outperform
over detection scheme 1 in all SNR region. These should be quite clear from the BER
value of SNR=10dB and SNR=30dB of the different distance illustrated in table 1. The
detection complexity of various detection schemes have been demonstrated in table 2.
The detection scheme 2 has lowest detection complexity than ML, detection scheme
1 and 3. The computational complexity of detection schemes in terms of number of
multiplication/addition have been demonstrated in table 3. Table 2 and 3 shows that
detection scheme 2 have least detection complexity and computational complexity than
other detection schemes. However, the BER performance of detection scheme 3 offers
better results than the other ones in all modulation order due to its additional interfer-
ence cancellation steps.
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Table 2. The complexity of detection across various detection techniques

Parameter Detection Detection Detection ML
scheme I scheme II scheme III

Lookup Periods 2*(S+ (S))2† 4*(S)† 6*(S)† 2m

† S indicate sample space.

Conclusion
In this article, we have analyzed the BER and computational complexity performance of
Generalized Quadrature Spatial Modulation (GQSM) detection techniques with Quasi
Orthogonal Space Time Block Code(QOSTBC) under spatially correlated channel. The
detection scheme 3 offer better BER performance than other detection scheme 1 and 2.
The computational complexity of detection scheme 2 is less compare to other detection
scheme 1 and 3. The number of multiplication/addition required for detection schemes
under various modulation order have been demonstrated in this article. As the SNR rises
from 10dB to 30dB, the BER difference increases from low to high. The lower distance
between consecutive transmit antennas play vital role in BER performance than higher
distance between consecutive transmit antennas. Hence, the detection schemes offers
better error rate performance, less computational complexity and advanced GQSM of-
fers higher spectral efficiency at transmitter. The GQSM - QOSTBC with low compu-
tational complexity detection schemes offer spectacular performance in next generation
communication systems.
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