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This paper presents a novel generalized quadrature
spatial modulation (GQSM) transmission scheme using
antenna grouping. The proposed GQSM scheme
combines QSM and conventional spatial multiplexing
(SMux) techniques in order to improve the spectral
efficiency (SE) of the system. Analytical and simulation
results show that the proposed transmission scheme
has minimal losses in terms of the average bit error
probability along with the advantage of an increased
SE compared with previous SM and QSM schemes.
For the case studies, this advantage represents a
reduction of up to 81% in terms of the number of
required transmit antennas compared with QSM. In
addition, a detection architecture based on the ordered
successive interference cancellation scheme and the QR
decomposition is presented. The proposed QRD-
M adaptive algorithm showed a near-maximum-
likelihood performance with a complexity reduction of
approximately 90%.
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I. Introduction

Spatial modulation (SM) is a transmission technique
that is designed to work on multiple-input multiple-output
(MIMO) systems [1]. In general, SM schemes exhibit
advantages in terms of the bit error rate (BER) and
complexity when compared to conventional spatial
multiplexing (SMux) techniques such as Vertical-Bell
Laboratories Layered Space-Time (V-BLAST) [2]. In
addition, SM schemes are energy efficient because a
reduced number of radiofrequency (RF) chains are used
[3]. New research in this topic has been oriented to
improve sub-optimal low-complexity detection algorithms
[4]. Furthermore, some multiuser schemes that employ the
SM technique have been proposed in [5]. In [6], the SM
transmission technique has been considered as a key
technology for future wireless communication systems.
However, a major concern of SM is its suboptimal
log2(Ntx) data-rate enhancement, while for the SMux
technique, the data rate increases linearly with the number
of transmit (Tx) antennas Ntx.
Recently, [7] proposed a transmission scheme for SM

signals known as quadrature spatial modulation (QSM).
The QSM scheme can be considered as a generalization of
the bi-space shift keying (BiSSK) scheme proposed in [8].
It should be noted that these schemes have roughly the
same BER performance as the basic SM scheme, but with
the advantage of doubling the number of bits that can be
transmitted in the spatial constellation, which results in an
improved spectral efficiency (SE). This technique has
motivated a new study that is oriented to improve the
system performance while reducing the detection
complexity [9], [10]. However, the number of Tx antennas
required for the QSM scheme is still much higher than that
required by the conventional SMux scheme, especially
when high spatial constellations are considered.
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To overcome this drawback, this paper proposes a novel
generalized QSM (GQSM) scheme based on antenna
grouping. In the proposed scheme, the total number of Tx
antennas Ntx is divided into small groups, each with two Tx
antennas, in order to obtain a high SE; however, this idea can
easily be extended to form groups with more than two Tx
antennas. Using the principle of the QSM technique, each
group transmits a different M-order quadrature amplitude
modulation/phase-shift keying (M-QAM/M-PSK) symbol at
each period. As a result, the proposed scheme has a
significant SE improvement, which is reflected in a reduction
in the total number of required Tx antennas, Ntx. Analytical
and simulation results show that the proposed GQSM
scheme using Ntx = 4 or Ntx = 6 and 4-QAM modulation
requires an additional 1 dB to 2 dB in order to achieve the
QSM performance; nevertheless, when Ntx = 4 and 16-
QAM modulation is used, the proposed scheme shows a
slightly better performance than the QSM scheme. The
proposed scheme has a reduction of up to 81% over the
required Ntx when compared to that of the reference scheme
(QSM). Moreover, a low-complexity/near-maximum-
likelihood (ML) architecture for the detection of GQSM
signals is presented. The proposed detection architecture is
based on ordered successive interference cancellation (OSIC)
and the QR decomposition. The proposed QRD-M adaptive
algorithm shows a near-ML performance with a complexity
reduction of approximately 90%.
Throughout this paper, the following notation is used: bold

and lowercase letters denote vectors, whereas bold and
capital letters denote matrices. The notations (�)T, (�)H, and ||�||
denote the transpose, conjugate transpose, and the norm of a
vector or matrix, respectively. CN ðn; r2Þ is used to represent
the complex Gaussian distribution of a random variable with
mean n and variance r2. P(�) represents the event probability,
while E[�] denotes the statistical expectation.
The rest of this paper is organized as follows: Section II

describes in detail the proposed system and the channel
model under consideration. Section III presents a
theoretical analysis of ML detection for the proposed
scheme. In Section IV, the complexity of the ML criterion
is analyzed, while in Section V, low-complexity
algorithms are proposed for the GQSM signal detection.
In Section VI, the simulation results are analyzed, and
conclusions are presented in Section VII.

II. System Model

1. Channel Model

It is assumed that the channel propagation between each
pair of Tx and Rx antennas can be modeled as a Rayleigh

narrowband stationary stochastic process. It is also
considered that the channel provides rich scattering on
both sides, that is, the transmitter and receiver sides. The
simulation considers that a realization of the MIMO
channel can be expressed as a random matrix H of size
Nrx 9 Ntx, where Ntx and Nrx are the number of Tx and
Rx antennas, respectively. The elements of H are denoted
by hij, for i = 1, 2, . . . , Nrx, j = 1, 2, . . . , Ntx. With this
model, each entry of H at any time is a complex Gaussian
random variable with zero mean and a variance of r2/2
per dimension. It is assumed that the temporal channel
fading is slow compared with the symbol period T, where
a quasi-static block-fading model is sufficient to
characterize the temporal correlation. Therefore, the
channel matrix H is randomly generated, but remains
constant during the transmission of one space-time code
word of length T. In addition, a perfect channel state
information (CSI) is assumed at the receiver.

2. Proposed System Model

Figure 1 shows the GQSM system model, which is
composed of Ntx and Nrx antennas. Let us consider small
groups of two Tx antennas. Then, the GQSM system
comprises nB = Ntx/2 blocks or groups, where each group
transmits one different symbol at T using the QSM
technique. Let us consider an incoming data string of
nBðlog2ðMÞ þ 2Þ bits, where M represents the M-QAM
constellation size. Considering only two Tx antennas per
group, each group can transmit mg = 2 + log2(M) bits per
channel use (bpcu). For the l-th group, the first two bits are
modulated using a spatial constellation; the second log2(M)
bits are modulated using the M-QAM constellation. First,
the M-QAM symbol x is divided into its real and imaginary
parts: x = xℜ + jxℑ. Then, xℜ is transmitted using the
spatial constellation in the l-th group using one Tx antenna,
and xℑ is transmitted by another or the same Tx antenna
within the same group. Each selected antenna transmits the
signal sðlÞk ; l ¼ f1; 2; � � � ; nBg; k ¼ f1; 2g.
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Fig. 1. GQSM system model.
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The normalized transmission vector sðlÞ ¼h�
sðlÞ1 sðlÞ2

�
=

ffiffiffiffiffiffi
eðlÞ

p i
, where l = {1, 2, . . . , nB} has elements

sðlÞk , which represent the signal transmitted by the l-th group
and the k-th Tx antenna in the GQSM constellation.
Because only two Tx antennas are used per group, the

signals sðlÞ1 and sðlÞ2 are transmitted by the first and second
Tx antennas, respectively. The constant e(l) is the
normalization factor for the l-th group, which is calculated
to maintain a unitary power transmission.
Table 1 shows the symbol mapping for only one group

using the QPSK constellation. Ax< is the antenna that
transmits the real part of the M-QAM symbol, and Ax= is
the antenna that transmits the imaginary part. For
example, in Table 1, for the input sequence a = [0000],
both real and imaginary parts of the symbol (+1 +j) are
transmitted by the first Tx antenna, while the second Tx
antenna remains silent. A detailed explanation of the QSM
scheme can be found in [8].
Consider the GQSM scheme with nB blocks of Tx

antennas (antenna grouping). The complete transmission
block: sB ¼ ½sð1Þk ; sð2Þk ; . . . ; sðnBÞk �= ffiffiffiffiffi

nB
p

is composed of a
concatenated output of all groups. The transmission vector
sB is conveyed over the random complex wireless channel
H defined in Section II-1. For simplicity, it is assumed that
all of the Tx antennas convey information symbols from the
same constellation map; it is also assumed that the receiver
is perfectly synchronized. The number of bpcu that can be

transmitted for the complete transmission vector sB in the
proposed GQSM scheme is mGQSM ¼ nBðlog2ðMÞ þ 2Þ ¼
Ntxðlog2ð

ffiffiffiffiffi
M

p Þ þ 1Þbpcu. The number of bits that can be
transmitted using QSM is mQSM = log2(M) + 2log2(Ntx)
bpcu [8]. The number of bits that can be transmitted using
SM is mSM = log2(M) + log2(Ntx) [1]. The number of bits
that can be transmitted using SMux is mSMux = Ntxlog2(M)
[2]. Figure 2 shows a comparison of the SE in bpcu for SM,
QSM, GQSM, and SMux transmission schemes for
different configurations. For the proposed GQSM scheme,
the improvement in the SE can be seen in terms of the
required number of Tx antennas. For example, considering
a transmission of 8 bpcu and 4-QAM, the proposed GQSM
scheme requires four Tx antennas, the GSM scheme
proposed in [11] requires at least eight Tx antennas, and the
SM-SMux scheme [12] requires at least four Tx antennas.
At the receiver, the CSI and r2n are assumed to be

known. In addition, it is assumed that H is full-rank.
During every T, the sequence of symbols sðlÞk is transmitted
and multiplexed over the Ntx antennas. Therefore, the
system equation can be expressed as

y1
..
.

yNrx

2
64

3
75¼

h1;1 � � � h1;Ntx

..

. . .
. ..

.

hNrx;1 � � � hNrx;Ntx

2
64

3
75

sð1Þ1

..

.

sðnBÞk

2
64

3
75þ

n1
..
.

nNrx

2
64

3
75; (1)

or equivalently,

y ¼ ffiffiffi
q

p
HsB þ n; (2)

where y is the received signal vector, q is the signal-to-
noise-ratio (SNR) at the receiver, hi,j. is the channel gain
for i = 1, 2, . . . , Nrx and j = 1, 2, . . . , Ntx, and n is the
noise vector at the receiver. The noise samples ni are

Table 1. GQSM constellation for 4-QAM and two Tx antennas.

a = [a1 a2 a3 a4]
(Axℜ, Axℑ), QPSK

symbol
SðlÞ1 SðlÞ2

[0 0 0 0] [(1, 1), (+1 + j)] [1 + j, 0]

[0 0 0 1] [(1, 1), (�1 + j)] [–1 + j, 0]

[0 0 1 0] [(1, 1), (+1 � j)] [1 � j, 0]

[0 0 1 1] [(1, 1), (�1 � j)] [–1 – j, 0]

[0 1 0 0] [(1, 2), (+1 + j)] [1, j]

[0 1 0 1] [(1, 2), (�1 + j)] [–1, j]

[0 1 1 0] [(1, 2), (+1 � j)] [1, –j]

[0 1 1 1] [(1, 2), (�1 � j)] [–1, –j]

[1 0 0 0] [(2, 1), (+1 + j)] [j, 1]

[1 0 0 1] [(2, 1), (�1 + j)] [j, –1]

[1 0 1 0] [(2, 1), (+1 � j)] [–j, 1]

[1 0 1 1] [(2, 1), (�1 � j)] [–j, –1]

[1 1 0 0] [(2, 2), (+1 + j)] [0, 1 + j]

[1 1 0 1] [(2, 2), (�1 + j)] [0, –1 + j]

[1 1 1 0] [(2, 2), (+1 � j)] [0, 1 � j]

[1 1 1 1] [(2, 2), (�1 � j)] [0, �1 � j]
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Fig. 2. Comparison of spectral efficiency in bpcu.
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independent identically distributed (i.i.d.) complex
Gaussian random variables with CN(0, r2n).
At the receiver, the signals of all groups are detected at

the same time. The optimal detection for GQSM signals is
given by the ML criterion, which is defined as

½̂sB� ¼ arg min
S

ky� ffiffiffi
q

p
HsBk2F : (3)

Finally, the original sequence of bits can be detected by
employing the mapping rule used for sB.

III. Average Bit Error Probability Derivation

The average bit error probability (ABEP) can be derived
by using the well-known bounding technique. Considering
that gi ¼ ffiffiffi

q
p

HsB, the probability of deciding on ĝj given
that gi is transmitted is upper bounded as

Ps ¼ E [jPðgi ! ĝjÞ
� �� X

j
Pðgi ! ĝjÞ; (4)

where E[�] represents the expected value and Pðgi ! ĝjÞ is
the pairwise error probability (PEP) of deciding on the
signal ĝj given that gi is transmitted. The conditional PEP
can be calculated as

Pðgi ! ĝjjHÞ ¼ Qð ffiffiffi
m

p Þ; (5)

where Q[�] is the Q function, which is defined as
QðxÞ ¼ 1ffiffiffiffi

2p
p

R1
x e

�t2
2 dt, and v = 3q/(Nrx + 5). Considering

a probability density function p(v), the total PEP for the
fading channel can be calculated using the mathematical
expectation as follows:

Pðgi ! ĝjÞ ¼ E Pðgi ! ĝjjHÞ� �¼
Z 1

v¼0
Qð ffiffiffi

v
p ÞpðvÞdv: (6)

Considering a single Rx antenna, the probability of error
can be solved as [7]

Pðgi ! ĝjÞ ¼ 1
2

1�
ffiffiffiffiffiffiffiffiffiffiffi
v

1þ v

r� �
: (7)

If the receiver is equipped with Nrx > 1 Rx antennas,

Pðgi ! ĝjÞ ¼ Qð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPNrx

k¼1 vk
q

Þ, which has a closed-form

expression that is obtained as

Pðgi ! ĝjÞ ¼ cNrx
XNrx�1

k¼0

Nrx � 1þ k
k

� �
½1� c�k ; (8)

where c is the PEP for a single Rx antenna [13]. Using (4),
the ABEP for a general GQSM scheme can be computed
as

Pe;GQSM � ½MM 0�ðnB�1Þ XMM 0

i¼1

XMM 0

j¼1

Nði; jÞP gi ! ĝj
� �

MM 0Log2 MM 0ð Þ ; (9)

where N(i, j) is the number of bits in error associated with
the corresponding PEP, and M 0 is the spatial constellation
size. Note that if nB = 1, the ABEP for QSM is obtained.
Substituting (8) into (9) and considering a spatial

constellation of size M 0 = 4 (groups of two Tx antennas),
the ABEP for the proposed GQSM scheme can be
computed as

Pe;GQSM� ½4M �ðnB�1ÞX4M
i¼1

X4M
j¼1

Nði; jÞcNrx
PNrx�1

k¼0

Nrx � 1þ k

k

� �
1� c½ �k

4Mðlog2ðMÞ þ 2Þ :

(10)

Figure 3 illustrates the analytical upper bound in (10)
using the ML criterion and 4-QAM for different
configurations of nB and Nrx.

IV. Complexity

The receiver complexity g for the ML criterion in (3) is
measured in terms of complex operations (CO). One
arithmetic operation is considered as one CO, and one
comparison is considered as one CO. The lattice in the system
has 2m points. After performing subtraction, obtaining the
square, and finding the minimum in (3), the result obtained is
(3 + D)2m CO. Considering Nrx Rx antennas, the complexity
of the ML in (3) can be approximated by

g � ð3þ DÞNrx2m; (11)

where m is the number of bpcu for each system defined in
Section I, and D is a factor that depends on the number of

SNR (dB)
0 5 10 15 20 25 30 35 40
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100
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B

EP
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Analytical
nB = 2, Nrx = 3
Analytical
nB = 2, Nrx = 2
Analytical
nB = 3, Nrx = 2
Analytical

Fig. 3. Analytical and simulation results of the GQSM scheme
utilizing the ML criterion and 4-QAM.
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COsx that are required to generate one symbol in the
constellation in (3). The SM scheme requires only one
multiplication (D = 1), and QSM requires two
multiplications, but with only one QAM symbol (D = 1),
GQSM requires a combination of nB groups (D = nB =
Ntx/2 CO), and SMux requires that all transmitted signals
be combined (D = 2Ntx � 1). This result shows that the
complexity of the proposed scheme is between that of
QSM and SMux, and that it depends on nB. Table 2 shows
a comparison of the complexity for ML detection
considering the three case studies.

V. Low-Complexity Detection Algorithms for
GQSM Signals

The ML criterion is the optimal detector; however,
its high complexity may be restrictive for real
implementations. To overcome this drawback, in this
section, two different detection algorithms are proposed
for the GQSM scheme. Both algorithms follow three
similar steps, where the system equations are rewritten to
obtain a more convenient representation, the QR
decomposition of H is carried out, and the decoding
problem is set as a search tree.
Using OSIC techniques based on the zero-forcing (ZF)

solution in V-BLAST systems, the order of detection is
very important because an optimum order can reduce the
risk of error propagation in the estimation of the
transmitted symbols. Reference [14] proposes a very
efficient method to obtain an optimal order based on the
minimum mean-square error (MMSE) sorted QR
decomposition of H. The algorithm is presented as an
extension to the modified Gram-Schmidt (MGS)
algorithm [15] by reordering the blocks of the GQSM
system, and this is done by reordering the columns of
the channel matrix prior to each orthogonalization step.
Reordering the channel matrix H results in matrix R,
with rows sorted from the highest to the lowest SNR
[14]. In order to reduce the complexity of the QR

decomposition process, the norm pre-computing of
columns in the matrix Q was introduced and updated
according to the MGS algorithm proposed in [16]. The
complete MMSE SQRD-GQSM algorithm is shown in
Table 3.

1. OSIC-MMSE Sorted QR Decomposition Detector for
GQSM Scheme (OSIC MMSE SQRD – GQSM)

In order to extend the QR-based detection with respect
to the MMSE criterion, the QR decomposition is carried
out for the extended H, which is defined as:

H ¼ H
rnINtx

	 

¼ QR ¼ Q1

Q2

	 

R ¼ Q1R

Q2R

	 

; (12)

where the (Ntx + Nrx) 9 Ntx matrix Q with orthonormal
columns is partitioned into (Nrx 9 Ntx) matrix Q1 and
(Ntx 9 Ntx) matrix Q2, with (Nrx 9 Ntx) matrix Q.
The algorithm proposed in [14] (see Table 3) was

modified in order to implement the OSIC process in the
detection of the GQSM scheme. After calculation of the

Table 2. Complexity comparison for the ML criterion in CO.

Transmission
scheme

8 bpcu
(4-QAM)
Nrx = 4

12 bpcu
(16-QAM)
Nrx = 4

12 bpcu
(4-QAM)
Nrx = 6

SM 4,096 65,536 98,304

QSM 4,096 65,536 98,304

GQSM 5,120 81,920 147,456

SMux 10,240 163,840 344,064

Table 3. MMSE SQRD-GQSM algorithm.

(1) R = 0, Q = H, order = 1:1:nB, ind = 1

(2) for i = 1, . . . , Ntx

(3) normbi = ‖qi‖
2

(4) end for

(5) index = 1

(6) for i = 1, . . . , Ntx

(7) if(mod(i, 2) 6¼ 0)

(8) [ind block] = arg min
l¼i:2:Ntx

(normbl)

(9) exchange columns i and i + 1

for ind and ind + 1 in R, normb

and in the first Nr + i – 1 rows of Q

exchange columns index and block of order

index = index + 1

(10) end

(11) ri,i = ‖qi‖
2

(12) qi = qi/ri,i
(13) for k = i + 1, . . . , Ntx

(14) ri,k = qi
H qk

(15) qk = qk � ri,k � qi
(16) normbk = normbk � ǀri,kǀ

2

(17) end for

(18) end for
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MMSE SQRD-GQSM decomposition for the channel

matrix H, that is, H ¼ QR ¼
hQ1

Q2

i
R, where Q1 is a

unitary matrix and R is an upper triangular matrix. By
multiplying the received signal in (2) by QH

1
, the modified

received vector is

~y ¼ QH
1
y ¼ RsGQSM þQH

1 n; (13)

if vector sGQSM is transmitted. Note that the statistical
properties of the noise ~n ¼ QH

1 n remain unchanged.
The OSIC block detector was proposed considering the

GQSM constellation for one block of two Tx antennas.
The constellation xGQSM has a size of 2mGQSM (see
Table 1); therefore, it is possible to achieve a complexity
reduction with respect to the ML detector. Then, it is
necessary to rewrite (1) as a block system

~y1
..
.

~ynB

2
64

3
75 ¼

R11 � � � R1nB

..

. . .
. ..

.

0 � � � RnBnB

2
64

3
75

s1
..
.

snB

2
64

3
75þ

~n1
..
.

~nnB

2
64

3
75; (14)

which can be expressed as a matrix equation

~yB ¼ RBsB þ ~nB; (15)

where block matrix RB 2 CNtx�Ntx is called a block matrix
GQSM, and each block of RB is given by

Rkm ¼ r2k�1;2k�1 r2k�1;2k
0 r2k;2k

	 

; (16)

for m = 1, 2, . . . , nB, k = 1, 2, . . . , nB, and m = k.
In the case with m > k, RB is given by

Rkm ¼ r2k�1;2m�1 r2k�1;2m
r2k;2m�1 r2k;2m

	 

: (17)

Now, each block of ~yk , ~sk , and ~nk for k = 1, 2, . . . , nB is

~yk ¼ ~y2k�1

~y2k

	 

;~sk ¼ ~s2k�1

~s2k

	 

; ~nk ¼ ~n2k�1

~n2k

	 

: (18)

Owing to the upper block triangular structure of RB, the k-
th element of ~y is

~yk ¼ ~Rkk~sk þ
XnB
i¼kþ1

~Rki~si þ ~nk : (19)

The blocks are estimated in sequence, from the lower to
the higher stream, using OSIC. Assuming that all previous

block decisions are correct, the interference can be
perfectly cancelled at each step except for the additive
noise. The estimated vector ŝk is given by

ŝk ¼ D
~yk �

PnB
i¼kþ1

~Rkiŝi
~Rkk

" #
; (20)

where ŝk is the estimate of sk and D(�) is a decision device
that maps its argument to the closest signal in the GQSM
constellation. A full description of the OSIC detector is
shown in Table 4.
The algorithms were written using MATLAB notation.

Variables in bold represent either vectors (lowercase) or
matrices (uppercase). Vector and matrix indexing are
indicated using square brackets. ΩGQSM is a matrix
whose rows elements are the GQSM constellation
symbols.

2. Near-ML MMSE Sorted QR Decomposition for
GQSM Scheme (Near-ML MMSE SQRD – GQSM)

In this section, the advantages of combining QRM-
algorithm [17] and the sphere detector (SD) [18] with
MMSE-sorted QR decomposition are presented. In the
proposed approach, a search was carried out in breadth-
first (QRM algorithm), after which a depth-first search
tree algorithm based on SD was used. As a result, a
similar performance in terms of BER compared to that

Table 4. OSIC MMSE SQRD-GQSM.

(1) INPUT: R, Q1, y, ΩGQSM, order, nB
(2) OUTPUT: ŝGQSM

(3) ~y = QH
1 y

(4) dt = 0

(5) for k = nB:�1:1

(6) Calculate and sort the metrics D2
nB = ‖~ynB – RnBnBxnB‖

2

of value in ascending order with its corresponding
position, for all possible values of xnB 2 ΩGQSM. Store the
values in dist and ord, respectively.

(7) x̂nB = ΩGQSM(ord(1),:)

(8) dt = dt + dist(1)

(9) for m = k � 1:�1:1

(10) ~ym = ~ym � Rmk � x̂nB
(11) end for

(12) ŝGQSM (k) = x̂nB

(13) end for

(14) permutate ŝGQSM according order

(15) return ŝGQSM
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of the ML criterion is obtained, with an important
reduction in the detection’s complexity. In this work,
the GQSM scheme with nB = 2 and three blocks was
considered. The near-ML detector operates for
Nrx ≥ Ntx/2. The aim of the near-ML detector is to find
the optimum solution to the ML in (3) using the
distances calculated during the process to find the
closest vector in (20). For clarity, the next metric to
select the estimated symbol vector ŝGQSM is defined as

ŝGQSM ¼ arg min
x2XGQSM

XnB
i¼1

D2
i ; (21)

where D2
i with nB = 2 are given by

D2
1 ¼ k~y1 � R11x1 � R12x2k2; (22)

D2
2 ¼ k~y2 � R22x2k2; (23)

and D2
i with nB = 3 are given by

D2
1 ¼ k~y1 � R11x1 � R12x2 � R13x3k2; (24)

D2
2 ¼ k~y2 � R22x2 � R23x3k2; (25)

D2
3 ¼ k~y3 � R33x3k2; (26)

D2
T ¼

XnB
i¼1

D2
i ; (27)

where xi 2 ΩGQSM is a vector that contains all of the
psible constellation symbols. Consider a breadth-first tree
search. The full description of the near-ML detection
algorithm for nB = 3 is shown in Table 5.
However, this procedure can be improved in several

ways. First, the iteration between step 5 and step 32
does not need to be over all vectors x̂1, x̂2, and x̂3.
Because the vectors are sorted in order of increasing
distance, the likelihood of vectors (x̂1; x̂2; x̂3Þ being in
the optimal solution decreases as the algorithm
progresses, mainly for high SNRs. This suggests that
some pairs of vectors may be skipped, and that the
search can be stopped early according to some criterion,
resulting in a significant reduction in complexity. The
criterion should maximize the probability of the
optimum solution, which has to be included in the
search, while minimizing the number of vector pairs that
are examined. This is the main reason for which the

algorithm improves the complexity. The algorithm for
nB = 2 can be easily obtained by making minimal
changes to this pseudo code.

Table 5. Near-ML MMSE SQRD-GQSM detector for nB = 3.

(1) INPUT: R, Q1, y, ΩGQSM, order, Nc = length (ΩGQSM)

(2) OUTPUT: ŝGQSM

(3) ~y = QH
1 y

(4) Compute and sort the metrics D2
3 = ‖~y3 � R33x3‖

2 in
ascending order with its corresponding position, for all
possible values of x3 2 ΩGQSM. Store the values in
dist3 and ord3, respectively.

(5) D = ∞;

(6) for k = 1: Nc,

(7) x̂3= ΩGQSM(ord3(k),:)
(8) Compute and sort the metrics D2

2 = ‖~y2 � R22x2 �
R23x3‖

2 in ascending order with its corresponding
position, for all possible values of x2 2 ΩGQSM.
Store the values in dist2 and ord2, respectively.

(9) dt1 = dist2(1) + dist3(k)

(10) for m = 1: Nc,

(11) x̂2 = ΩGQSM(ord2(m),:)
(12) Compute and sort the metrics D2

1 = ‖~y1 � R11x1 �
R12 x̂2 – R13 x̂3‖

2 in ascending order with its
corresponding position for all possible values of
x1 2 ΩGQSM. Store the values in dist1 and ord1,
respectively.

Compute DT = dist1(1) + dist2(m) + dist3(k)

(13) if DT < D

(14) dt2 = dist1(1) + dist2(m)

(15) D = DT

(16) x̂1 = ΩGQSM(ord1(1),:)

(17) x̂2 = ΩGQSM(ord2(m),:)

(18) x̂3 = ΩGQSM(ord3(k),:)

(19) ŝGQSM = ½x̂1; x̂2; x̂3�
(20) end if

(21) if m < Nc

(22) if dist2(m + 1) > dt2

(23) break

(24) end if

(25) end if

(26) end for

(27) if k < Nc

(28) if dist3(k + 1) > dt1

(29) break

(30) end if

(31) end if

(32) end for

(33) Permute ŝGQSM according to order

(34) return ŝGQSM
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VI. Results and Discussion

1. Simulation Results

In this section, results of the proposed scheme are
compared in terms of BER performance and complexity.
The performance is compared considering a BER of 10–3

for the study cases.
Figure 4 shows the performance comparison for a

transmission of 8 bpcu with Nrx = 4 and 4-QAM
modulation. It can be observed that the proposed GQSM
scheme requires an additional SNR gain of around 1 dB
and < 2 dB to obtain a performance similar to the QSM
and SM schemes, respectively. In this case, the number of
Tx antennas required by SM is Ntx = 64, QSM requires
Ntx = 8, and GQSM Ntx = 4, which represents a reduction
in Ntx of 93% and 50%, respectively.
Figure 5 shows the performance comparison for a

transmission of 12 bpcu, Nrx = 4, and 16-QAM
modulation. In this case, the GQSM and SM schemes have
a slightly better performance than the QSM scheme for the

ML detection. The SM scheme requires Ntx = 256, QSM
requires Ntx = 16, and GQSM requires Ntx = 4, which
represents a reduction in Ntx of 98% and 75%, respectively.
Figure 6 shows the performance comparison for

a transmission of 12 bpcu, Nrx = 6, and 4-QAM
modulation. In this case, the number of Tx antennas
required by SM is Ntx = 1,024, QSM requires Ntx = 32,
and GQSM requires Ntx = 6, which represents a reduction
in Ntx of 99% and 81%, respectively.
Table 6 compares the computational complexity of the

proposed detectors. This complexity is measured in terms
of the CO used per decoded symbol.
In this comparison, the complexity required to carry out

the MMSE SQRD-GQSM algorithm has been included, and
it was calculated using the polynomial defined in [14]. In
addition, the number of COs required for the algorithms are
included in Table 4 and Table 5. The OSIC algorithm has
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Fig. 4. BER performance versus SNR for 8 bpcu using 4-QAM.
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Fig. 5. BER performance versus SNR for 12 bpcu using 16-QAM.
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Fig. 6. BER performance versus SNR for 12 bpcu using 4-QAM.
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Fig. 7. Variation in the number of complex operations for the
OSIC and the near-ML algorithms for the (4 9 4),
nB = 2: (a) 8 bpcu and 4-QAM configuration and (b)
12 bpcu and 16-QAM configuration.
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the lowest complexity. Considering 12 bpcu and 4-QAM,
this reduction represents 98%. The near-ML algorithm
achieves almost the same reduction in its minimum.
Figure 7 shows a comparison of the variation in the

number of COs for ML, near-ML, and OSIC detection
algorithms for a (4 9 4), nB = 2 transmission. (a) Shows
the configuration with 8 bpcu and 4-QAM, and (b) shows
the configuration with 12 bpcu and 16-QAM. The proposed
near-ML algorithm achieves almost the same complexity
for SNR values higher than 15 dB and 20 dB, respectively.

2. Discussion

In this study, a perfect CSI was assumed at the Rx;
however, the channel estimation requires additional
bandwidth, and a larger number of errors can occur in the
detection owing to imperfect channel estimation,
especially for systems with a large number of Tx antennas.
The results obtained in this study show that the SM and
some configurations of the QSM scheme have a better
BER performance than the proposed GQSM scheme;
however, the number of Tx antennas required for the
transmission of high data rates may be impractical.
Further, the CSI estimation for this system is challenging
[19]. The conventional SMux scheme requires a reduced
number of Tx antennas and has a slightly better
performance compared to the GQSM scheme; however, in
this case, its high detection complexity is impractical.
The proposed GQSM scheme inherits advantages and

disadvantages of both the QSM and the SMux schemes.
The main advantage of the proposed scheme is the
flexibility of its system design, which enables the
optimization of Ntx, performance, and complexity
parameters. The proposed scheme can be easily
generalized for groups with more than two Tx antennas.
While this option reduces the detection complexity of the
system, it also reduces the SE. On the other hand, the main
disadvantage of the proposed scheme is that the number of
RF chains required in the transmitter increases linearly
with the number of groups of nB.
The proposed OSIC algorithm has the lowest

complexity; nevertheless, it has important losses in terms

of its performance. The proposed Near ML algorithm
shows a similar performance to the ML scheme, but with
reduced complexity. This complexity is reduced to the
OSIC complexity around SNR = 20 dB, which is close to
the SNR used for the target BER of 10�3.

VII. Conclusions

In this paper, a spectrally efficient GQSM scheme has
been proposed. In the GQSM scheme, the total Ntx is
divided into small groups of two Tx antennas, where each
group uses the QSM technique. Analytical and simulation
results show that the ABEP performance of the proposed
scheme has losses of < 2 dB when compared to the QSM
scheme, but has the advantage of reducing the required Ntx

by up to 81% for the analyzed cases. Compared with the
SMux scheme, the proposed GQSM scheme has roughly
the same performance, but with a reduction in detection
complexity. In addition, a new efficient algorithm was
proposed for the detection of GQSM signals. The
proposed Near ML detection architecture performs with a
complexity reduction of approximately 90%.
The proposed GQSM scheme introduces many

enhancement opportunities that can be considered in
future work. For example, i) the incorporation of antenna
selection into the grouping process, ii) the effects of
imperfect CSI and correlated channels on the system
performance, iii) combining the proposed scheme with
other techniques such as block diagonalization, which can
result in a general performance improvement and/or
reduction in complexity detection.
The proposed scheme may be an alternative for future

wireless communication systems using the spatial
constellations, where space limitations and detection
complexity are crucial factors to be considered.
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Table 6. Complexity comparison in COs for the OSIC and near-ML algorithms.

Detection
scheme

8 bpcu (4-QAM)
nB = 2, Nrx = 4

12 bpcu (16-QAM)
nB = 2, Nrx = 4

12 bpcu (4-QAM)
nB = 3, Nrx = 6

ML 5,120 81,920 147,456

OSIC 1,039 1,999 2,860

Near ML
Min Max Min Max Min Max

1,049 1,366 2,046 5,206 2,938 5,146
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