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Abstract—Generalized quadrature spatial modulation (GQSM)
seamlessly amalgamates the generalized spatial modulation
(GSM), quadrature spatial modulation (QSM) and vertical
Bell Laboratories layered space-time (V-BLAST) techniques. In
contrast to traditional multiple-input multiple-output (MIMO)
schemes transmitting information bits only through the constel-
lation defined on the complex plane, GQSM transmits additional
information bits implicitly by selecting the transmit antenna
(TA) activation pattern. The philosophy of QSM is that of
separating the indices of the real and the imaginary parts of
the transmit symbols, which increases the attainable throughput.
In this paper, we analyze the inherent benefits of GQSM in
terms of throughput. More specifically, we first derive the
achievable rate expression of the recent GQSM scheme and
unveil the condition for GQSM to approach the maximum rate.
Furthermore, we compare the rate of the GQSM scheme to that
of other transmission schemes and reveal the conditions for the
GQSM’s maximum throughput to exceed that of the benchmark
schemes. Simulation results show that when the number of TAs
is 40 and quadrature phase shift keying (QPSK) is adopted, the
rate of the GQSM scheme may reach 150% of that of V-BLAST.
Additionally, a pair of low-complexity detectors are conceived-
one based on ordered successive interference cancellation (OSIC)
and another one on the orthogonal matching pursuit (OMP)
algorithm.

Index Terms—Spatial modulation (SM), generalized spatial
modulation (GSM), quadrature spatial modulation (QSM), gen-
eralized quadrature spatial modulation (GQSM), multiple-input
multiple-output (MIMO), spatial multiplexing.

I. INTRODUCTION

Multi-antenna systems constitute a key technology for
next-generation wireless systems due to their capability sub-
stantially outperforming single-antenna systems [1], [2]. In
traditional multi-antenna systems, a large number of radio-
frequency (RF) chains are required both at the transmitter and
receiver, which leads to excessive cost and signal processing
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complexity [3]. Therefore, how to design a multi-antenna sys-
tem for striking a better trade-off between the throughput and
the transceiver complexity has attracted considerable attention
[4].

Spatial modulation (SM), which utilizes the index of the ac-
tive transmit antenna (TA) as an extra dimension for implicitly
transmitting extra information, is a low-cost single-RF multi-
input multi-output (MIMO) transmission structure [5], [6].
More specifically, in SM, at any given time, only one out of
Nt TAs is activated, while the other TAs remain inactive. Due
to its advantages, SM has been extensively studied in [7]–[16].
However, activating a single RF chain substantially limits the
transmission rate of the SM scheme. In order to increase the
throughput of the SM scheme, multiple-TA activation based
schemes have been proposed in [17], [18] as generalized SM
(GSM). Explicitly, in GSM, Nα out of Nt TAs are activated to
transmit the same phase-amplitude modulated symbol, and the
index of the TA activation pattern is employed for conveying
extra information bits. Furthermore, the generalized concept
of index modulation (IM), has attracted extensive interest in
both academia and industry [19], [20]. Recently, the coded
IM philosophy was conceived for improving the spectrum-
and energy-efficiency [21]–[23].

In order to increase the transmission rate further, combining
GSM and the popular vertical Bell Laboratories layered space-
time (V-BLAST) technique was proposed in [32], where the
symbol transmitted by each activated TA was different, thus
significantly improving the transmission rate of its GSM com-
ponent. However, in large-scale MIMO systems, the number of
information bits carried by the TA index is enormous, which
makes the mapping of the bit to the TA activation pattern
challenging. In order to address the mapping issue of large-
scale SM-MIMO systems, a grouping-based GSM-VBLAST
scheme was proposed in [33] for striking a flexible trade-
off between the overall throughput and detection complexity,
where the Nt TAs were divided into Nα groups and SM
was applied within each group. Additionally, the combination
of GSM and space-time block coding (STBC) to obtain
both diversity as well as the throughput improvements was
proposed in [34]–[36].

As a variant of SM, quadrature SM (QSM) proposed
in [37] has also become a popular MIMO technology that
exploits both the in-phase and quadrature-phase components
for improving the overall throughput of conventional SM. In
the QSM scheme, the indices of the real and imaginary parts
are different, resulting in higher transmission rates than SM.
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TABLE I
THE CONTRIBUTION OF OUR WORK ON GQSM COMPARED WITH EXISTING RESEARCH ON GQSM.

Contributions ? [24] [25] [26] [27] [28] [29] [30] [31]

No TA grouping∗
√

×
√ √

×
√ √ √ √

Optimum RF-chain configuration
√

× × × × × × × ×

Multiple streams
√ √ √

×
√

×
√ √ √

Preprocessing exploiting CSIT × × ×
√

× ×
√ √

×

Throughput benefit elaboration
√ √

× × × × × × ×

Condition of throughput advantage
√

× × × × × × × ×

Error performance analysis ×
√

×
√ √ √

×
√

×

Low-complexity demodulators
√ √

× ×
√

× × ×
√

∗ In terms of throughput improvement, no TA grouping can significantly increase the achievable rate, but at the cost of detection
complexity.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Given the rate advantages of QSM and GSM, the authors
of [24] combine these two schemes for increasing the rate.
More specifically, [24] divides Nt antennas into L groups and
employs QSM in each group. However, the grouping reduces
the number of available TA activation patterns, hence limiting
the throughput improvement. In [25], the authors reconsider
the combination of QSM, GSM, V-BLAST and propose the
generalized quadrature spatial modulation (GQSM), which has
the maximum throughput at the time of writing. Moreover,
transmitter preprocessing exploiting the channel state infor-
mation at the transmitter (CSIT) has also been conceived
for further enhancing the performance of GQSM [27], [29]–
[31], [38], [39]. Single-stream GQSM was proposed in [26]–
[28] for eliminating the inter-antenna interference (IAI), but
its rate improvement was far lower than that of the multi-
stream GQSM of [25]. In [40], GQSM was amalgamated with
the non-orthogonal multiple access (NOMA) technique as a
potential solution for employment in cooperative vehicular
networks. The reader might like to refer to [20], [41], [42]
and the references therein for comprehensive surveys on the
state-of-the-art progress of SM-family techniques.

Naturally, the rate advantage of GQSM heavily depends on
the number of RF chains [25]. To the best of our knowledge,
there is no open literature on the optimal number of RF chains
for maximizing the achievable rate of the GQSM scheme.
On the other hand, the detection complexity of GQSM is
significantly increased compared to that of traditional SM, thus
motivating the design of low-complexity detectors to strike
a performance vs. detection complexity tradeoff. Against the
above background, in this paper, we analyze the throughput
benefits of GQSM and propose a pair of low-complexity
detectors. We boldly and explicitly contrast our work to the
existing research on GQSM in Table I, where some well-
known features of the GQSM scheme are also included as
part of the state-of-the-art. More explicitly, the contributions
of this paper are summarized as follows:

• We analyze the achievable rate of GQSM in [25] and
compare it to that of other MIMO schemes, including
several single-stream SM, V-BLAST, G-QSM, and GSIM
schemes. The conditions to be satisfied for attaining rate
advantage for the GQSM scheme over its benchmark

schemes are also provided.
• We answer the question of how many activated TAs

(i.e. RF chains) are required for maximizing the rate
of GQSM. Our results are also directly applicable to
orthogonal frequency division multiplexing relying on
index modulation (OFDM-IM) [43], and to generalized
spatial index modulation (GSIM) scheme in [32], [44].

• Finally, a pair of low-complexity detectors are pro-
posed for GQSM. Explicitly, our first detection scheme
is based on a sophisticated amalgam of the spatial-
domain maximum likelihood (ML) scheme and of the
conventional ordered successive interference cancellation
(OSIC) detector of V-BLAST systems, which we refer to
as the SML-OSIC detector. Furthermore, to reduce the
complexity of searching for the TA activation pattern in
the SML-OSIC detector, the orthogonal matching pursuit
(OMP) algorithm is invoked.

The remainder of this paper is organized as follows. Section
II presents the GQSM system model. In Section III, we
analyze the achievable rate of GQSM and give the approximate
condition of achieving the maximum attainable rate. Our rate
comparison between GQSM and other transmission schemes
is presented in Section IV. In Section V, we design low-
complexity GQSM detection schemes. Our simulation results
are presented in Section VII. Finally, Section VIII concludes
this paper.

Notation: We use upper (lower) bold face letters to indicate
matrices (column vectors); (·)T and (·)H represent transpose
and Hermitian transpose, respectively; E {·} stands for the
expected value; ‖·‖ is the Frobenius norm of a complex
vector; We denote the N ×N identity matrix as IN ; 0 and 1
denote an all-zero vector and an all-one vector, respectively,
with appropriate dimensions; Furthermore, b·c is the floor
operation;

(
n
k

)
denotes the number of combinations of taking

k out of n; < (z) and = (z) denote the real and imaginary part
of a complex number z, respectively.

II. GQSM SYSTEM MODEL

A GQSM transmitter is shown in Fig. 1, consisting of Nt
TAs and Nα transmit RF chains with 1 ≤ Nα ≤ Nt. For each
channel use, Nα out of Nt TAs are activated for transmitting
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Fig. 1. The schematic of the GQSM system model.

the real part of the Nα M -ary PSK/QAM symbols. In a similar
way, another Nα TAs are activated to transmit the imaginary
part of the same Nα M -ary PSK/QAM symbols1. The rest of
the TAs remain inactive. These inactive TAs can be viewed as
transmitting the value zero.

At the transmitter, the real and imaginary parts of the GQSM
transmit symbols can be expressed in vectorial form as

s< = [0, · · · , 0︸ ︷︷ ︸
l1<−1

, s1<, 0, · · · , 0︸ ︷︷ ︸
li<−l

1
<−1

, si<, 0, · · · , 0︸ ︷︷ ︸
lNα< −l

i
<−1

, sNα< , 0, · · · , 0]︸ ︷︷ ︸
Nt−lNα<

T
,

(1)
and

s= = [0, · · · , 0︸ ︷︷ ︸
Nt−lNα=

, sNα= , 0, · · · , 0︸ ︷︷ ︸
lNα= −l

i
=−1

, si=, 0, · · · , 0︸ ︷︷ ︸
li=−l

1
=−1

, s1=, 0, · · · , 0]︸ ︷︷ ︸
l1=−1

T
,

(2)
where si< and si= denote the real and imaginary parts of the
i-th symbol si for 1 ≤ i ≤ Nα, respectively, while li< ∈
(1, · · · , Nt) and li= ∈ (1, · · · , Nt) represent the corresponding
activated TA indices. Note that here we adopt the reverse order
to arrange the indices associated with the imaginary part to
indicate that the indices of the real and imaginary parts are
independent of each other. Hence, the transmitted signal of
the GQSM system can be expressed as

s = s< + js=. (3)

Note that for the special case of BPSK, we should adopt the
appropriate initial phase of π/4 or 3π/4, in order to ensure
the existence of both real and imaginary parts.

We assume a memoryless MIMO system having Nr receive
antennas (RAs). Let H ∈ CNr×Nt and n ∈ CNr×1 be the
MIMO channel matrix and noise vector, whose entries are
complex-valued Gaussian distributed, yielding CN (0, 1) and
CN

(
0, σ2

)
, respectively. Therefore, the received signal y ∈

CNr×1 can be written as

y = Hs + n. (4)

III. ACHIEVABLE RATE ANALYSIS OF THE GQSM SYSTEM

The transmit vector in GQSM is formed by two parts: 1)
TA activation pattern selection bits and 2) M -ary PSK/QAM

1We note that the TA activation pattern of the imaginary part here can
overlap with the TA activation pattern of the real part, which depends on the
current bitstream.
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Fig. 2. The achievable rate of the GQSM scheme RGQSM versus the number
of transmit RF chains Nα under the assumption of different number of TAs.
Note that the achievable rate is maximized when Nα reaches a value between
Nt
2

and Nt.

modulation bits. The number of activation pattern selection
bits is 2

⌊
log2

(
Nt
Nα

)⌋
, while the number of M -ary PSK/QAM

modulation bits is Nα log2M . By combining these two parts,
the achievable rate of GQSM having Nt TAs, Nα transmit RF
chains and M -ary PSK/QAM modulation can be written as

RGQSM = 2

⌊
log2

(
Nt
Nα

)⌋
+Nα log2M. (5)

Next, let us analyze the throughput RGQSM of the GQSM
scheme in (5) in more detail. In particular, we will examine
how RGQSM varies as a function of its variables: Nα, Nt, and
M .

A. RGQSM versus Nα

Firstly, Fig. 2 shows the variation of RGQSM as a function of
Nα for different number of TAs Nt = 10, 20, 30, 40, 50, where
QPSK is adopted. The value of Nα is varied from 1 to Nt.
As mentioned earlier, Nα = Nt corresponds to the traditional
V-BLAST scheme. The RGQSM versus Nα plot for a given Nt
shows an intriguing behavior. Explicitly, for a given Nt, there
is an optimum Nα that maximizes the achievable rate RGQSM.
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Let Rm
GQSM denote the maximum achievable rate of GQSM,

i.e.,
Rm

GQSM = max
1≤Nα≤Nt

RGQSM. (6)

In Fig. 2, it is interesting to see that Rm
GQSM occurs at some

Nα < Nt. In other words, Rm
GQSM can exceed the rate of

V-BLAST scheme of Nt log2M , when the first term in (5)
exceeds (Nt −Nα) log2M . Hence, we are interested to find
out, when the achievable rate of GQSM reaches its maximum
value and in deriving the expression for the maximum rate
Rm

GQSM.
Since the floor operation in (5) makes the analysis of RGQSM

versus Nα difficult, as an alternative, we relax RGQSM in (5)
as

R̃GQSM = 2 log2

(
Nt
Nα

)
+Nα log2M

= 2 log2
Nt!

Nα! (Nt −Nα)!
+Nα log2M.

(7)

According to the ubiquitous Stirling formula of [45], we
have

n! ∼
√
2πn

(n
e

)n
. (8)

Following this, the number of combinations
(
Nt
Nα

)
in (7) can

be simplified to(
Nt
Nα

)
=

√
2πNt

(
Nt
e

)Nt
2π
√
Nα (Nt −Nα)

(
Nα
e

)Nα (Nt−Nα
e

)Nt−Nα
=

(Nt)
Nt+0.5

√
2π (Nα)

Nα+0.5
(Nt −Nα)Nt−Nα+0.5

.

(9)

Substituting (9) into (7) and simplifying the result, we
obtain

R̃GQSM = Nα log2M

+ 2 log2

{
(Nt)

Nt+0.5

√
2π (Nα)

Nα+0.5
(Nt −Nα)Nt−Nα+0.5

}
= Nα log2M − (2Nt − 2Nα + 1) log2 (Nt −Nα)
− (2Nα + 1) log2Nα + (2Nt + 1) log2Nt − log2 (2π) .

(10)

By relaxing the floor operation and using Stirling’s formula,
we now convert the expression of RGQSM in (5) to the
approximate form seen in (10). However, it is important to note
that, the value of Nα in (10) is discrete, i.e., 1 ≤ Nα ≤ Nt,
Nα ∈ Z+, which still limits our analysis to some extent;
hence, we further relax R̃GQSM in (10) as a function of the
positive real number Ñα, yielding

R̃GQSM = Ñα log2M −
(
2Nt − 2Ñα + 1

)
log2

(
Nt − Ñα

)
−
(
2Ñα + 1

)
log2 Ñα + (2Nt + 1) log2Nt − log2 (2π) ,

(11)

where 1 ≤ Ñα ≤ Nt, Ñα ∈ R+.

Then, we can readily find the first-order derivative of R̃GQSM
with respect to Ñα as

∂R̃GQSM

∂Ñα
= log2M − 2 log2 Ñα −

1

Ñα ln 2

+ 2 log2

(
Nt − Ñα

)
+

1(
Nt − Ñα

)
ln 2

.
(12)

According to the convexity of R̃GQSM over the interval of
1 ≤ Ñα ≤ Nt, the optimal Ñ o

α maximizing R̃GQSM in (11)
is equivalent to the solution, when the first-order derivative
equals zero, i.e.

Ñ o
α = arg

Ñα

{
∂R̃GQSM

∂Ñα
= 0

}
. (13)

The solution of (13) is not facile because of the logarithmic
function in (12). Therefore, we harness the truncated Taylor
approximation for ∂R̃GQSM

∂Ñα
in (12) to obtain an equivalent

expression of ∂R̃GQSM

∂Ñα
with respect to Ñα. Please see Appendix

I for a detailed derivation. According to Appendix I, the
approximate expression of ∂R̃GQSM

∂Ñα
in (12) can be rewritten

as

∂R̃GQSM

∂Ñα
= log2M −

4 (Nt − 1)
(
2Ñα −Nt

)
N2
t ln 2

. (14)

Reconsidering the problem in (13) using (14), we can
readily obtain Ñ o

α as

Ñ o
α =

Nt
2

+
log2MN2

t ln 2

8 (Nt − 1)
. (15)

Since the number of RF chains must be an integer, the floor
operation is applied to Ñ o

α for finding the optimal N o
α as

N o
α =

⌊
Nt
2

+
log2MN2

t ln 2

8 (Nt − 1)

⌋
. (16)

Upon substituting (16) into (5), the maximum achievable
rate Rm

GQSM becomes:

Rm
GQSM = 2

⌊
log2

(
Nt
N o
α

)⌋
+N o

α log2M

= 2

log2( Nt⌊
Nt
2 +

log2MN2
t ln 2

8(Nt−1)

⌋)
+

⌊
Nt
2

+
log2MN2

t ln 2

8 (Nt − 1)

⌋
log2M. (17)

The formulas (16) and (17) provide the maximum achiev-
able rate of the GQSM scheme and the condition for the
maximum achievable rate, when both Nt and M are given.
A number of beneficial conclusions can be drawn from (16)
and (17). For example, the number of RF chains N o

α required
for achieving the maximum attainable rate increases with
the PSK/QAM order. Furthermore, (17) gives a quantitative
rate expression of the GQSM scheme, which facilitates its
comparison to other transmission schemes. Additionally, our
derivation can also be used for the rate evaluation of other
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transmission schemes adopting a similar philosophy, such
as OFDM-IM [43] and GSIM [44]. Fig. 3 compares the
simulated and the analytical N o

α results for different M and
Nt. Observe that the analytical N o

α is the upper bound of
its simulated counterpart. The smaller M , the more accurate
the analytical N o

α value becomes. Nevertheless, the maximum
difference between the solution derived and the simulation
results recorded for the optimal number of RF chains is less
than 5 even for a large number of TAs. Furthermore, Fig. 4
compares the maximum achievable rate of the GQSM scheme
with the theoretical maximum achievable rate of (17) being
based on the N o

α derived. As seen from Fig. 4, the achievable
rate based on the N o

α derived almost perfectly characterizes
the maximum achievable rate of the GQSM scheme.

B. RGQSM versus Nt & M

In this subsection, we will discuss the relationship of RGQSM
versus Nt and M . Similarly, we use the equivalent form of
R̃GQSM in (10) and relax Nt into a positive real number Ñt.
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This allows us to get the derivative of R̃GQSM with respect to
Ñt as

∂R̃GQSM

∂Ñt
= 2 log2 Ñt +

1

Ñt ln 2

− 2 log2

(
Ñt −Nα

)
− 1(

Ñt −Nα
)
ln 2

= −2 log2
(
1− Nα

Ñt

)
− Nα

Ñt

(
Ñt −Nα

)
ln 2

(a)
=

2Nα

Ñt ln 2
− Nα

Ñt

(
Ñt −Nα

)
ln 2

=
Nα

Ñt ln 2

(
2− 1

Ñt −Nα

)
> 0, (18)

where the equality ‘(a)’ holds by using the equivalent expres-
sion of the logarithmic function.

Similarly, we can get the first-order derivative of R̃GQSM
with respect to M̃ , namely to the real-valued expansion of
M , as

∂R̃GQSM

∂M̃
=

Nα

M̃ ln 2
> 0. (19)

From (18) and (19), we can conclude that when the number
of transmit RF chains is limited, the achievable rate of the
GQSM scheme will increase both with the number Nt of
TAs and with the modulation order M , which is consistent
with our intuition. In conclusion, the relationship between
the achievable rate RGQSM and the number of TAs Nt, the
number of transmit RF chains Nα and the modulation order
M has been characterized. Therefore, the appropriate choice
of Nt, Nα and M maximizes the achievable rate. Moreover,
the performance vs. complexity also has to be considered to
strike a flexible trade-off.
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TABLE II
COMPARISON OF ACHIEVABLE RATES FOR DIFFERENT MIMO TRANSMISSION SCHEMES.

Transmission scheme Achievable rate RF chains Features

SM in [46] RSM = blog2 Ntc+ log2 M 1 Single stream, IAI-free

QSM in [37] RQSM = 2 blog2 Ntc+ log2 M 1 I/Q separation, IAI-free

GSM in [47] RGSM =
⌊
log2

(Nt
Nα

)⌋
+ log2 M Nα Multiple activated TA, IAI-free

TI-GSM in [48] RTI-GSM =
⌊∑Nα

i=1 log2
(Nt
i

)⌋
+ log2 M Nα Flexible activated TA, IAI-free

V-BLAST in [49] RV-BLAST = Nt log2 M Nt Multiple streams

GSIM in [44] RGSIM =
⌊
log2

(Nt
Nα

)⌋
+Nα log2 M Nα GSM+V-BLAST

G-QSM in [24]
RG-QSM = 2

∑Nα
i=1 blog2 Nic+Nα log2 M

s.t.
∑Nα
i=1 Ni = Nt

Nα GSM+QSM+V-BLAST, TA grouping

GQSM in [25] RGQSM = 2
⌊
log2

(Nt
Nα

)⌋
+Nα log2 M Nα GSM+QSM+V-BLAST, no TA grouping

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

IV. THE RATE COMPARISON BETWEEN THE GQSM
SCHEME AND OTHER TRANSMISSION SCHEMES

In this section, we compare the achievable rate of GQSM
to that of other popular MIMO schemes, including SM [46],
QSM [37], GSM [47], TI-GSM [48], V-BLAST [49], G-
QSM [24] and GSIM [44]2. Note that for the G-QSM and
GQSM schemes, the number of active antennas per time slot
might exceed the number of RF chains, Nα, due to separate
activation of the real and imaginary parts associated with the
in-phase and quadrature components of the I/Q RF chains,
respectively. Their specific rate expressions are shown in Table
II. More specifically, we plot the achievable rate of the various
transmission schemes in Fig. 5, where Nt = 40 and QPSK is
adopted.

Since SM, QSM, GSM and TI-GSM transmit the same
symbol from different TAs, their IAI-free structure constrains
their rates compared to the other schemes combined with
spatial multiplexing, but ensures a better error performance
and lower complexity. For a moderate number of RF chains,
we have

RSM < RQSM < RGSM < RTI-GSM < log2M +Nt

<RGQSM = 2

⌊
log2

(
Nt
Nα

)⌋
+Nα log2M, (20)

which can be readily confirmed from Fig. 5.
Since the achievable rate of these four transmission schemes

in (20) is not as high as that of the rest of transmission
schemes, we will focus our attention on the achievable rates
of V-BLAST [49], G-QSM [24], GSIM [44] and GQSM [25].

Firstly, we consider the maximum achievable rate of the
proposed GQSM scheme seen in (17). Since the floor oper-
ation in Rm

GQSM makes it complex to analyze, we use Ñ o
α in

2We note that single-stream GQSM is reported in [26], [28], and its rate

is Rss−GQSM = 2

⌊
log2

(
Nt
Nα

)⌋
+ log2M . Since the achievable rate

of single-stream GQSM is on the same order of magnitude as TI-GSM and
GSM, and to avoid confusion with the two multi-stream GQSM schemes in
this paper, we do not consider it next.

(15) and R̃GQSM in (11) to derive an approximate expression
for Rm

GQSM as follows:

Rm
GQSM

=

(
1

2
+

log2MNt ln 2

8 (Nt − 1)

)
Nt log2M

− log2Nt − log2 (2π) + 2 (Nt + 1) log2 (8 (Nt − 1))

− (Nt + 1) log2

(
16 (Nt − 1)

2 − log22MN2
t ln

2 2
)

+
log2MN2

t ln 2

4 (Nt − 1)
log2

4 (Nt − 1)− log2MNt ln 2

4 (Nt − 1) + log2MNt ln 2
. (21)

More specifically, Fig. 4 compares the maximum achievable
rate in (17) to the approximate expression in (21). Observe
from Fig. 4 that the achievable rate of the (21) is a tight
approximation of the maximum achievable rate of (17), thus
ensuring the applicability of the following lemmas for rate
comparison.

Subsequently, the achievable rate of the V-BLAST scheme
is given by [49]

RV-BLAST = Nt log2M, (22)

while that of the G-QSM scheme in [24] is expressed as

RG-QSM = 2Nα log2
Nt
Nα

+Nα log2M. (23)

Using the same analysis method in this paper, we can obtain
the optimal Nα for G-QSM as

N o
α,G-QSM =

⌊√
MNt
e

⌋
, (24)

and the maximum achievable rate of the G-QSM scheme [24]
as

Rm
G-QSM =

2
√
MNt
e ln 2

. (25)

Finally, the achievable rate of the GSIM scheme in [44] is
given as

RGSIM =

⌊
log2

(
Nt
Nα

)⌋
+Nα log2M. (26)
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To elaborate a little further, in [44], the rate of the GSIM
scheme is shown to be higher than that of V-BLAST if
and only if Nt ≥ 2M . However, [44] does not give the
expression for the maximum rate of GSIM. As mentioned
earlier, by leveraging our derivation in Section III, the N o

α,GSIM
maximizing the GSIM’s rate can be formulated as

N o
α,GSIM =

Nt
2

+
log2MN2

t ln 2

4 (Nt − 1)
. (27)

Similar to (21), the maximum achievable rate of GSIM can
be obtained as

Rm
GSIM

=

(
1

2
+

log2MNt ln 2

4 (Nt − 1)

)
Nt log2M − 0.5 log2Nt

−0.5 log2 (2π) + (Nt + 1) log2 (4 (Nt − 1))

−0.5 (Nt + 1) log2

(
4 (Nt − 1)

2 − log22MN2
t ln

2 2
)

+
log2MN2

t ln 2

4 (Nt − 1)
log2

2 (Nt − 1)− log2MNt ln 2

2 (Nt − 1) + log2MNt ln 2
. (28)

Now that we have the maximum achievable rate for all
MIMO transmission schemes considered, we will compare
them one by one to the maximum rate Rm

GQSM of the GQSM
scheme in (21).

A. GQSM vs. V-BLAST

We first compare the rate of GQSM and V-BLAST. The rate
comparison between GQSM and V-BLAST is summarized in
Lemma 1.

Lemma 1: For low-order PSK/QAM modulation with M ≤
32, the maximum achievable rate of the GQSM scheme Rm

GQSM
is higher than that of V-BLAST, i.e. Nt log2M , if and only if
Nt ≥ 1

1−β log2M
, where β = ln 2

4 .
Proof: For GQSM, the optimal number of RF chains

corresponding to its maximum throughput is shown in (16).
On the other hand, the rate of GQSM corresponding to Nt RF
chains is equal to the rate of V-BLAST. Thus, the condition
of ensuring that the maximum achievable rate of GQSM is
higher than the rate of V-BLAST is equivalent to

Nt
2

+
log2MN2

t ln 2

8 (Nt − 1)
< Nt. (29)

By simplifying (29), we can arrive at:

Nt ≥
1

1− β log2M
, (30)

given that M < 2
1
β . Since M is always a power of 2, we take

M ≤ 32 in Lemma 1.
Remark 1: Since (16) is the upper bound of the true

N o
α,GQSM, the condition in Lemma 1 is actually a tighter one.

Under higher-order modulation, the modeling error in (16)
will be high enough to render (30) invalid. Therefore, Lemma
1 is only valid when M is less than 54 (i.e. 2

1
β ) and is

strictly valid. On the other hand, the throughput improvement
of GQSM compared to V-BLAST is extremely small for high-
order PSK/QAM modulation. Nonetheless, our derivation is
still of great value for practical applications. Although [44]

suggests that Nt is higher than 2M , our conclusion shows that
the smallest Nt to ensure Rm

GQSM > RV-BLAST is less than 2M .
In other words, our derivation shows that the rate advantage
of GQSM and that of its relatives over V-BLAST holds under
a wider range of conditions, without requiring the number of
TAs to be higher than 2M . For example, when 16-QAM is
adopted, only 10 TAs are required for ensuring that the rate of
GQSM is higher than that of V-BLAST, while the conclusion
given in [44] is 32.

B. GQSM vs. GSIM

In this subsection, we will compare the rates of GQSM and
GSIM. The lemma describing the rate relationship between
GQSM and GSIM is given as follows.

Lemma 2: The maximum rate of GQSM is strictly higher
than that of GSIM for all Nt and APM modulation orders.

Proof: When the number of RF chains is the same for
GQSM and GSIM, we can readily show from Table II that
RGQSM is higher than RGSIM. Therefore, we have

RGQSM
(
N o
α,GSIM

)
> RGSIM

(
N o
α,GSIM

)
= Rm

GSIM. (31)

On the other hand, the rate of GQSM is maximized when
Nα equals N o

α,GQSM, so we have

Rm
GQSM = RGQSM

(
N o
α,GQSM

)
> RGQSM

(
N o
α,GSIM

)
. (32)

Combining (31) with (32), we obtain

Rm
GQSM > Rm

GSIM, (33)

which holds for all Nt and M .

C. GQSM vs. G-QSM

In a similar way, we can formulate the Lemma comparing
the rate of GQSM and G-QSM as follows.

Lemma 3: The maximum rate of GQSM is strictly higher
than the maximum rate of G-QSM for all Nt and APM
modulation orders.

Proof: Considering the same number of RF chains for
GQSM and G-QSM, RGQSM is higher than RG-QSM, i.e.

RGQSM
(
N o
α,G-QSM

)
> RG-QSM

(
N o
α,G-QSM

)
= Rm

G-QSM. (34)

Following this, we have

Rm
GQSM = RGQSM

(
N o
α,GQSM

)
> RGQSM

(
N o
α,G-QSM

)
. (35)

Substituting (34) into (35), it can be readily shown that

Rm
GQSM > Rm

G-QSM, (36)

which holds for all Nt and M .
Lemmas 1 ∼ 3 demonstrate the rate advantage of GQSM

[25] over V-BLAST [49], GSIM [44], and G-QSM [24]. The
same conclusion can also be drawn from our simulations. In
Fig. 5, we can see that GQSM has a significant throughput
advantage over G-QSM, V-BLAST and GSIM. Specifically,
the maximum achievable rate of GQSM, when the number of
antennas is 40 and QPSK is adopted, can be increased by 50%
compared to V-BLAST.
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TABLE III
ALGORITHM I

The SML-OSIC Detector Proposed for the GQSM Scheme

1: Input: ỹ, H̃
2: for l< ∈ [1, Ns], do
3: l< = U(l<);
4: for l= ∈ [1, Ns], do
5: l= = U(l=);
6: H̃l = H̃:,l<∪{l=+Nt};

7: G =
(
H̃H
l H̃l

)−1
H̃H
l ;

8: h = vecnorm
(
H̃l

)
;

9: p = argsort (h,′ descend′);
10: for k ∈ [1, 2Nα], do
11: s̃′

l,p(k)
= Gp(k),:ỹ;

12: ˆ̃s′
l,p(k)

= M−1
(
s̃′
l,p(k)

)
;

13: ỹ← ỹ − H̃l|:,p(k) ˆ̃s′l,p(k);
14: end for

15: dl =
∥∥∥ỹ − H̃l

ˆ̃s′l

∥∥∥2;
16: end for
17: end for
18:
[
l̂<, l̂=

]
= argmin

l
{d};

19:
(
l̂1<, l̂

2
<, · · · , l̂

Nα
<

)
= U

{
l̂<

}
;

20:
(
l̂1=, l̂

2
=, · · · , l̂

Nα
=

)
= U

{
l̂=

}
;

21: ŝ′ = ˆ̃sl̂,1:Nα + jˆ̃sl̂,1+Nα:2Nα
.

V. SIGNAL DETECTION FOR GQSM SYSTEMS

In this section, we will discuss the detection of GQSM
signals. We first consider the optimal ML detector in Section
V-A, whereas Section V-B derives the SML-OSIC detector.
Then, based on this the ROMP-OSIC detector is developed
in Section V-C. We assume that the receiver has perfect
knowledge of the channels.

A. Maximum Likelihood Detector

We first introduce the classic ML detector for determining
the best-case performance. The received signal in (4) can be
rewritten in real-valued form as[
< (y)
= (y)

]
︸ ︷︷ ︸

ỹ

=

[
< (H) −= (H)
= (H) < (H)

]
︸ ︷︷ ︸

H̃

[
< (s)
= (s)

]
︸ ︷︷ ︸

s̃

+

[
< (n)
= (n)

]
︸ ︷︷ ︸

ñ

,

(37)
where ỹ ∈ R2Nr×1, H̃ ∈ R2Nr×2Nt , s̃ ∈ R2Nt×1 and ñ ∈
R2Nr×1. Meanwhile, we note that there are only 2Nα non-zero
elements in s̃, i.e., the sparsity of s̃ is 2Nα.

It follows from (37) that the optimal ML detector can be
formulated as

ˆ̃sML = argmin
s̃∈SNt⊗SNt

∥∥∥ỹ − H̃s̃
∥∥∥2 , (38)

where we have S = A ∪ {0} and |S| = Nα. s̃ ∈ SNt ⊗ SNt
means that both the first Nt elements and the last Nt elements
of s̃ contain Nα non-zero elements.

B. Spatial ML and Ordered Successive Interference Cancel-
lation

Since the ML detector has to evaluate N2
s TA combinations

and MNα possible symbol vectors, its detection complexity
order is O

(
N2
sM

Nα
)
, which becomes excessive for large-

scale antenna arrays, and high-order constellations. Therefore,
we propose a low-complexity detector based on the traditional
ordered successive interference cancellation method used for
V-BLAST [50]. More explicitly, for each specific TA activation
pattern, the GQSM detection in (38) can be reduced to

s̃′l = argmin
s̃′∈A2Nα

∥∥∥ỹ − H̃ls̃
′
∥∥∥2 , (39)

with l = [l<, l=] and H̃l = H̃:,l<∪{l=+Nt}, where l< and l=
represent the l<-th active TA pattern corresponding to the real
part of s and the l=-th active TA pattern corresponding to the
imaginary part of s, respectively.

Since the detection problem of (39) is equivalent to the
detection of the traditional V-BLAST scheme, numerous ef-
fective detectors can be found in the literature [51]–[53]. In
this paper, we adopt the OSIC detector of [53] to address (39).
The philosophy of the OSIC detector will not be detailed in
this paper, please refer to [53]. As the detector progresses, a
simple rounding-based hard decision is presented when the k-
th data stream is obtained, 1 ≤ k ≤ 2Nα. Based on [54], hard
decisions can be carried out for M -QAM, yielding:

ˆ̃s′k|l =
1

α
min

[
max

(
2

⌊
αs̃′k + 1

2

⌉
− 1,−M + 1

)
,M − 1

]
,

(40)

where α = 2

√√√√ √
M
2
−1∑

m=0
(
√
M−2m−1)

2

√
M

denotes the normaliza-
tion factor of the M -QAM constellation. The corresponding
rounding operation for M -PSK can be found in [55].

When all 2Nα symbols are detected, we have

ˆ̃s′l =
[
ˆ̃s′k1|l,

ˆ̃s′k2|l, · · · , ˆ̃s
′
k2Nα |l

]T
, (41)

where k1, k2, · · · , k2Nα represents the index of the original
sequence corresponding to the sorted k.

Since we have determined the ˆ̃s′l associated with the l-th
antenna combination, the estimate of the TA activation pattern
l is given by:

l̂ = argmin
l

∥∥∥ỹ − H̃l
ˆ̃s′l

∥∥∥2 . (42)

Once the estimate of l is obtained, the estimate of s̃′ can also
be readily found as ˆ̃s′

l̂
.

We term this detector SML-OSIC because it still uses ML
detection in the spatial domain, but employs OSIC for multi-
stream detection. The detailed procedure of the SML-OSIC is
listed in Table V-A, where M−1 represents the hard decision
expressed in (40), and l</= = U

(
l</=

)
denotes the l</= -th

TA activation pattern.
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TABLE IV
ALGORITHM II

The ROMP-OSIC Detector Proposed for the GQSM Scheme

1: Input: r̃, V
2: Iterations: l̂ = argmax

l
(|Vr̃|);

3: c = r̃;
4: K = VH ;
5: for k ∈ [1, 2Nv ], do
6: P:,k = K:,l̂;
7: tk = l̂;
8: K:,l̂ = 0;
9: z = KHc;
10: if l̂ ≤ Nt, do
11: l̂ = argmax

l
(|z1+Nt:2Nt |) +Nt;

12: else
13: l̂ = argmax

l
(|z1:Nt |);

14: end if

15: a =
(
PH:,1:kP:,1:k

)−1
PH:,1:k r̃;

16: c = r̃−P:,1:ka;
17: end for
18: m = sort (t);
19: S< = U (l<) ∩ SNα {m1, · · · ,mNv};
20: S= = U (l=) ∩ SNα {m1+Nv , · · · ,m2Nv};
21: for l< ∈ [1, |S<|], do
22: l< = S< (l<);
23: for l= ∈ [1, |S=|], do
24: l= = S= (l=);
25: Vl = VH

:,l<∪{l=+Nt}
;

26: G =
(
VH
l Vl

)−1
VH
l ;

27: h = vecnorm (Vl);
28: p = argsort (h,′ descend′);
29: for k ∈ [1, 2Nα], do
30: s̃′

p(k)
= Gp(k),:r̃;

31: ˆ̃s′
p(k)

= M−1
(
s̃′
p(k)

)
;

32: r̃← r̃−Vl|:,p(k) ˆ̃s′p(k);
33: end for

34: dl =
∥∥∥r̃−Vl

ˆ̃s′
∥∥∥2;

35: end for
36: end for
37:
[
l̂<, l̂=

]
= argmin

l
{d};

38: Output:
(
l̂1<, l̂

2
<, · · · , l̂

Nα
<

)
= S<

{
l̂<

}
;

39:
(
l̂1=, l̂

2
=, · · · , l̂

Nα
=

)
= S=

{
l̂=

}
;

40: ŝ′ = ˆ̃sl̂,1:Nα + jˆ̃sl̂,1+Nα:2Nα
;

C. Relaxed OMP Aided Detector

In this subsection, we will introduce a detector based on a
sparse recovery algorithm. Since there are only 2Nα non-zero
elements in the 2Nt × 1 vector s̃, the classic OMP algorithm
[56] is first invoked for determining the index of the TA
activation pattern. However, due to the flat effect of the OMP
algorithm when used for detection [18], we relax the sparsity
of s̃. More explicitly, when we employ the OMP algorithm, we
assume that the sparsity of the transmit vector is 2Nv , where
Nα ≤ Nv ≤ Nt. In this way, we end up with a relaxed index
set of TA activation patterns compared to Ns. Following this,
we can reuse Algorithm 1 to acquire the final estimate.

However, we note that the performance of OMP depends
heavily on the orthogonality of H̃’s columns. Therefore, the
singular value decomposition is invoked to transform H̃ into

an equivalent channel matrix having better column orthogonal-
ity. The singular value decomposition of H̃ can be formulated
as

H̃ = UΛVH , (43)

where U and V are unitary matrices and Λ is a diagonal
matrix containing the singular values on its diagonal.

According to (43), the ML estimation in (38) can be
converted into

ˆ̃sML = argmin
s̃∈SNt⊗SNt

∥∥r̃−VH s̃
∥∥2 , (44)

where we have r̃ = Λ−1UH ỹ. Since VH exhibits better
column orthogonality than H̃, this improves the performance
of OMP.

Since this algorithm uses the relaxed OMP algorithm to
estimate the index of the TA activation pattern, we term this
algorithm as the ROMP-OSIC detector. The detailed steps
of ROMP-OSIC are summarized in Table V-B. The Line
19 in Table V-B means that only the antenna combinations
consisting of TAs m1,m2, · · · ,mNv have to be considered
from the predesigned legitimate TA activation pattern set. The
same interpretation also applies to Line 20. Upon appropriately
adjusting the value of Nv , the performance of the ROMP-OSIC
detector approaches that of the SML-OSIC and ML detectors,
as verified in Section VII.

VI. COMPUTATIONAL COMPLEXITY ANALYSIS

In this section, we will analyze the computational complex-
ity of the detectors proposed for the GQSM scheme3. The
detection complexity is evaluated in terms of the number of
real-valued multiplications involved. Specifically, the detection
complexity of the full-search based ML detector for the GQSM
scheme is given by

CML = N2
sM

Nα (4NαNr + 2Nr) , (45)

where Ns = 2

log2

 Nt
Nα


represents the number of

legitimate antenna activation patterns, while (4NαNr + 2Nr)

represents the complexity of calculating
∥∥∥ỹ − H̃s̃

∥∥∥2, given
each feasible s̃.

When the SML-OSIC detector of Table III is adopted, the
GQSM scheme’s detection complexity becomes

CSML - OSIC

=N2
s

8NrN2
α︸ ︷︷ ︸

L−7

+ 2Nr︸︷︷︸
L−8

+2Nα

2Nr︸︷︷︸
L−11

+ 2Nr︸︷︷︸
L−13




=N2
s

(
8NrN

2
α + 2Nr + 8NrNα

)
, (46)

where L− i represents the complexity of carrying out the step
in the i-th line of Algorithm I.

3The theoretical error performance of the GQSM scheme using an ML
detector has been analyzed in [24].
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Moreover, when the heuristic ROMP-OSIC detector of Ta-
ble IV is employed, the GQSM scheme’s detection complexity
can be further reduced to

CROMP - OSIC

=4NmNt︸ ︷︷ ︸
L−2

+

2Nv∑
k=1

2Nm (2Nt − k)︸ ︷︷ ︸
L−9

+2Nmk + k2︸ ︷︷ ︸
L−15

+2Nmk︸ ︷︷ ︸
L−16


+

(
Nv
Nα

)2

8NmN2
α︸ ︷︷ ︸

L−26

+4NmNα︸ ︷︷ ︸
L−27

+2Nα

4NmNα︸ ︷︷ ︸
L−30

+2Nm︸︷︷︸
L−32

+ 2Nm︸︷︷︸
L−34

 , (47)

where we have Nm = min (Nt, Nr), while L − i represents
the complexity of performing the i-th step of Algorithm II.

For the sake of simplicity, we consider the case of Nv =
Nα. Therefore, the complexity of the ROMP-OSIC detector
described in (47) can be readily simplified as

CROMP - OSIC = 4NmNt + 8NmNtNα

+ 10NmNα + 20NmN
2
α + 2Nm

+
Nα (2Nα + 1) (4Nα + 1)

3
. (48)

Note that the complexity of the SML-OSIC and ROMP-
OSIC detectors does not increase with the modulation order,
which is a significant benefit compared to their ML counter-
part. The specific detection complexity will be evaluated by
numerical simulations in Section VII.

VII. SIMULATION RESULTS

In this section, we will characterize the error performance
of the GQSM scheme through numerical simulation, assuming
that the normalized Rayleigh MIMO channel is adopted. In our
simulations, the number of RF chains is set to 3. At each SNR,
10,000 independent experiments are performed to obtain the
average error performance.

Firstly, Fig. 6 shows the BER performance of GQSM for
different detectors, where the number of TAs is Nt = 5 and
QPSK modulation is considered. In order to obtain a high per-
formance for the ROMP-OSIC detector, we adopt Nv = Nt.
As seen from Fig. 6, when the number of RAs is Nr = 5,
both SML-OSIC and ROMP-OSIC exhibit a performance loss
of 1.5dB compared to the ML detector at BER of 10−3,
which is due to the fact that the SML-OSIC and ROMP-OSIC
detectors rely heavily on the orthogonality between different
channels for inferring the correct active antenna indices. As
the number of RAs increases, the performance gap between
ROMP-OSIC and ML will be gradually narrowed due to the
improved column orthogonality. When the number of RAs
increases to Nr = 10, SML-OSIC and ROMP-OSIC perform
almost as well as ML, which is reminiscent of the trend
seen for massive MIMO uplink detection due to the channel
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Fig. 6. The BER of GQSM versus SNR for different detectors, where Nt = 5
and QPSK are adopted. The throughput is 12 bits/channel use (bpcu).
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Fig. 7. The BER of GQSM versus SNR for different detectors, where Nt = 5
and 16QAM are adopted. The throughput is 18 bits/channel use (bpcu).

hardening phenomenon. The overall detection performance of
Nr = 10 has been significantly improved due to the diversity
gain attained. Moreover, Fig. 7 exhibits the error performance
of GQSM considering 16QAM. Observe from Fig. 7 that the
BER of the GQSM scheme was severely degraded for high-
order modulation. Specifically, when the number of RAs is
Nr = 5, SML-OSIC and ROMP-OSIC have a performance
loss of about 1dB compared to the ML detector at the BER
of 10−2 and they approach the ML performance, when the
number of RAs increases to Nr = 10.

Figs. 8 and 9 compare the error performance of different
detectors proposed for the GQSM scheme considering Nt = 7,
where QPSK and 16QAM are adopted, respectively. In order
to evaluate the effect of Nv in the ROMP-OSIC detector, we
consider the setups of Nv = Nt and Nv = Nα. As seen from
Fig. 8, when considering Nv = Nα, ROMP-OSIC will exhibit
an error floor, since the detection performance of ROMP-
OSIC is highly dependent on the correctness of the antenna
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Fig. 8. The BER of GQSM versus SNR for different detectors, where Nt = 7
and QPSK are adopted. The throughput is 16 bits/channel use (bpcu).
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indices recovered. Upon increasing Nv , the performance of
the ROMP-OSIC detector will be gradually improved at the
cost of increased complexity. Therefore, ROMP-OSIC strikes
a flexible tradeoff between the detection complexity and error
performance by appropriately increasing Nv . Additionally, the
error floor of ROMP-OSIC will be gradually reduced, as the
number of RAs increases. Explicitly, when Nt = 7, M = 16
and Nr = 5 are considered, ROMP-OSIC having Nv = Nt
has a performance loss of about 1dB compared to ML, as
shown in Fig. 9. By contrast, ROMP-OSIC having Nv = Nα
has a performance loss of about 5dB, but imposes the lowest
complexity, which will be verified later. Furthermore, with the
number of RAs increased from Nr = 5 to Nr = 10, the
ROMP-OSIC detector having Nv = Nt achieves near-optimal
performance, while ROMP-OSIC having Nv = Nα still suffers
from about 2dB performance loss at BER of 10−4.

Fig. 10 compares the error performance of GQSM, GSIM,
G-QSM and V-BLAST. In order to maintain the same spectral

-5 0 5 10 15

SNR [dB]

10-4

10-3

10-2

10-1

100

A
v
e

ra
g

e
 B

E
R

GQSM

GSIM

G-QSM

V-BLAST

N
r
=5

N
r
=10

Fig. 10. Error performance of GQSM compared with other transmission
schemes. In order to maintain the same spectral efficiency of 12bpcu, Nt = 5,
Nα = 3 and QPSK are adopted in GQSM, while 8QAM is adopted in GSIM
and G-QSM and 16QAM is used in V-BLAST.
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Fig. 11. The complexity comparison of three detectors proposed for the
GQSM scheme, where we have Nr = 10.

efficiency of 12bpcu, 8QAM is adopted in GSIM and G-
QSM, while 16QAM is used in V-BLAST. Furthermore, we
consider the same amount of total transmit power per slot
for maintaining the same energy efficiency. It can be seen
that, at moderate and high SNRs, GQSM has the best BER
performance, followed by G-QSM and GSIM, with about
1dB SNR penalty. The BER performance of the V-BLAST
is worst because of the severe IAI. The BER performance
improvement of GQSM benefits from its better exploitation
of spatial constellations.

Fig. 11 compares the computational complexity of three
detectors proposed for the GQSM scheme, where the number
of RAs is Nr = 10. As seen from Fig. 11, the complexity of
all detectors increases as the number of TAs increases from
Nt = 5 to Nt = 7. Additionally, the SML-OSIC and ROMP-
OSIC detectors are not required to search through all feasible
sets, thus significantly reducing the detection complexity com-
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pared to the ML detector. More specifically, the complexity
of the ROMP-OSIC detector barely increases upon increasing
the number of TAs and RF chains, but it suffers from some
performance loss, as shown in Figs. 6 ∼ 9. Nevertheless,
the ROMP-OSIC detector is capable of striking attractive
trade-offs between the complexity and error performance upon
increasing Nv . Furthermore, the complexity of the SML-OSIC
and ROMP-OSIC detectors is independent of the modulation
order due to the employment of demodulation slicing. For
the scenario having a large number of TAs and high-order
modulation, e.g., Nt = 7 and M = 16, it is impractical to
use an ML detector due to its excessive complexity, while the
ROMP-OSIC scheme operates at a low detection complexity.

VIII. CONCLUSION

In this paper, we analyzed the benefits of the GQSM
scheme inheriting the throughput advantage of GSM, QSM
and V-BLAST. We derived the achievable rate expression of
GQSM, and most importantly, the corresponding conditions of
approaching its maximum throughput. Our derivation can also
be used for other transmission schemes, such as OFDM-IM
and GSIM. Compared to other transmission schemes, the rate
advantage of the proposed GQSM is illustrated and verified
by our numerical simulations. Finally, we conceived a pair
of low-complexity detectors, namely SML-OSIC and ROMP-
OSIC, based on the traditional V-BLAST detectors and on the
sparse recovery algorithm, respectively. The simulation results
verify the benefits of the proposed low-complexity detectors.

APPENDIX A
SECOND ORDER TAYLOR APPROXIMATION OF (12)

We firstly define f to be

f =
∂R̃GQSM

∂Ñα

= log2M − 2 log2 Ñα −
2Ñα + 1

Ñα ln 2

+ 2 log2

(
Nt − Ñα

)
+

2Nt − 2Ñα + 1(
Nt − Ñα

)
ln 2

.

(49)

Then, the first-order derivative and the second-order deriva-
tive of f with respect to Ñα can be formulated as

∂f

∂Ñα
=

1

Ñ2
α ln 2

− 2

Ñα ln 2

+
1(

Nt − Ñα
)2

ln 2
− 2(

Nt − Ñα
)
ln 2

,
(50)

and

∂2f

∂Ñ2
α

=
2

Ñ2
α ln 2

− 2(
Nt − Ñα

)2
ln 2

+
2(

Nt − Ñα
)3

ln 2
− 2

Ñ3
α ln 2

.

(51)

Upon substituting Ñα = Nt
2 into (49), (50) and (51),

respectively, we have

f |
Ñα=

Nt
2

= log2M, (52)

∂f

∂Ñα
|
Ñα=

Nt
2

= −8 (Nt − 1)

N2
t ln 2

, (53)

∂2f

∂Ñ2
α

|
Ñα=

Nt
2

= 0. (54)

Therefore, we can represent f as the second order Taylor
expansion at Ñα = Nt

2 as

f =
∂R̃GQSM

∂Ñα
= log2M −

4 (Nt − 1)
(
2Ñα −Nt

)
N2
t ln 2

. (55)

REFERENCES

[1] F. Rusek, D. Persson, B. K. Lau, E. G. Larsson, T. L. Marzetta,
O. Edfors, and F. Tufvesson, “Scaling up MIMO: Opportunities and
challenges with very large arrays,” IEEE Signal Process. Mag., vol. 30,
no. 1, pp. 40–60, 2012.

[2] E. G. Larsson, O. Edfors, F. Tufvesson, and T. L. Marzetta, “Massive
MIMO for next generation wireless systems,” IEEE Commun. Mag.,
vol. 52, no. 2, pp. 186–195, 2014.

[3] C. Xu, N. Ishikawa, R. Rajashekar, S. Sugiura, R. G. Maunder, Z. Wang,
L.-L. Yang, and L. Hanzo, “Sixty years of coherent versus non-coherent
tradeoffs and the road from 5G to wireless futures,” IEEE Access, vol. 7,
pp. 178246–178299, 2019.

[4] P. Yang, M. Di Renzo, Y. Xiao, S. Li, and L. Hanzo, “Design guidelines
for spatial modulation,” IEEE Commun. Surveys Tuts., vol. 17, no. 1,
pp. 6–26, 2014.

[5] M. Di Renzo, H. Haas, A. Ghrayeb, S. Sugiura, and L. Hanzo,
“Spatial modulation for generalized MIMO: Challenges, opportunities,
and implementation,” Proc. of the IEEE, vol. 102, no. 1, pp. 56–103,
2013.

[6] M. Di Renzo, H. Haas, and P. Grant, “Spatial modulation for multiple-
antenna wireless systems: A survey,” IEEE Commun. Mag., vol. 49,
no. 12, pp. 182–191, 2011.

[7] J. Jeganathan, A. Ghrayeb, L. Szczecinski, and A. Ceron, “Space
shift keying modulation for MIMO channels,” IEEE Trans. Wireless
Commun., vol. 8, no. 7, pp. 3692–3703, 2009.

[8] L. Xiao, P. Yang, Y. Xiao, S. Fan, M. Di Renzo, W. Xiang, and S. Li,
“Efficient compressive sensing detectors for generalized spatial modula-
tion systems,” IEEE Trans. Veh. Technol., vol. 66, no. 2, pp. 1284–1298,
2016.

[9] N. Ishikawa, S. Sugiura, and L. Hanzo, “50 years of permutation, spatial
and index modulation: From classic RF to visible light communications
and data storage,” IEEE Commun. Surveys Tuts, vol. 20, no. 3, pp. 1905–
1938, 2018.

[10] C. Xu, P. Zhang, R. Rajashekar, N. Ishikawa, S. Sugiura, Z. Wang, and
L. Hanzo, ““Near-perfect” finite-cardinality generalized space-time shift
keying,” IEEE J. Sel. Areas Commun., vol. 37, no. 9, pp. 2146–2164,
2019.

[11] C. Xu, P. Zhang, R. Rajashekar, N. Ishikawa, S. Sugiura, L. Wang,
and L. Hanzo, “Finite-cardinality single-RF differential space-time mod-
ulation for improving the diversity-throughput tradeoff,” IEEE Trans.
Commun., vol. 67, no. 1, pp. 318–335, 2018.

[12] L. Xiao, Y. Xiao, L. You, P. Yang, S. Li, and L. Hanzo, “Single-RF
and twin-RF spatial modulation for an arbitrary number of transmit
antennas,” IEEE Trans. Veh. Technol., vol. 67, no. 7, pp. 6311–6324,
2018.

[13] L. Xiao, P. Xiao, Y. Xiao, I. Hemadeh, A. Mohamed, and L. Hanzo,
“Bayesian compressive sensing assisted space–time block coded quadra-
ture spatial modulation,” IEEE Trans. Veh. Technol., vol. 67, no. 10,
pp. 10044–10048, 2018.

[14] Y. Liu, L.-L. Yang, and L. Hanzo, “Spatial modulation aided sparse
code-division multiple access,” IEEE Trans. Wireless Commun., vol. 17,
no. 3, pp. 1474–1487, 2017.

[15] Y. Liu, L.-L. Yang, P. Xiao, H. Haas, and L. Hanzo, “Spatial modulated
multicarrier sparse code-division multiple access,” IEEE Trans. Wireless
Commun., vol. 19, no. 1, pp. 610–623, 2020.



13

[16] J. An, C. Xu, Y. Liu, L. Gan, and L. Hanzo, “Low-complexity improved-
throughput generalised spatial modulation: Bit-to-symbol mapping, de-
tection and performance analysis,” IEEE Trans. Veh. Technol., vol. 71,
pp. 1060–1065, Jan. 2021.

[17] T. Datta and A. Chockalingam, “On generalized spatial modulation,” in
2013 IEEE Wireless Commun. Netw. Conf. (WCNC), pp. 2716–2721,
IEEE, 2013.

[18] L. Xiao, P. Xiao, Z. Liu, W. Yu, H. Haas, and L. Hanzo, “A compressive
sensing assisted massive SM-VBLAST system: Error probability and
capacity analysis,” IEEE Trans. Wireless Commun., vol. 19, pp. 1990–
2005, Mar. 2020.

[19] E. Basar, “Index modulation techniques for 5G wireless networks,” IEEE
Commun. Mag., vol. 54, no. 7, pp. 168–175, 2016.

[20] T. Mao, Q. Wang, Z. Wang, and S. Chen, “Novel index modulation
techniques: A survey,” IEEE Commun. Surveys Tuts., vol. 21, pp. 315–
348, First quarter 2019.

[21] X. Cai, W. Xu, D. Wang, S. Hong, and L. Wang, “An m-ary orthogonal
multilevel differential chaos shift keying system with code index mod-
ulation,” IEEE Trans. Commun., vol. 67, no. 7, pp. 4835–4847, 2019.

[22] E. Aydin, F. Cogen, and E. Basar, “Code-index modulation aided
quadrature spatial modulation for high-rate MIMO systems,” IEEE
Trans. Veh. Technol., vol. 68, no. 10, pp. 10257–10261, 2019.

[23] F. Cogen, E. Aydin, N. Kabaoglu, E. Basar, and H. Ilhan, “Generalized
code index modulation and spatial modulation for high rate and energy-
efficient MIMO systems on rayleigh block-fading channel,” IEEE Sys-
tems J., vol. 15, no. 1, pp. 538–545, 2021.

[24] L. Xiao, P. Xiao, Y. Xiao, H. Haas, A. Mohamed, and L. Hanzo,
“Compressive sensing assisted generalized quadrature spatial modulation
for massive MIMO systems,” IEEE Trans. Commun., vol. 67, pp. 4795–
4810, Jul. 2019.

[25] K. Gunde and K. Hari, “Modified generalised quadrature spatial modu-
lation,” in 2019 National Conf. Commun. (NCC), pp. 1–5, IEEE, 2019.
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