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Abstract: Massive multiple input multiple output (MIMO) systems with hundreds of correlated antennas at base station (BS)
are capable of offering abundant spatial resources. When spatial-domain modulation is applied to these systems, the spatial
modulation (SM) [1] using only one radio frequency (RF) chain benefits practical implementation, but suffers from significantly
reduced multiplexing gain offered by the massive number of antennas. By contrast, the generalized spatial modulation (GSM) [2]
allows to simultaneously activate multiple transmit antennas, which improves spatial multiplexing gain, but degrades the achievable
error performance, as its design pays no attention to the antenna correlation. In this paper, we propose an antenna grouped
spatial modulation (GrSM) scheme, which is capable of circumventing the shortcomings of both the SM and GSM schemes
suffered in massive MIMO scenarios. In the proposed GrSM scheme, transmit antennas are partitioned into multiple groups,
where the relatively strongly correlated antennas within individual groups are used to implement component SM schemes, while
the relatively weakly correlated antennas in different groups are beneficial to obtain multiplexing gain. In order to further improve
the spectral efficiency, adaptive modulation (AM) is integrated with GrSM to form the adaptive GrSM (AGrSM). The achievable
error and spectral efficiency performance of GrSM and AGrSM systems are investigated based on both mathematical analysis
and Monte-Carlo simulations, which are also compared with that of the conventional SM and GSM schemes, when massive MIMO
communication scenarios are considered. Our studies and performance results show that GrSM is a promising transmit scheme
for massive MIMO, which can outperform both the SM and GSM schemes.

1 Introduction

Massive multiple input multiple output (MIMO) [3], which has the
potential to achieve high spectral and energy efficiency, has been
considered as one of the promising techniques for the fifth generation
(5G) wireless communications [4]. This is because massive MIMO
systems are capable of offering abundant spatial resources, which
may be exploited for different purposes. Among them, spatial mod-
ulation (SM) [1] can exploit the spatial resources in massive MIMO
for conveying extra bits using space shift keying (SSK) modulation.
Specifically, by activating a single transmit antenna at each time slot,
SM has the advantages of single radio-frequency (RF) chain, avoid-
ing inter channel interference (ICI) and of mitigating the problem of
inter antenna synchronization (IAS) [5]. In addition to SSK, SM also
transmits an amplitude/phase modulation (APM) using the activated
antenna to convey information. Hence, a SM conveys information in
both the signal domain and the spatial domain [6]. However, a lim-
itation of SM is that the data rate contributed by the spatial domain
is proportional to the logarithm of the number of transmit-antennas.
When operated with the massive MIMO systems where a huge num-
ber of transmit antennas is available, this SM scheme becomes less
efficient, yielding low spectral efficiency [7].

In order to improve the spectral efficiency of SM, generalised
spatial modulation (GSM) has been proposed and investigated, e.g.,
in [2], which allows several transmit antennas to be simultaneously
activated for conveying information in both the space domain and
the signal domain[8]. In [9], the authors have proposed a low com-
plexity detection algorithm for GSM systems based on the message
passing principles. The comparison between SM and GSM has been
carried out, e.g., in [10], showing that GSM is capable of improv-
ing the spectral efficiency of SM, while suffers from the degradation
of bit error rate (BER) performance due to the existence of multiple
active antennas.

It is well known that the performance of spatial multiplexing in
MIMO degrades significantly with the increase of spatial correla-
tion [11, 12]. In order to mitigate the effect of spatial correlation,

various antenna grouping techniques have been proposed and inves-
tigated via combining transmit beamforming and spatial multiplex-
ing [13–15]. It can be shown that antenna grouping is an effective
strategy for alleviating the loss of the multiplexing gain resulted from
antenna correlation. In [16], different grouping schemes have been
introduced based on different criteria, which also result in differ-
ent error performance, spectrum efficiency and energy efficiency. In
[17], a grouping assisted GSM has been proposed, which divides the
transmit antennas into several groups either by selecting adjacent
antennas for a group, forming the block grouping, or by maximizing
the antenna distance in one group, yielding the interleaved group-
ing. However, the two grouping methods in [17] are based on the
statistical channel information, which can be improved when the
knowledge of real time channel correlation is available.

On the other side, when time-varying channel knowledge is avail-
able to BS transmitter, the BS may implement adaptive resource
allocation via changing its transmission parameters, such as, power
level, modulation level, coding rate, spectrum band, etc., in order
to maximise the achievable rate [18, 19]. Specifically, with the
aid of channel knowledge, adaptive modulation (AM) schemes can
improve the transmission data rate at a given BER requirement
via adapting the constellation size according to channel states [20].
Owing to this merit, by invoking adaptive modulation, the adap-
tive SM (ASM) and adaptive GSM (AGSM) have been proposed to
further improve the spectrum-efficiency in SM [21, 22].

Against the background and inspired by the existing research
results, in this paper, we propose a grouped spatial modulation
(GrSM) scheme, where antennas are grouped with the aid of the
information about the instantaneous channel correlation. Within
each of the groups, the SM is independently implemented by acti-
vating one transmit antenna per time slot, and hence, multiplexing
transmission is operated across different groups. By activating mul-
tiple transmit antennas experiencing the fading of relatively low
correlation, our proposed GrSM has the merit to overcome the lim-
itation imposed by the spatial dimension. Furthermore, it is capable
of mitigating the performance loss due to antenna correlation, as
argued in Section 3. In this paper, we analyse the performance of
GrSM systems by deriving an upper bound for the average bit error
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rate (ABER), which is shown to be tight at moderate to high sig-
nal to noise ratio (SNR). We also analyse the sum-rate of GrSM
systems. Furthermore, we introduce AM to our GrSM, forming the
AGrSM, in order to further improve its spectral efficiency. Finally,
via simulation and numerical methods, we compare the proposed
GrSM scheme with some existing schemes in terms of the BER and
sum-rate performance. Our studies and performance results show
that the proposed GrSM outperforms the SM, and also outperforms
the existing GSM schemes.

In summary, the main contribution and novelty of this paper can
be summarized as follows:

• A novel GrSM scheme is proposed, in which transmit antennas
are grouped with the aid of the instantaneous channel correlation
information.
• The sum-rate and complexity of the proposed GrSM are analysed.
Moreover, AM is introduced to the GrSM, to form a AGrSM scheme,
in order to achieve the highest possible data rate.
• The BER, sum-rate, and spectral efficiency performance of the
proposed GrSM and AGrSM are investigated based on Monte-Carlo
simulations and our analytical results. The BER and spectral effi-
ciency performance of GrSM and AGrSM are also compared with
the existing GSM, SM, and AGSM schemes.

The remainder of the paper is structured as follows. In Section 2,
we first consider the system model. Then, the achievable sum-
rate of GrSM and adaptive rate transmission in GrSM systems are
addressed. The principle of antenna grouping is detailed in Section 3.
In Section 4, we analyse the BER and spectral efficiency per-
formance of GrSM and AGrSM systems. Performance results are
demonstrated and discussed in Section 5, and finally, Section 6
provides a summary of the main contributions of the paper.

2 System Model, Sum-Rate and Adaptive Rate
Transmission

2.1 Grouped Spatial Modulation

The system model for the proposed GrSM scheme operated in mas-
sive MIMO scenarios consists of a transmitter having Nt transmit
antennas, and a receiver with N ≥ 1 receive antennas, where Nt
is on the order of tens to even hundreds of N . We assume that the
GrSM massive MIMO system is operated in the time-division duplex
(TDD) mode. Hence, the channel state information (CSI) for the
transmitter-receiver channels can be obtained via the channel esti-
mation of the receiver-transmitter channels [23, 24]. In our GrSM
system, specially, the Nt transmit antennas are partitioned into
K(K ≥ N) groups based on the instantaneous knowledge about
antenna correlation, as detailed in Section 3. Within each of the K
groups, only one antenna is activated to transmit one APM symbol
concurrently. Hence, there are in total K SSK symbols and K APM
symbols transmitted per GrSM symbol period.

We assume that both the receiver and the transmitter know
the channel state information. The total Nt transmit antennas are
assumed to be equally divided into K groups. Hence, each group
has Ng = Nt/K antennas. We also assume that all antennas have
an equal probability to be activated. Since each group activates one
transmit antenna during one symbol period, the number of antenna
activation patterns in one group is Ng , and the total number of
antenna activation patterns in the GrSM system is (Ng)K . Con-
sequently, bK log2Ngc bits per symbol can be delivered by the
antenna patterns, where b.c is a floor operation. When both SSK
and M -ary APM symbols are considered, the total number of bits
conveyed per GrSM symbol is given by the formula

ηGr = bK log2Ngc+Klog2M (1)

By contrast, when the GSM [9] is implemented to activate K out
of Nt transmit antennas for transmitting K number of M -ary APM

symbols, the total number of bits per symbol is

ηGSM =

⌊
log2

(
Nt
K

)⌋
+K log2M (2)

where
⌊
log2

(Nt
K

)⌋
is the number of bits delivered per symbol in

the spatial domain. In comparison with GSM, the proposed GrSM
scheme suffers from some data rate loss in the spatial domain, due
to the fact that

⌊
log2

(Nt
K

)⌋
≥ bK log2Ngc. However, for compen-

sation, higher order APM modulation can be employed in GrSM
to attain a similar spectral efficiency. This guarantees that GrSM
scheme is capable of achieving a higher spectrum-efficiency than
GSM scheme, as demonstrated in Section 5.

2.2 Modelling of Received Signal

Let xk and sk represent the APM symbol and SSK symbol transmit-
ted by the k-th group during a symbol period. Then, at the receiver,
we have the N -length observation vector of

yyy =

K∑
k=1

HHHkeeeskxk +www (3)

where HHHk ∈ CN×Ng is the channel matrix relating the k-th group
of transmit antennas to the N receive antennas. In many practical
wireless communication scenarios where the transmit distance is rel-
atively short, there may exist line of sight (LOS) propagation paths.
Hence, in this contribution, we assume the Rician fading channel
model. In Eq. (3), eeesk represents the sk-th column of IIINg of theNg-
dimensional identity matrix. Furthermore,www is a N -length complex
Gaussian noise vector distributed with zero mean and a covariance
matrix of σ2

wIIIN .
LetHHH = [HHH1,HHH2, · · · ,HHHK ]. Then, we can rewrite Eq. (3) as

yyy = HHHxxx+www (4)

where xxx = [eeeTs1x1, eee
T
s2x2, · · · , eeeTsKxK ]T and is in a form of

xxx = [0, 0, · · · , x1, · · · , 0︸ ︷︷ ︸
Ng

, 0, x2, 0, · · · , 0︸ ︷︷ ︸
Ng

, · · · , 0, · · · , 0, xK︸ ︷︷ ︸
Ng

]T

(5)

As seen in xxx, each group corresponds to Ng transmit antennas.
Specifically within the k-th group, one of the Ng transmit anten-
nas is activated by the SSK symbol sk to transmit an APM symbol
xk.

2.3 Channel Modelling

When there is correlation existing among transmit antennas and/or
among receive antennas, the Kronecker model [25] is usually utilized
to model the spatial correlation (SC) of the scattering components.
According to [26], the scattering components of the MIMO spatial
channel can be expressed as

HHH = RRR
1
2
rxH̃HHRRR

1
2
tx (6)

where H̃HH is uncorrelated channel, has i.i.d. complex entries and each
of them has the distribution CN (0, 1), denoting a complex Gaus-
sian distribution with mean zero and variance 1. RRRtx and RRRrx are
the correlation matrices of transmitter and receiver antennas, respec-
tively. In our study, we adopt the exponential correlation model [? ].
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Correspondingly,RRRtx andRRRrx are can be expressed in the form of

RRR =

 1 ρ ρ2 · · · ρn−1

...
. . .

. . .
. . .

...
ρn−1 · · · ρ2 ρ 1

 (7)

where ρ = exp(−β) with β being the correlation coefficient
between two adjacent transmit (or receive) antennas, while n = Nt
or N .

2.4 Achievable Sum-Rate

The number of bits conveyed per symbol by the GrSM scheme
includes both that conveyed by the APM and that by the SSK. Hence,
the total sum-rate per symbol is [27],

RGrSM = Rsignal +Rspatial (8)

where Rsignal and Rspatial represent the rate supportable by the
signal domain and that by the spatial domain, respectively.

Let us assume that the transmit power is normalized to unit,
meaning that Es = E[‖xxx‖2] = 1. Then, the first term of Eq. (8)
represents the rate achievable by the APM. When given an antenna
pattern, e.g., the i-th antenna pattern, the GrSM system is reduced to
a MIMO system with K transmit antennas and N receive antennas,
which for a givenHHH has the achievable rate of [28, 29]

R(HHH, i) = log2

[
det

(
IIIN +

HHH(i)HHHH(i)

Nσ2
w

)]
(9)

where index i means the i-th antenna pattern, and HHH(i) is the
(N ×K) channel matrix obtained from HHH according to the i-th
antenna pattern. After taking all antenna patterns and channel statis-
tics into account, the ergodic rate achievable by the APM can then
be expressed as

Rsignal = EHHH

 1

|A|
∑
i∈A

R(HHH, i)

 (10)

where the expectation is taken with respect to the statistics ofHHH , and
A is a set containing all the antenna patterns exploited by GrSM.

Let us assume that xk, k = 1, · · · ,K, are independent and
obey the same complex Gaussian distribution, expressed as xk ∼
CN(0, σ2

x = 1/K). Then, the probability density function (PDF)
of xxx can be expressed as

p(xxx) =

K∏
k=1

p(xk) =
1

(πσ2
x)K

exp

[
−

K∑
k=1

|xk|2

σ2
x

]
(11)

where | · | denotes the modulus operator.
Consequently, the PDF of the received observations on the condi-

tion that the i-th, i ∈ A, antenna pattern is activated can be written
as

p(yyy|i ∈ A) =
1

πN det(RRRy|i)
exp(−yyyHRRR−1

y|iyyy)

=
1

πN det(HHH(i)CCCxHHHH(i) + σ2
wIIIN )

× exp
(
−yyyH(HHH(i)CCCxHHH

H(i) + σ2
wIIIN )−1yyy

)
(12)

where RRRy|i is the autocorrelation matrix of yyy when given the i-th
activation pattern, and CCCx is the covariance matrix of xxx, given by
CCCx = IKIKIK/K.

Hence, the rate Rspatial in Eq. (8) can be evaluated from the
formula of [27]

Rspatial = max I(i ∈ A;yyy)

= max
p(i)

∫ ∫
p(i)p(yyy|i) log2

(
p(yyy|i)
p(yyy)

)
dyyy

=
1

|A|
∑
i∈A

[∫
yyy
p(yyy|i) log2

p(yyy|i)
p(yyy)

dyyy

]
(13)

where p(i) denotes the probability of selecting the i-th antenna pat-
tern, which is assumed to be uniform. Hence, we have p(i) = 1/|A|.
In (13), p(yyy) =

∑
i∈A p(i)p(yyy|i).

2.5 Adaptive Rate Transmission

Since channels are time-variant, transmission with adaptive rate and
power-control is required to achieve the data rate as high as pos-
sible. In this paper, for simplicity, we consider constant-power but
variable-rate M -ary QAM (M-QAM) for information transmission.
For achieving this, the SNR range is divided into Na − 1 sub-
regions, which are defined by the switching thresholds {γn}n=Na

n=1 .
Correspondingly, a constellation sizeMn is assigned to the n-th sub-
region. Specifically, when the received SNR γr is estimated to be
in the n-th region, namely γn ≤ γr < γn+1, where by definition,
γNa →∞, the QAM constellation of sizeMn is utilized to transmit
at the rate of log2Mn.

The switching boundaries can be set based on the BER of the
QAM schemes employed. Specifically, when a Mn-QAM is oper-
ated at the SNR of γ, the BER is that over additive white Gaussian
noise (AWGN) channel, which is given by [30]

Pbn(γ) =
1

5
exp

[
−3γ

2(Mn − 1)

]
(14)

Then, when given a target BER of Pb0 , the region boundaries,
namely the switching thresholds γn for n = 1, 2, · · · , Na − 1 can
be derived to be

γn = −2

3
ln(5Pb0)(Mn − 1) n = 1, 2, · · · , Na − 1 (15)

3 Antenna Grouping

Since transmit (also receive) antennas are correlated, dividing dif-
ferent antennas into different groups may generate different per-
formance. Based on the channel’s correlation matrix, our antenna
grouping in this paper is designed to maximize the achievable rate.
Let us represent the channel correlation matrix as

MMM =


1 M1,2 · · · M1,Nt

M2,1 1 · · · M2,Nt
...

...
. . .

...
MNt,1 MNt,2 · · · 1

 (16)

where the (i, j)-th element is given by [31]

Mi,j =
1

‖hhhi‖·‖hhhj‖
· [HHHHHHH]ij (17)

In Eq. (17), hhhi denotes the i-th column of HHH , which contains the
channels from the i-th transmit antenna to all the N receive anten-
nas. Therefore, Mi,j represents the correlation coefficient between
the channels from the i-th transmit antenna and that from the j-th
transmit antenna. Furthermore, it can be shown that, in (16), we have
Mi,j = M∗j,i.

It is well-known that a bigger value of |Mi,j | implies a stronger
correlation between hhhi and hhhj . The spatial multiplexing gain of a
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MIMO system degrades as the antenna correlation increases, or as
the values of |Mi,j | for different (i, j) increase [16]. Hence, based
on the antenna correlation matrix of Eq. (16) and with the motivation
to achieve a sum-rate as high as possible, the Nt transmit anten-
nas should be partitioned into K disjoint groups as follows. Given
theNt channel vectorshhhi and the corresponding channel correlation
matrix of Eq. (16), the Nt transmit antennas are assigned to the K
groups, by allowing the Ng transmit antennas assigned to the same
group to have the correlation as high as possible, while simultane-
ously the transmit antennas assigned to different groups have the
correlation as low as possible. In this way, the sum-rate of the mas-
sive MIMO system can be improved. This is because on one side,
the spatial multiplexing gain achieved relying on the transmit anten-
nas across different groups can be maximized. On the other side, the
performance of the SSK designed based on theNg transmit antennas
within one group may not be significantly affected [24]. The reason
behind this statement is that although the antennas in one group are
possibly highly correlated, the signals received from them are gen-
erally different, and hence can be efficiently distinguished with the
aid of the maximum likelihood (ML) detection. For example in the
extreme case when the signals from a group of transmit antennas
experience the same fading, making the transmit antennas of one
group act like a phase-shifting antenna array, the SSK signal can
also be detected by the ML detection in the principles of phase-shift
keying modulation [32].

In summary, the proposed antenna grouping algorithm is stated as
Algorithm 1, which implements what we considered above. Given
the numbers of Nt, K, and hence Ng = Nt/K, we can readily
figure out that the total number of combinations for dividing Nt
transmit antennas into K groups is given by

ND =

K−1∏
n=0

(
Nt − nNg − 1

Ng − 1

)
=

1

K!

K−1∏
n=0

(
Nt − nNg

Ng

)
(18)

The objective of Algorithm 1 is to find the best combination from
these ND combinations.

Algorithm 1. (Antenna Grouping Algorithm):

1) Input: Nt, K, Ng ,HHH .
Initialization: Compute MMM using (17), and prepare the ND

combinations of candidate groupings.
2) For each combination of 1 ≤ m ≤ ND , calculate

Rm =

K∑
k=1

Ng−1∑
i=1

Ng∑
j=i+1,j 6=i

|M (k)
i,j | (19)

where M (k)
i,j is the correlation coefficient between the channels from

the i-th transmit antenna of the k-th group and the channels from the
j-th transmit antenna of the k-th group.
3) Determine the winning combination as

m̂ = arg max
m=1,...,ND

Rm (20)

and the final K groups of transmit antennas can be obtained from
the m̂-th combination.

The complexity of the above antenna grouping algorithm can
be analysed as follows. As the algorithm needs to compute MMM of
Eq. (16) using Eq. (17), compute ND number of Rm using Eq.
(19), and find the maximum of Rm based on Eq. (20), we analyse
the complexity of the algorithm by analysing these terms in detail.
First, to compute the channel correlation matrixMMM , it needs to com-
puteHHHHHHH once, which requiresN2

t N complex multiplications and
N2
t (N − 1) complex additions; and to compute the norms of the

Nt columns ofHHH once, which needs NtN complex multiplications
and Nt(N − 1) real additions. With these at hand, forming M only
needs aboutN2

t /2 real multiplications andN2
t /2 complex divisions

due toMi,j = M∗j,i. For computing theND number ofRm, we can
readily show that the total number of additions is upper-bounded
by NDNtNg = NDN

2
t /K. Finally, finding the maximum among

the ND number of Rm requires (ND − 1) comparisons. When
considering all the above computational requirements and ignor-
ing the insignificant terms, it can be shown that the complexity of
Algorithm 1 is O((N +ND/K)N2

t )∗.

4 Theoretical Analysis of BER and Spectral
Efficiency

In this section, we analyse the performance of GrSM systems in
terms of the BER and spectral efficiency, when different scenarios
are considered.

4.1 Average Bit Error Rate

Following [33], the average BER of GrSM systems satisfies

ABER ≤ 1

2ηGr

∑
{xk,sk}

∑
{x̂k,ŝk}

N(x̂̂x̂x,xxx)

ηGr
EHHH{P (x̂̂x̂x,xxx|HHH)} (21)

where N(x̂̂x̂x,xxx) is the number of bits in difference between x̂̂x̂x and xxx,
EHHH{·} is the expectation with respect to the channelHHH , ηGr is the
total number of bits conveyed per GrSM symbol, and P (x̂̂x̂x,xxx|HHH)
represents the Pairwise Error Probability (PEP) conditioned on a
givenHHH , which is given by [34–36]

P (x̂̂x̂x,xxx|HHH) =P (‖yyy −Hx̂Hx̂Hx̂‖2 > ‖yyy −HxHxHx‖2)

=Q

(√
‖H(x̂− x)H(x̂− x)H(x̂− x)‖2

2σ2
w

)
(22)

where Q(x) is the Gaussian Q-function. Using its alternative rep-
resentation of Q(x) = π−1 ∫ π2

0 exp(− x2

2sin2 θ
)dθ, Eq. (22) can be

rewritten as

P (x̂̂x̂x,xxx|HHH) =
1

π

∫ π
2

0
exp

(
− ϕ

4σ2
wsin2 θ

)
dθ (23)

where by definition, ϕ = ‖H(x̂− x)H(x̂− x)H(x̂− x)‖2. Then, the expectation of
Eq. (23) is given by

EHHH{P (x̂̂x̂x,xxx|HHH)} =
1

π

∫ π
2

0
E

[
exp

(
− ϕ

4σ2
wsin2 θ

)]
dθ

=
1

π

∫ π
2

0

∫∞
0

exp

(
− ϕ

4σ2
wsin2 θ

)
f(ϕ)dϕdθ

=
1

π

∫ π
2

0
Mϕ

(
− 1

4σ2
w sin2 θ

)
dθ (24)

where Mϕ(·) is the moment generating function (MGF) of ϕ [37].
According to [? ], this MGF is given by

Mϕ(s) = exp
(
s×µµµHΛΛΛ(IIIKNt − sLLLΛΛΛ)−1µµµ

)
× (det[III − sLLLΛΛΛ])−1 (25)

where ΛΛΛ = IIIN ⊗ (x̂̂x̂x− xxx)(x̂̂x̂x− xxx)H ,µµµ = µ(IIIN ⊗RRRtx)
1
2 × vecvecvec(111(N,Nt))

with µ being the mean of HHH , vecvecvec (·) being the vectorisation oper-
ator, 111(N,Nt) being a (N ×Nt) all one matrix, and finally, LLL =

∗As the convention, O(x) is defined as lim
x→∞

O(x)

x
= c, where c is a

constant.
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IIIN ⊗RRRtx with ⊗ representing the Kronecker product. Upon sub-
stituting Eq. (25) into Eq. (24), finally, the average PEP as seen in
Eq. (21) can be evaluated from the formula

EHHH{P (x̂̂x̂x,xxx|HHH)} =
1

π

∫ π
2

0
exp

(
− 1

4σ2
w sin2 θ

µµµHΛΛΛ

×
[
IIINNt +

1

4σ2
w sin2 θ

LLLΛΛΛ

]−1

µµµ

)

×
(

det

[
IIINNt +

1

4σ2
w sin2 θ

LLLΛΛΛ

])−1

dθ (26)

4.2 Received SNR

For a GrSM system consisting of (Nt ×N) antennas, the correla-
tion among the transmit (or receive) antennas obeys the exponential
profile. Considering that the number of active transmit antennas is
K, according to [38], the probability density function (PDF) of the
received SNR can be expressed as

f(γ) =
γ

(NK)2

r −1e−
NKγ
rγ̄a

Γ(
(NK)2

r )( rγ̄aNK )
(NK)2

r

(27)

where r = NK + 2ρ
1−ρ (NK − 1−ρNK

1−ρ ) and γ̄a =
E[|hij |2]
σ2
w

with
hij being the (i, j)-th element of HHH . From (27) the cumulative
distribution function (CDF) of γ can be derived to be [32]

F (γ) = 1−
b(NK)2/r−1c∑

k=0

1

k!

(
NK

rγ̄a

)k
e−

NKγ
rγ̄a (28)

4.3 Spectral Efficiency

The average number of bits per symbol deliverable by the GrSM
system is the sum of the number of bits per symbol transmitted in
the spatial domain by the K groups, plus the average number of bits
per symbol conveyed by theK APMs. Hence, the spectral efficiency
of the GrSM system is

ηA = bK log2Ngc+ ηAPM (bits per symbol) (29)

where ηAPM is the total number of bits conveyed by the K APMs.
Following our analysis in Sections 2.5 and 4.2, when given

the SNR boundaries of {γ1, γ2, . . . , γNa} for implementation of
adaptive modulations, and when given SNR’s CDF of (28), the prob-
ability pn of using the n-th modulation level with the constellation
size Mn is given by

pn =Pr [γn ≤ γr < γn+1]

=F (γn+1)− F (γn), n = 1, 2, . . . , Na (30)

Therefore, the average number of bits per symbol conveyed by the
K APMs is

ηAPM =K

Na∑
n=1

pn log2Mn

=K

Na∑
n=1

(F (γn+1)− F (γn)) log2Mn (31)

4.4 Average Bit Error Rate of Adaptive GrSM

An asymptotic BER bound for the AGrSM can be derived by follow-
ing the approaches in [30, 35, 36, 39, 40]. Specifically, by following
[40], the overall average BER of the AGrSM can be approximated
as

Pe ≈ Pa + Pd − PaPd (32)

where Pa is the BER of the spatial domain information, on the con-
dition that the APM symbols are correctly detected. According to
[39], Pa can be evaluated from the formula

Pa ≈
1

2η

∑
sk

∑
ŝk

N(x̂̂x̂x,xxx)

η
EHHH{P (x̂̂x̂x,xxx|HHH,APMs)} (33)

where η is the number of bits transmitted by the spatial symbols,
and P (x̂̂x̂x,xxx|HHH,APMs) is the conditional PEP between x̂xx and xxx on
the condition that the APM symbols are correct. The expectation of
P (x̂̂x̂x,xxx|HHH,APMs) can be obtained from (26) by assuming that the
APM symbols are correct, which can be shown to be

EHHH{P (x̂̂x̂x,xxx|HHH,APMs)} =
1

π

∫ π
2

0
exp

(
− 1

4σ2
w sin2 θ

µµµHSSS

×
[
IIINNt +

1

4σ2
w sin2 θ

LLLSSS

]−1

µµµ

)

×
(

det

[
IIINNt +

1

4σ2
w sin2 θ

LLLSSS

])−1

dθ (34)

where SSS = IIIN ⊗ (ŝ̂ŝs− sss)(ŝ̂ŝs− sss)H and sss = [eeeTs1 , eee
T
s2 , · · · , eee

T
sK ]T .

By contrast, Pd in (32) is the BER of the APM symbols, under
the assumption that all the spatial symbols are correctly detected.
When the different APM schemes employed by AGrSM are taken
into account, Pd can be evaluated from the formula [30]

Pd =
1

ηAPM

Na∑
n=1

(log2Mn) P̄b(n) (35)

where P̄b(n) is the average BER when the n-th modulation mode
associated with a constellation size Mn is activated, which can be
expressed as [41]

P̄b(n) =

∫γn+1

γn

Pbn(γ)f(γ)dγ. (36)

Upon substituting Pbn(γ) and f(γ) from (14) and (27) into the
above equation and after some simplification [42], we obtain

P̄b(n) =

(
NK
rγ̄a

)N2K2

r

5Γ(N
2K2

r )

∫γn+1

γn

γ
(NK)2

r −1 exp [−λγ] dγ

=

(
NK
rγ̄a

)N2K2

r

5Γ(N
2K2

r )

b(NK)2/r−1c∑
k=0

b(NK)2/r − 1c!
k!

×λ−
(NK)2

r +k
[
γkn exp(−λγn)− γkn+1 exp(−λγn+1)

]
(37)

where by definition, λ = 3
2(Mn−1)

+ NK
rγ̄a

.
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5 Performance Results and Discussion

In this section, the performance of the proposed GrSM system
is investigated and compared with some other similar schemes in
the SM family, when assuming communications over correlated
Rayleigh fading channels, or the correlated Rician fading channels
with the parameter α = 5 dB. Specifically, in the case of correlated
Rician fading, the channel matrix can be rewritten as

HHHr = νHHHd +
√

1− ν2HHH (38)

where ν =
√

α
α+1 , and the LOS component of HHHd is assumed

to satisfy Tr
{
HHHdHHH

H
d

}
= N ×Ng . In our performance studies,

the spatial correlation is modelled by the model in [26]. Both
Monte-Carlo simulation and numerical evaluation of the expressions
provided in the previous sections are considered.

Fig. 1: BER versus SNR performance of the SM, GSM and GrSM
schemes communicating over correlated Rician fading channels,
when having the parameters Nt = 16, N = 2, K = 2, β = 0.7,
η = 8 and α = 5.

Fig. 1 depicts the BER versus SNR performance of the proposed
GrSM system along with the SM and GSM systems, when the sys-
tems have the parametersNt = 16,N = 2,K = 2, and β = 0.7. In
order to provide a fair comparison, all the schemes are assumed to
convey 8 bits per symbol. Then, it can be shown that for the GrSM,
we haveNg = 8, and both the GrSM and GSM use the binary phase
shift keying (BPSK) modulation. By contrast, the SM has to use 16-
QAM. From the results of Fig. 1 we can observe that the analytical
results converge to the simulation results as the SNR increases, and
for all the schemes, the analytical results agree well with the simu-
lation results, provided that the BER is about 10−3 or lower. At low
SNR, as the spatial demodulation in the GrSM and GSM becomes
less reliable due to multiple active antennas being used, the SM out-
performs both the GrSM and GSM. By contrast, when the SNR is
relatively high, resulting in that the spatial demodulation becomes
sufficiently reliable, both the GrSM and GSM can outperform the
SM arrangement, due to the fact that the BPSK employed by the
GrSM and GSM is more reliable than the 16-QAM utilized by the
SM. Furthermore, Fig. 1 shows that the GrSM always outperforms
the GSM. This is because GrSM is capable of taking the antenna
correlation into account, when the proposed antenna grouping is
implemented.

In contrast to Fig. 1 concerning Rician channels, Fig. 2 shows
the BER performance of the proposed GrSM as well as that of
the conventional SM and GSM, when assuming communications
over correlated Rayleigh fading channels. When compared with
Fig. 1, we can surprisingly find that the performance of all the

Fig. 2: BER versus the SNR performance of SM, GrSM and GSM
systems communicating over correlated Rayleigh fading channels,
when having the parametersNt = 16,N = 2,K = 2, β = 0.7, and
η = 8.

schemes over Rayleigh fading channels is respectively better than
that of the schemes over Rician fading channels. This is because
in Rician fading channels, the existence of LOS path yields a high
spatial correlation both among the transmit antennas and among the
receive antennas. This increased antenna correlation makes the spa-
tial demodulation more difficult. In addition to the same observations
as from Fig. 1, as shown in Fig. 2, at the BER of 10−5, the per-
formance gain achieved by the GrSM is about 3dB over the GSM
scheme, and about 5dB when compared with the SM scheme.

Fig. 3: BER versus SNR performance of SM, GrSM and GSM
systems employing convolutional channel code, when communicat-
ing over correlated Rician fading channels and with the parameters
Nt = 16, N = 2, K = 2, β = 0.7, η = 8 and α = 5.

In Fig. 3 and Fig. 4, we investigate the effect of channel coding
on the performance of different schemes, when Rician and Rayleigh
fading channels are respectively considered. The system setup for
Figs. 3 and 4 is exactly the same as that for Fig. 1. For channel cod-
ing, a rate 1/2 convolutional code with the constraint length of t = 3
and the generators of 5 and 7 expressed in octal form are employed.
Furthermore, interleaving between the first half of data with the last
part of data is implemented to distribute the burst errors that may
occur because of non-stationary channel noise. Explicitly, the results
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Fig. 4: BER versus SNR performance of SM, GrSM and GSM sys-
tems employing convolutional channel code, when communicating
over correlated Rayleigh fading channels and with the parameters
Nt = 16, N = 2, K = 2, β = 0.7 and η = 8.

in Figs. 3 and 4 demonstrate that the coded GrSM outperforms the
coded GSM in both Rician and Rayleigh fading scenarios. Further-
more, the coded GrSM performs better than the coded SM in Rician
fading channels provided that SNR> 11 dB, and in Rayleigh fading
channels provided that SNR> 9dB. Moreover, with the channel cod-
ing, the BER performance of all the three schemes improved, and
the improvement becomes significant, when SNR increases. Addi-
tionally, from Figs. 3 and 4, we can find that with the aid of channel
coding, the intersection between the coded GrSM’s BER curve and
the coded SM’s BER curve occurs about 2dB earlier than the inter-
section between the uncoded GrSM’s BER curve and the uncoded
SM’s BER curve.

Fig. 5: BER versus SNR performance of SM, GrSM and GSM
systems using different number of receive antennas, when com-
municating over correlated Rician fading channels and with the
parameters of Nt = 8,K = 4, β = 0.6, η = 10, α = 5.

In Figs. 5 and 6, the effect of the number of receive antennas
on the BER performance of the three SM schemes is investigated.
We assume the spectral efficiency of η = 10 bps/Hz, and the other
parameters are detailed associated with the figures. The channel cod-
ing used is same as that for Fig. 3. To achieve η = 10 bps/Hz, we
can readily figure out that GSM uses BPSK modulation for all active

Fig. 6: BER versus SNR performance of SM, GrSM and GSM
systems using different number of receive antennas, when com-
municating over correlated Rayleigh fading channels and with the
parameters Nt = 8,K = 4, β = 0.6, η = 10.

Fig. 7: Effect of channel correlation on the BER versus SNR per-
formance of SM, GrSM and GSM systems over correlated Rician
fading channels, and with the parameters Nt = 16,K = 2, N =
2, η = 8, α = 5.

antennas, GrSM uses BPSK for two active antennas and 4-QAM for
the other two active antennas, while SM has to use 128-QAM. From
the results of Figs. 5 and 6 we observe that GrSM always outper-
forms the other two SM schemes. When under the Rician channels,
the performance gain achieved by GrSM with N = 2 against GSM
and SM is about 2dB and 4dB, respectively, at the BER of 10−4.
When N = 4, these gains become about 3 dB. By contrast, when
communicating over Rayleigh fading channels and at the BER of
10−4, as shown in Fig. 6, the performance gain achieved by GrSM
with over GSM and SM is about 3dB and 4.5dB, respectively, when
N = 2, and is about 2dB over both GSM and SM, whenN = 4. The
reason behind the above observation is that SM has a performance
loss due to the employment of a high-order QAM, while GSM does
not consider the antenna correlation, which degrades the achievable
performance. As shown in Figs. 5 and 6, the BER performance of
all three SM schemes improves with the increase of the number of
receive antennas. When comparing the results in Fig. 6 (Rayleigh
fading) with the corresponding ones in Fig. 5 (Rician fading), we can
realize that the performance of all the three SM schemes degrades
due to the LOS component of Rician fading channels.
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Fig. 8: Effect of channel correlation on the BER versus SNR perfor-
mance of SM, GrSM and GSM systems over correlated Rayleigh
fading channels, and with the parameters Nt = 16, N = 2,K =
2, η = 8.

Fig. 9: Sum-rate achievable by the SM, GrSM and GSM systems
over Rician fading channels with respect to Nt = 8 and Nt = 16,
when the other parameters of K = 2, N = 2, β = 0.6, α = 5 are
assumed.

In order to investigate the impact of the channel correlation on
the BER performance, in Figs. 7 and 8, we compare the BER
performance of the three SM schemes over Rician (Fig. 7) and
Rayleigh (Fig. 8) channels, when the correlation coefficient is set
to β = 0.1, 0.6 and 0.9. As the correlation coefficient is given by
γ = exp(−β), β = 0.1, 0.6 and 0.9 correspond to strong, medium
and weak correlation. Furthermore, in our simulation, the parame-
ters are detailed in the figures, while the channel code employed by
the three schemes is the same as that for Fig. 3. From the results of
Figs. 7 and 8, we observe that the BER performance of all three SM
schemes degrades, when the channel correlation becomes stronger.
This is because the increase of correlation results in the increase of
spatial interference. When comparing the BER performance of the
three SM scheme, we can see that the proposed GrSM always out-
perform the other two SM schemes, provided that the SNR is in the
desired range, resulting in that the BER is below 10−2. When SNR
is small, there may exist intersection between GrSM and SM’s BER
curves, when β is large. Again, the BER performance over Rayleigh
fading channels is better than the corresponding BER performance
over Rician fading channels.

Fig. 10: BER versus SNR performance of SM, GrSM and GSM sys-
tems over correlated Rician fading channel, and with the parameters
Nt = 8,K = 2/4, N = 2, η = 10, α = 5, β = 0.6.

Fig. 11: BER versus SNR performance of SM, GrSM and GSM
systems over correlated Rayleigh fading channel with Nt = 8,K =
2/4, N = 2, η = 10, β = 0.6.

Fig. 9 demonstrates the achievable sum-rates of the GrSM, GSM
and SM schemes with the parameters listed in the caption, when
communicating over Rician fading channels. For a given SNR, the
proposed GrSM always achieves the highest sum-rate among the
three SM schemes, as the result that GrSM is designed with tak-
ing antenna correlation into account. When the number of transmit
antennas increases, explicitly, the sum-rate of all the SM schemes
increases, with the increase of GSM’s sum-rate most significantly.

The effect of the number of groupsK for a given number of trans-
mit antennas on the BER performance of SM, GSM and proposed
GrSM is shown in Fig. 10 over Rician fading channels and in Fig. 11
over Rayleigh fading channels. Note that, the channel coding used in
our simulations was the same as that for Fig. 3, and the settings for
baseband modulation schemes were the same as that for Fig. 5. As
shown in Fig. 10, at the BER of 10−4, GrSM has 3.5dB performance
gain over GSM when K = 2, and has 2dB performance gain over
GSM when K = 4. For GrSM, the BER performance with K = 2
outperforms that with K = 4. By contrast, the GSM with K = 4
outperforms the GSM with K = 2. Similar observations can also be
derived from Fig. 11 considering Rayleigh fading, except that the
relative performance gains have slight differences. From the results
of Figs. 10 and 11 we can conceive that when given the channel, data
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rate, and the number of transmit/receive antennas, there is an opti-
mum number of groups for the GrSM (or GSM) to achieve the best
BER performance.
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Fig. 12: BER versus SNR performance of SM, GrSM and GSM
systems communicating over correlated Rician fading channels, with
K = 2, N = 2, β = 0.6, and Nt = 64 or 128.

In Fig. 12, we compare the BER performance of the GrSM,
SM and GSM communicating over Rician fading channels, when
Nt = 64, or 128 transmit antennas, and the other parameters of
K = 2, N = 2, β = 0.7 are used. In our studies, the channel cod-
ing scheme used with Fig. 12 is same as that used for the previous
figures. Note furthermore that to achieve η = 12 bps/Hz, the GrSM
and GSM with Nt = 64 can use BPSK modulation, while the corre-
sponding SM has to use 64−QAM. WhenNt = 128, we set η = 14
bps/Hz. In this case, BPSK modulation is employed by both the
GrSM and GSM schemes, while the SM has to use 128−QAM. As
shown in Fig. 12, GrSM outperforms both GSM and SM in rela-
tively high SNR region, while in low to medium SNR region, the
BER performance of GrSM falls between that of SM and that of
GSM.

In Fig. 13 we investigate the BER versus SNR performance
of the proposed AGrSM and the AGSM systems, when assuming
communications over correlated Rayleigh fading channels. In our
simulations, the modulation schemes employed include 4−QAM, 8-
PSK, 16-QAM and 32−QAM, and the systems have the parameters

Fig. 13: BER versus SNR performance of AGrSM and AGSM
systems communicating over correlated Rayleigh fading channels,
when K = 2, N = 2, β = 0.6 and Nt = 16.

of Nt = 16, β = 0.7, and N = 2, K = 2, while the target BER is
10−3. Furthermore, GrSM and GSM with 4−QAM and 32−QAM
are also shown in Fig. 13 for comparison. In Fig. 13, the numerical
results evaluated from our analytical expressions are also provided,
which are shown to be the lower bound of the simulation results. In
comparison with the previous figures, the BER of both the AGrSM
and the AGSM is changed and becomes flatter with the increase
of SNR. This is the result of the increase of data rate, as the SNR
increases. However, when the SNR is high enough to use the highest
modulation level of 32-QAM, the BER then decreases towards zero,
if SNR further increases. As shown in Fig. 13, AGrSM always has
better performance than AGSM for any given constellation size.

Fig. 14: BER versus SNR performance of the AGrSM systems com-
municating over correlated Rayleigh fading channels, when K =
2, N = 2, β = 0.6, and when Nt takes various values.

Fig. 14 shows the BER versus SNR performance of the proposed
AGrSM systems with different number of transmit antennas, when
the target BER Pb0 is assumed to be 10−3. In our studies, the cor-
relation coefficient of transmit antennas is chosen to be β = 0.6 to
count a moderate correlation. Explicitly, increasing the number of
transmit antennas leads to a higher spectral efficiency, as shown in
Fig. 15, whereas degrades the BER performance of AGrSM. This is
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because, when communicating at a higher rate by using more trans-
mit antennas, the erroneous detection of antenna indices occurs more
frequently. In this case, the maximum likelihood (ML) detection also
leads to a higher probability of erroneous detection of the constella-
tion symbols. Consequently, the overall BER performance degrades,
as the number of transmit antennas increases and when the AGrSM
system supports the data rate as shown in Fig. 15.
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Fig. 15: Spectral efficiency versus SNR performance of AGrSM
and AGSM systems communicating over correlated Rayleigh fad-
ing channels, with K = 2, N = 2, β = 0.6 and Nt taking different
values.

Finally, the spectral efficiency versus SNR performance of the
AGrSM and AGSM systems with respect to different number of
transmit antennas is depicted in Fig. 15. As shown in Fig. 15, when
Nt = 16, both AGrSM and AGSM achieve the same spectral effi-
ciency, while the BER performance of AGrSM outperforms that of
AGSM, as shown in Fig. 13. Furthermore, when jointly observing
the BER and spectral efficiency performance, as shown in Fig. 14
and Fig. 15, respectively, We can conceive that there is a trade-off
between spectral efficiency and BER performance. While the case
ofNt = 16 achieves the highest spectral efficiency for a given SNR,
as shown in Fig. 15, it also results in the worst BER performance, as
shown in Fig. 14. By contrast, while the case of Nt = 8 achieves a
higher spectral efficiency than the case ofNt = 6, it also has a better
BER performance than the case of Nt = 6.

6 Conclusion

In this paper, we have proposed a GrSM scheme for supporting mas-
sive MIMO communications with correlated antennas. The effect of
antenna correlation is mitigated by grouping the strongly correlated
antennas into the same group to support spatial modulation, while
the weakly correlated antennas are assigned to different groups to
benefit for achieving multiplexing gain. AM has been introduced
to the GrSM in order to improve the spectral efficiency. We have
theoretically analysed the achievable BER and spectral efficiency of
GrSM and AGrSM systems. The BER and spectral efficiency per-
formance of GrSM and AGrSM systems have been investigated with
the aid of both Monte Carlo simulations and numerical evaluation
of the analytical expressions, showing that our analytical results are
valid for BER and spectral efficiency prediction. Furthermore, the
performance of GrSM (AGrSM) has been compared with that of SM
(ASM) and of GSM (AGSM), when various communication sce-
narios are considered. Our studies demonstrate that, aided by our
proposed antenna grouping strategy, the BER or spectral efficiency
performance of GrSM (AGrSM) are capable of outperforming that
of SM (ASM) and GSM (AGSM). For given wireless channel, the

number of transmit/receive antennas, and the data rate, there exists
an optimum number of groups yielding the best BER performance.
Additionally, under these conditions, the number of bits conveyed by
spatial modulation and that by APM can be appropriately chosen for
attaining the best possible BER performance. Our future work may
include the adaptive antenna grouping based on compressed CSI for
the frequency-division duplexing massive MIMO, as well as seeking
the effective approaches to derive the optimum number of groups
and the optimum number of active antennas that yield the best BER
performance.
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34 Savage, I.R.: ‘Milląŕs ratio for multivariate normal distributions’, Journal of
Research of the National Bureau of Standards, 1962, 66B, (3)

35 Liu, Y., Yang, L., Hanzo, L.: ‘Spatial modulation aided sparse code-division mul-
tiple access’, IEEE Transactions on Wireless Communications, 2018, 17, (3),
pp. 1474–1487

36 Pan, P., Yang, L.: ‘Spatially modulated code-division multiple-access for high-
connectivity multiple access’, IEEE Transactions on Wireless Communications,
2019, 18, (8), pp. 4031–4046

37 Wypych, G.: ‘Principles of statistics’. (Dover Publications„ 1979)
38 Torabi, M., Nerguizian, C.: ‘Impact of antenna correlation on the BER perfor-

mance of a cognitive radio network with Alamouti STBC’, IEEE Wireless Commun
Letters, 2016, 5, (3), pp. 264–267

39 Mesleh, R.Y., Haas, H., Sinanovic, S., Chang, W.A., Yun, S.: ‘Spatial modulation’,
IEEE Transactions on Vehicular Technology, 2008, 57, (4), pp. 2228–2241

40 Naidoo, N.R., Xu, H.J., Quazi, A.M.: ‘Spatial modulation: optimal detector asymp-
totic performance and multiple-stage detection’, IET Communications, 2011, 5,
(10), pp. 1368–1376

41 Goldsmith, A.J., Chua, S.G.: ‘Variable-rate variable-power mqam for fading
channels’, IEEE transactions on communications, 1997, 45, (10), pp. 1218–1230

42 Gradshteyn, I.S., Ryzhik, I.M.: ‘Table of integrals, series, and products’. (Aca-
demic press, 2014)

pp. 1–11
11


