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Abstract
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mains. This survey provides a comprehensive overview of the latest results and progresses
in SM research. Specifically, the fundamental principles, variants of system design, and en-
hancements of SM are described in detail. Furthermore, the integration of the SM family with
other promising techniques, applications to emerging communication systems, and extensions
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Abstract—Spatial modulation (SM) is an innovative and
promising digital modulation technology that strikes an appealing
trade-off between spectral efficiency and energy efficiency with
a simple design philosophy. SM enjoys plenty of benefits and
shows great potential to fulfill the requirements of future wireless
communications. The key idea behind SM is to convey additional
information typically through the ON/OFF states of transmit
antennas and simultaneously save the implementation cost by
reducing the number of radio frequency chains. As a result, the
SM concept can have widespread effects on diverse applications
and can be applied in other signal domains such as frequen-
cy/time/code/angle domain or even across multiple domains. This
survey provides a comprehensive overview of the latest results
and progresses in SM research. Specifically, the fundamental
principles, variants of system design, and enhancements of SM
are described in detail. Furthermore, the integration of the SM
family with other promising techniques, applications to emerging
communication systems, and extensions to new signal domains
are also extensively studied.

Index Terms—Spatial modulation (SM), generalized (G)SM,
differential (D)SM, massive MIMO, physical layer security,
compressed-sensing, millimeter-wave communications, visible
light communications.

I. INTRODUCTION

Driven by the skyrocketing growth of mobile devices and
the wide applications of the Internet of things (IoT), future
wireless communication systems have triggered the explosive
demand and urgent need for ultra-high capacity, ultra-low
latency, and massive connectivity over the scarce wireless
resources [1]–[4]. Specifically, an ever-increasing volume of
mobile data traffic is expected to appear in the coming
years, which may overwhelm the limited spectrum resources
significantly and increase the power consumption dramatically
[2]–[4]. Due to the unprecedented surge of mobile data traffic,
researchers have been motivated to develop new transmission
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technologies for maximizing the achievable throughput and
minimizing the deployment cost. Among various technologies,
spatial modulation (SM) has been envisioned as one prospec-
tive digital modulation technology to achieve high spectral
efficiency and energy efficiency yet enjoy a simple design
principle. Although early attempts, which can be dated back
to the beginning of the 21-st century, have been made to
explore the preliminary SM [5], [6], they were sporadic and
did not receive much attention in the early days. After 2008,
research work on SM has begun to grow explosively and the
systematic introduction of the SM concept has been reported
in some tutorial/overview literature [7]–[10], which attract a
lot of attention from researchers. By activating one transmit
antenna to convey index information, SM reaps the spatial
gain with a single radio frequency (RF) chain and enjoys the
following additional benefits [6], [7]:

• higher energy efficiency [11], [12];
• lower detection complexity with a smaller number of

receive antennas and lower complexity of RF circuits;
• free of inter-channel interference;
• no need for inter-antenna synchronization;
• compatibility with massive multiple-input multiple-output

(MIMO) [13].

In SM, extra information bits are typically conveyed through
the index of one active transmit antenna, in addition to the
information bits conveyed by the conventional constellation
symbol. Based on the antenna-switching mechanism, the active
antenna index changes according to the spatial information
bits. In particular, only one RF chain is required at the SM
transmitter to activate one out of multiple transmit antennas
for a constellation symbol transmission, significantly saving
the energy consumption in downlink communications, and
dramatically reducing the hardware cost at the user terminal
in uplink communications. Moreover, due to freedom of
the inter-channel interference, SM can be a better candidate
technology than Vertical Bell Laboratories Layered Space-
Time (VBLAST) for high-mobility wireless communication
systems, where the channel correlation is weakened while the
inter-channel interference effect is aggravated [14]. Space shift
keying (SSK) can be viewed as a simplified variant of SM
[15]–[21], which embeds the overall information into the index
of one active antenna only without involving any constellation
symbol. Other variants of SM technology typically consist
of generalized (G)SM [22]–[25], quadrature SM (QSM) [26],
differential (D)SM [27]–[29], receive (R)SM [30]–[33], and
generalized (G)SSK [34]. Generally speaking, SM refers to
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a new modulation family of communication systems that
conveys additional information typically through the activation
states of transmit antennas. By choosing different activation
patterns at the transmitter, various SM members provide a
flexible design to meet different specific requirements and
trade-offs among the spectral efficiency, energy efficiency,
deployment cost, and system performance. For information
recovery, the receivers of SM have to execute two main tasks
[35]:

• detecting the indices/states of active antennas;
• demodulating the constellation symbols embedded on the

active antennas/states (if applicable).

However, it is not trivial to effectively detect both spatial
and constellation information effectively while maintaining
low complexity for SM members under different channel
conditions [25], [36]. On the other hand, link-adaptive SM,
which relies on the feedback from the receiver to alter its
transmission pattern (e.g., modulation order, transmit power
and antenna selection), was extensively investigated to achieve
better system performance and channel utilization [37]–[40].
Please note that the detection performance of plain SM highly
relies on the distinctness of the channel signatures/fingerprints
associated with different transmit antennas. As a result, plain
SM enjoys the technical challenge to operate in rich scat-
tering propagation and stationary [41] environments. With
further leverage of advantage preprocessing techniques, such
as orthogonal pulse shaping [42] and trellis coded modulation
(TCM) [43], [44], the problem of lack of channel distinctness
can be well addressed in SM systems. Furthermore, as plain
SM utilizes the space domain to convey index information
via one active antenna, no transmit-diversity gain is provided
by plain SM to combat channel fading effects. To overcome
the lack of transmit-diversity inherent in plain SM, transmit-
diversity enhanced SM using space-time block coding (STBC)
is also a promising direction to improve the error performance
[45]–[49].

Due to its many promising advantages, SM serves as an
attractive energy-efficient modulation technology with flexi-
bility of working together with others in emerging communi-
cation systems. Thanks to the sparsity inherent in SM signals,
compressed-sensing (CS) theory is a powerful tool for low-
complexity signal reconstruction even when the number of
available measurements is much smaller than the signal dimen-
sion (i.e., the number of receive antennas is much less than that
of transmit antennas in underdetermined systems), particularly
in the case of large-scale MIMO [50]–[53]. On the other hand,
due to the significantly reduced wavelength in the millimeter-
wave (mmWave) frequency band, mmWave systems can be
equipped with a large number of antennas at the transceiver
in a highly compact manner for the implementation of large-
scale MIMO [54]. As a result, the SM family emerges as a
promising low-cost and high-efficiency candidate for large-
scale MIMO with a large number of transmit antennas while
a much smaller number of RF chains are required for antenna
activation. More recently, noticing the great potentials of non-
orthogonal multiple access (NOMA) in supporting massive
connectivity and low transmission latency, NOMA aided SM

emerges as an attractive and novel technology for multi-user
communications, which achieves high spectral efficiency and
energy efficiency while maintaining low-complexity transceiv-
er design [55]–[57]. As a result, NOMA aided SM technology
strikes an appealing trade-off among spectral efficiency, energy
efficiency, deployment cost, and interference mitigation [58].
Simultaneous wireless information and power transfer (SWIP-
T) is another emerging important technology, which aims at
delivering wireless information and energy concurrently. SM
finds its special fit to SWIPT-enabled wireless systems since it
has the potential to leverage the inactive antennas for energy
harvesting without incurring any loss of the spectral efficiency.

Moreover, due to the broadcast nature of wireless com-
munications, the security of SM transmission is an essential
problem in practice [59]–[61]. Interestingly, both physical
layer security (PLS) and SM highly rely on the randomness
and discrimination properties of the wireless interface, which
can be exploited to achieve confidential information exchange
among legitimate nodes while impairing the potential eaves-
dropper at the same time. Specifically, SM employs a fast
antenna-switching mechanism to achieve the random selection
of transmit antennas according to the spatial information bits
and the legitimate channel state information (CSI), which can
incur fast time-varying environments to confuse the eavesdrop-
per and degrade its decoding performance. In other words,
SM shows a great potential not only in its increased energy
efficiency, but also in the feasibility of secure transmission.
Furthermore, since visible light communications (VLC) enjoys
high security and supports the fast switching in light-emitting
diodes (LEDs), SM technology can also be readily integrated
into VLC, which provides the flexibility to control the lumi-
nance of the LED array and the communication throughput
[62].

Although originated in the space domain, the concept of
SM is not exclusive to the space domain, but can be gener-
alized and applied to other signal domains such as frequen-
cy/time/code/angle domain or even across multiple domains.
As a consequence, considerable interest and attention have
been paid in recent years to fully develop various forms of the
SM concept in diverse wireless communication applications
[35], [63], [64]. The use of the ON/OFF keying mechanism to
embed index information has been mostly applied to entities
in single domains such as spatial domain (e.g., antenna,
RF mirror, and LED), frequency domain (e.g., subcarrier),
time domain (e.g., time slot), code domain (e.g., spreading
code and modulation type), and angle domain (e.g., angle
of arrival (AoA) and polarization state). To further enhance
the system performance and enjoy a more flexible design,
multi-dimension entities are also developed, which include
more than one dimension for performing the ON/OFF keying
mechanism.

The objective of this survey is to present a comprehen-
sive overview of the latest results and progresses in SM
research. In particular, Section II reveals the basic principles
and variants of SM. In addition, Section III presents several
performance enhanced techniques for SM systems, including
link-adaptive SM, TCM aided SM and diversity enhanced SM.
The combinations of SM with other promising techniques
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and applications of SM to various emerging and practical
communication systems are discussed in Sections IV and V.
Finally, some important extensions of SM to other domains
and entities are studied in Section VI, and concluding remarks
with future directions are drawn in Section VII.

II. BASIC PRINCIPLE AND VARIANTS OF SM

In this section, we first introduce the basic principle of SM
and then discuss some variants of SM, including (G)SM and
(D)SM. We consider the implementations of SM in a MIMO
system with NT transmit and NR receive antennas.

A. Single-RF SM

At the beginning of this century, SM has emerged as a
novel MIMO technology that works with a single RF chain
and exploits the active antenna index to convey additional
information based on the antenna-switching mechanism [6],
[7], [65]. As a result, the information of SM is not only ex-
plicitly transmitted as one phase-shift keying (PSK)/quadrature
amplitude modulation (QAM) symbol, but also implicitly
transmitted by selecting the index of one active antenna for
each channel use. Given the number of transmit antennas NT
and the modulation order of the signal constellation M , the
spectral efficiency of SM is

SSM = log2NT + log2M [bpcu] (1)

where [bpcu] stands for bits per channel use. Specifically,
the first part of log2NT bits determines the index of the
active antenna j and the second part of log2M bits is used
to modulate the constellation symbol s. Consequently, as the
constellation symbol s is carried by the j-th antenna, the
transmit vector of SM can be expressed as

x = [0 · · · 0︸ ︷︷ ︸
j−1

s 0 · · · 0︸ ︷︷ ︸
NT−j

]T (2)

where all elements of x except the j-th one are zeros. As
shown in Fig. 1, using the antenna-switching mechanism at the
transmitter, the index of active antenna changes randomly for
each channel use according to the incoming information bits.
Specially, when M = 1, the SM system degenerates into the
SSK system, in which the overall information bits are mapped
into the index of active antenna in the space domain and the
corresponding spectral efficiency is

SSSK = log2NT [bpcu]. (3)

At the receiver side, both the index of active antenna and
the corresponding constellation symbols must be detected for
information recovery. Various detection algorithms have been
developed for SM systems, which can be divided into two main
categories: joint detection and decoupled/separate detection.
For example, the maximum-likelihood (ML) detector is the
most typical representative of joint detection, which searches
jointly over all possible transmit antennas and constellation
symbols to achieve optimal detection performance [66]. How-
ever, the ML detector has relatively high complexity which
linearly scales with the number of transmit antennas and the
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Fig. 1. Transmitter diagram for the SM system.

size of the constellation. On the other hand, various suboptimal
lower-complexity detectors were also developed, which typi-
cally involve a two-step decoupled process, i.e., first determine
the index of the active transmit antenna and then demodulate
the constellation symbol carried on the active transmit antenna
[67]–[72]. As a result, the size of the search space is reduced
from O(NT ∗ M) to O(NT + M). Although the two-step
decoupled/separate detectors have smaller search complexity,
they usually suffer from performance degradation compared
with the optimal detector. Therefore, it is an essential and
challenging problem to design low-complexity detection algo-
rithms to achieve optimal or near-optimal performance for the
SM receiver. It is noted that by exploiting the sparsity of the
SM signal, the implementations of low-complexity detection
algorithms based on CS theory are developed to achieve near-
optimal performance [50], [73].

On the other hand, the practical shaping filter is employed to
evaluate the impact of antenna switching for band-limited SM
and a multiple-RF antenna switching mechanism is developed
to overcome the shortage of single-RF SM scheme in [74].
Moreover, the authors of [75] evaluate the impact of pulse
shaping on the bandwidth-versus-energy-efficiency tradeoff for
band-limited SM and emphasize the advantage of single-RF
SM in large-scale antenna array implementation. Moreover,
the design of SM detection algorithms taking into account of
channel correlation [76], [77], imperfect channel estimation
[78]–[81], performance analysis [82]–[85], cooperative pro-
tocol [86]–[88], and coded systems [69], [89]–[91] are also
extensively investigated in the literature.

It is also worth pointing out that the concept of SM provides
a multiple-antenna full-duplex node additional freedom to
decide which antennas for signal transmission and which
antennas for reception simultaneously, increasing the spectral
efficiency while remaining the RF chains advantages. The
authors of [92] for the first time proposed this idea, which
was later extended to full-duplex relaying, such as in [93].
Note that in the above introduction the number of transmit
antennas NT has been assumed to be a power of 2. When
this assumption cannot be satisfied, effective schemes such as
fractional bit encoding [91], bit padding [94], and constellation
order varying [95] can be applied to improve the spectral
efficiency of the SM system. The investment for the benefit is
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the increased susceptibility to error propagation.

B. Generalized (G)SM

Although the single-RF SM enjoys high energy efficiency
with one active antenna, one major disadvantage is that spec-
tral efficiency suffers from a slow logarithmic growth with an
increasing number of transmit antennas. Hence, the constraint
of a single active antenna is relaxed in (G)SM to provide more
spatial information by allowing more than one antennas to
be simultaneously activated to transmit the same PSK/QAM
symbol [22], [23]. Since the same PSK/QAM symbol is trans-
mitted from all active antennas, this (G)SM scheme requires
only one RF chain and is also free of inter-channel interference
and there is no need for inter-antenna synchronization. For
each channel use, K out of NT (K ≤ NT ) transmit antennas
are selected to carry the same constellation symbol while the
remaining NT −K antennas are inactivated, resulting in the
following spectral efficiency1

SGSM1 =

⌊
log2

(
NT
K

)⌋
+ log2M [bpcu]. (4)

Although the spatial information significantly increases in
(4) compared to (1), the constellation information is limited
by one PSK/QAM symbol. To further improve the spectral
efficiency, the concept of (G)SM can be further extended by
allowing different active antennas to carry different PSK/QAM
symbols [24], [96], resulting in the spectral efficiency

SGSM2 =

⌊
log2

(
NT
K

)⌋
+K log2M [bpcu]. (5)

In particular, (G)SM enables a flexible design to achieve a
compromise between the spectral efficiency, the deployment
cost (the number of RF chains), and the error performance by
choosing the required number of active antennas [97]. It is
worth pointing out that the single-RF SM and full activation
MIMO become two special cases of (G)SM with K = 1 and
K = NT , respectively.

1
(NT

K

)
stands for the binomial coefficient and b·c is the floor function.
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Fig. 3. BER performance comparison of different detectors in the uncoded
(G)SM system with NT = NR = 8, K = 4, and QPSK modulation.
Simulation results extracted from [25] and [36].

The transmitter diagram of the (G)SM system is depicted
in Fig. 2, where the incoming information bits are separated
into two parts for different purposes. Specifically, unlike
the classical MIMO scheme that maps all incoming bits
to constellation points for all transmit antennas, a block of
p = p1 + p2 incoming bits is divided into the space domain
and constellation domain, respectively. The first part with
p1 =

⌊
log2

(
NT

K

)⌋
bits is applied to the index selector for

activating K antennas (i.e., determining the indices of those
active antennas)

J = (j1, j2, . . . , jK) (6)

where jk ∈ T , {1, . . . , NT } is the index of the k-th active
antenna with j1 < j2 · · · < jK and J stands for the active
antenna combination (AAC), whose bit mapping procedure
can be implemented using the look-up table when the number
of AACs is small or combination strategy when the number
of AACs is large [98]–[100].

It is worth noting that among
(
NT

K

)
possible combinations,

only NL = 2p1 AACs are permitted while the other
(
NT

K

)
−NL

AACs are illegal due to the integer constraint of mapping bits.
Without loss of generality, the set of NL legal AACs is denoted
as J = {J}NL

=1. The second part with p2 = K log2M
bits is then applied to the symbol modulator for generating
K constellation symbols transmitted by the active antennas,
which generates the transmitting block as

xn =

{
sk, n = jk,

0, n /∈ J,
n = 1, . . . , NT (7)

where sk is drawn from an order-M constellation A =
{aı}Mı=1 and transmitted by the k-th active antenna. Denote
x , [x1 x2 . . . xNT

]
T , where xn ∈ {0} ∪ A and ‖x‖0 = K.

After transmission through the MIMO channel, the signal
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Simulation results extracted from [25].

model at the receiver side is expressed as

y =

√
ρ

K
Hx+w =

√
ρ

K
HJs+w (8)

where ρ strands for the transmit power, w ∼ Nc(0, INR
)

denotes an additive white Gaussian noise (AWGN) vector with
a zero mean and normalized variance, s , [s1 s2 . . . sK ]

T ∈
AK is a K × 1 constellation symbol vector carried by the
active antennas, and HJ , [hj1 hj2 . . .hjK ] consists of the
K columns of H corresponding to K active transmit antennas.
The receiver of (G)SM has to detect the indices of the active
antennas and demodulate the corresponding constellation sym-
bols simultaneously for information recovery.

By performing a joint detection over the active antenna
indices and constellation symbols, the ML detector for (G)SM
can be expressed as〈

Ĵ , ŝ
〉
= argmin
J∈J , s∈AK

∥∥∥∥y −√ ρ

K
HJs

∥∥∥∥2 . (9)

We can observe from (9) that the size of the search space
is O(NL · MK), resulting in a considerably high search
complexity, especially for large-scale MIMO or high order
constellations. Therefore, many researchers have focused on
the design of low-complexity detection algorithms for the
(G)SM system, e.g., the CS based detections [50]–[53], the or-
dered block minimum mean-squared-error (OB-MMSE) based
detections [101], [102], the message passing based detection
[100], the Gaussian approximation based detections [103],
[104], and sphere decoding (SD) based detections [105]–[107].
However, the above-mentioned detection algorithms either
suffer from suboptimal performance with considerable loss or
encounter a fluctuating complexity that depends on the channel
conditions, making them unsuitable for practical implementa-
tions. Moreover, most existing detectors output hard-decisions,
which suffer from some performance loss when channel codes

are deployed in the coded (G)SM system. In [108], a soft
OB-MMSE based detector is proposed to output soft-decisions
for the coded (G)SM system, which sorts the possible AAC
based on the specific metric and then proceeds to estimate
the constellation symbols associated with the MMSE solution
for each AAC. To achieve near-optimal performance but with
low complexity for coded (G)SM systems, soft detection algo-
rithms based on deterministic sequential Monte Carlo (DSMC)
and K-best SD are proposed in [25], [36], respectively. Fig. 3
shows the performance results of some representative detectors
in terms of bit error rate (BER) for the uncoded (G)SM
system. It can be observed from Fig. 3 that by showing the
ML detector as the benchmark, the detectors proposed by
[25] and [36] can achieve near-optimal performance while
other detectors still suffer from some performance loss. To
examine the performance of soft decoders, Fig. 4 shows the
comparison results in terms of BER for the coded (G)SM
system, where the turbo receiver and rate-1/2 constraint length-
3 convolutional code are employed. It can be observed that
the DSMC based detector in [25] achieves nearly the same
performance as the MAP detector (acts as the performance
benchmark for the turbo receiver) under different iteration
numbers, which outperforms the soft OB-MMSE detector in
[108] significantly.

C. Differential (D)SM

Since the SM transmitter embeds the spatial information in
the active antenna implicitly, the SM receiver has to detect
such spatial information by distinguishing different channel
fading states associated with different transmit antennas, which
requires the CSI for coherent detection. However, the CSI
requirement at the receiver increases the deployment cost
due to the pilot overhead and channel estimation complexity.
Alternatively, differential encoding of the SM symbols, which
dispenses with any CSI at the transceiver while inheriting
the advantages of SM, emerges as an attractive solution with
low deployment cost. A differentially encoded space-time shift
keying (STSK) modulation scheme is presented in [109] as the
primitive idea of (D)SM, which employs the Cayley unitary
transform and conveys information via the activation state
of the space-time dispersion matrix. To overcome limitation
on the real-valued constellation of [109], the authors of [68]
further develop a differentially STSK scheme with QAM to
achieve higher bandwidth-efficiency.

On the other hand, a permutation-based (D)SM scheme is
developed in [27], which conveys information via the antenna
activation order and is applicable to an arbitrary number of
transmit antennas. Specifically, as the original SM of NT
antennas has NT activation states, the (D)SM will transmit an
NT×NT space-time block, which is one permutation of block
activation states. As a result, we have N ! different permuta-
tions for the space-time block and the transmitter of (D)SM
selects one out of NT ! permutations according to the previous
space-time block and the incoming spatial information bits,
which is illustrated in Fig. 5. For each (D)SM block, the first
part with p1 = blog2(NT !)c bits is applied to the permutation
selector to determine a permutation P(i), while the second
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part with p2 = NT log2M bits is then applied to the symbol
modulator for generating NT constellation symbols in the form
of the diagonal matrix diag{s1(i) · · · sNT

(i)}, resulting in the
information block

X(i) = diag{s1(i) · · · sNT
(i)}P(i) (10)

where diag(·) denotes the diagonal operation. Finally, the
(D)SM block matrix is calculated by

S(i) = S(i− 1)X(i) (11)

where the initial block matrix of (11) can be assumed to
be the identity matrix, i.e., S(0) = INT

. As it can be
seen, the NT × NT space-time block is a full-rank matrix
and has only one non-zero entry in each row or column.
By leveraging the time-coherent property for non-coherent
detection, the (D)SM can successfully avoid the requirement
of pilot insertion at the transmitter and channel estimation at
the receiver to achieve low deployment cost. Fig. 6 shows
the BER comparison results between non-coherent detection
(D)SM and coherent detection SM with NT = 4, targeting
at the spectral efficiency of 3 bps/Hz. It can be observed that
compared with coherent detection SM, the performance loss
in terms of BER for the non-coherent detection (D)SM is
less than 3 dB. Fig. 7 shows the BER performance results
of (D)SM under different parameter settings, targeting at the
spectral efficiency of 3 bps/Hz. By showing the single-antenna
differential PSK (DPSK) as a benchmark, it can be observed
that the performance gain of (D)SM increases as the number
of receive antennas grows.

A reduced complexity detector is investigated for (D)SM in
[29] to achieve near-optimal performance, which is derived
from the ML principle and adopts a two-step operation.
The introduction of amplitude phase shift keying (APSK)
modulation to (D)SM is investigated in [110] and [111] to
enhance the transmission efficiency and performance. In [112],
the performance of (D)SM with two transmit antennas over
Rayleigh fading channels is analyzed in terms of the average
bit error probability, which shows a less than 3 dB performance
loss compared with the coherent SM. To fill the performance
gap between the DSM and the coherent SM, the state-of-the-
art in rectangular DSM concept is extensively investigated in
[113]–[117].

On the other hand, DSM also has various applications. For
example, the concept of (D)SM is then implemented in dual-
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hop networks [118], which reaps the transmit-diversity and
reduces the receive complexity by using precoding. To achieve
the improved BER performance of (D)SM, the concept of Gray
coding is applied, where the Trotter-Johnson ranking and un-
ranking theory is adopted to perform index permutations [119].
To capture the full transmit-diversity of (D)SM, schemes that
use cyclic signal constellation and algebraic field extensions
are developed in [120] and [121], respectively. Inspired by the
(G)SM concept, the authors of [122] generalize the differential
STSK scheme by allowing a subset of space-time dispersion
matrices to carry more than one real-valued constellations.
Furthermore, the differential transmission scheme for (G)SM
with multiple active transmit antennas is described in [123],
which strikes a more flexible trade-off between the diversity
gain and transmission rate.
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D. Receive (R)SM
As a reciprocal scheme of SM technology, RSM, a.k.a.

precoding aided SM (PSM), has also received a lot of research
interest due to its simplified receive structure. Specifically, by
applying the concept of SM at the receiver-side, RSM utilizes
the indices of receive antennas to convey spatial information
in addition to conventional constellation information of P-
SK/QAM symbol. With the aid of transmitter precoding, RSM
benefits from both high beamforming gain and low complexity
design at the receiver side, which is highly desired for the
downlink MIMO transmission.

With the perfect CSI available at the transmitter, the initial
RSM is explored in [30], where both zero-forcing (ZF) and
minimum mean-squared error (MMSE) pre-coding schemes
are considered. Two precoding schemes for RSM under im-
perfect CSI at the transmitter-side are then developed in
[31]. Moreover, the concept of RSM is also generalized by
activating more than one antennas at the receiver-side [32],
[33], in which error performance and the low-complexity
detectors are investigated. In [124], a non-linear RSM scheme
is developed with the leverage of vector perturbation, which
conveys implicit information via the activation pattern at
the receiver-side. The authors of [125] develop a new RSM
scheme to achieve both transmit and receive diversity, where
several associated detection algorithms are introduced to meet
different requirements in terms of complexity and reliability.
To reduce the significant channel estimation overheads re-
quired at the transmitter, a two-stage RSM based on partial
CSI is proposed in [126] for correlated channels. Moreover,
to overcome the performance degradation due to the channel
correlation, an orthogonality structure is designed for gener-
alized RSM [127]. Based on the ML criterion, both coherent
and incoherent detection schemes are studied in [128], which
are then simplified to the single-tap detection problem.

More recently, the performance of RSM in various applica-
tion scenarios are also studied and discussed. An upper bound
on the error performance of the MMSE-based RSM system is
derived in [129]. In [130]–[132], the power allocation problem
for RSM is formulated, where new approximate solutions are
proposed to achieve a higher performance gain. The error
performance, diversity order, and coding gain of RSM under
the shadowing MIMO channel are analyzed in [133] and
[134]. In [135], the integration of multi-stream RSM under
a broadcast channel is studied for the multi-user scenario,
where the error performance, diversity order, and coding gain
are derived. The authors of [136] develop an amalgamated
scheme of QSM and RSM and derive a closed-form upper
bound on its error performance. Moreover, the designs of RSM
for secure communication are also considered in [137]–[139].
In [140], the integration of RSM into the simultaneous wireless
information and power transfer system is studied, where the
rate-energy trade-off problem is revealed with performance
optimization.

III. PERFORMANCE ENHANCEMENT FOR SM
As Section II, the system performance of SM and its variants

highly depends on the distinctness of the channel signa-
tures/fingerprints associated with different transmit antennas.

To avoid significant performance degradation, those SM mem-
bers require rich scattering in the propagation environment,
which, however, may not be realistic in practical systems. For-
tunately, with preprocessing techniques, such as link-adaptive,
precoding/TCM, and space-time-coded transmission, the error
performance of the SM family can be improved significantly
in adverse environments.

A. Link-Adaptive SM

Under the slow fading channel model, link-adaptive SM
can be applied to achieve better BER performance and higher
channel utilization by adapting the parameter settings (e.g.,
modulation order, transmit power and number of transmit
antennas) or precoding matrices according to the channel
condition. Specifically, after channel estimation, the receiver
determines the optimal transmission parameters in terms of
modulation order, power allocation profile and antenna selec-
tion mode, or the optimal precoders, which is then sent back
to the transmitter using a limited feedback link [37]–[40].

In [141], adaptive SM mechanisms, which adapt the modu-
lation type and/or transmit power through the limited reliable
feedback channel, are introduced to cognitive radio systems
to enhance both the spectral and energy efficiency of the sec-
ondary system. An adaptive SM scheme based on the Huffman
coding technique is proposed in [142], which activates transmit
antennas with distinct probabilities via Huffman mapping
with a variable-length code. In addition, [143] exploits spatial
correlation as the partial CSI at the transmitter to realize the
adaptive SM principle, which is shown to achieve performance
improvement. An adaptive unified linear precoding scheme
based on the maximum criterion of the minimum Euclidean
distance for (G)SM systems is proposed in [144], which main-
tains the RF chains and is shown to improve the system error
performance relative to the (G)SM systems without precoding.
The adaptive SM principle is also introduced in mmWave
communication systems, where the shortest Euclidean distance
of the SM symbols is maximized in an iterative manner to
improve error performance [145].

B. Precoding/TCM Aided SM

It is worth pointing out again that the detection performance
of the spatial information highly depends on the distinctness of
channel impulse responses associated with different transmit
antennas. As a result, the detection performance suffers from
spatially-correlated fading channels as the channel impulse re-
sponses become very similar from different transmit antennas.

The precoding and TCM are two effective techniques to
overcome the negative impact of spatial correlation on SM.
In [146], a diagonal precoding matrix is applied to the SM
transmit vector before transmission, which is designed to
minimize the asymptotic average BER while preserving the
average power budget and without any explicit knowledge
of the channel coefficients at the transmitter. On the other
hand, in [43] and [44] the encoding scheme based on TCM
is investigated for SM systems. Specifically, the spatial in-
formation bits are convolutionally encoded and interleaved
according to the TCM principle in [43], which differentiates
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the transmit antennas into multiple subsets to maximize the
spatial distance between each transmit antenna within the
same subset. However, although the scheme proposed in [43]
benefits from some performance improvements in correlated
fading channels, such improvements vanish in uncorrelated
fading channels, compared with the conventional SM without
TCM. To break the bottleneck of [43], another TCM based
SM scheme is proposed in [44], which reaps the advantages
of trellis coding and achieves performance improvement over
the conventional SM in both uncorrelated and correlated fading
channels.

C. Transmit-Diversity Enhanced SM

It has been reported in [7] that no transmit-diversity gain can
be achieved by SM transmission even though the transmitter
is equipped with multiple antennas. Hence, many researchers
tried to develop transmit-diversity techniques with encoding
mechanisms to overcome the lack of transmit-diversity inher-
ent in SM.

In [45], the Alamouti code is exploited as the STBC to
integrate with SM, which reaps the second-order transmit-
diversity and enjoys the system simplicity by activating a pair
of transmit antennas. Moreover, owing to the orthogonality
of the Alamouti STBC on a spatial-constellation diagram, an
optimal detector is further developed for the STBC-SM system
with linear complexity. By resorting to the non-vanishing
determinant property, the orthogonal STBC is embedded into
the spatial constellation to achieve the transmit-diversity order
of two [46]. However, although the orthogonal STBC based
SM scheme in [46] achieves higher spectral efficiency without
the rotation phase optimization involved in [45], it is limited
by its antenna configuration, which requires that the number
of transmit antennas should be even and not less than four.
To overcome the spectral efficiency degradation in the STBC-
SM system of [45], an enhanced STBC-SM making use of
the cyclic structure and signal constellation rotation is devel-
oped in [47], which improves the spectral efficiency without
scarifying the transmit-diversity. By optimizing the power and
phase allocation, a SM scheme based on modified multi-
strata STBC is also proposed to further improve the spectral
efficiency while maintaining the same transmit-diversity order
[48]. In [147], temporal permutations are introduced as a new
dimension to improve the performance of spatially modulated
STBCs and ensure a full transmit diversity order.

To enjoy the high transmit-diversity order while avoiding
channel estimation, the STBC is also integrated into the
(D)SM, which reaps the diversity order without the require-
ment of CSI at the receiver [148]. Inspired by the QSM
proposed in [26], the in-phase and quadrature parts of the
constellation symbols are linearly multiplexed by a pair sets of
dispersion matrices in [149] to obtain the diversity-achieving
QSM transmission mechanism, which achieves the second-
order transmit-diversity and improves the spectral efficiency by
using additional spatial information embedded in a dispersion
matrix associated with the quadrature part.

IV. (G)SM INTEGRATION WITH OTHER PROMISING
TECHNOLOGIES

A. Compressed-Sensing (CS) Theory for SM

For (G)SM systems, conventional detection methods such
as ML and linear detections can be applied. However, the
ML detector has prohibitively high complexity that expo-
nentially grows with the number of active antennas whereas
linear detectors, e.g., MMSE and ZF suffer from significant
performance loss. Recently, by exploiting the sparse features
in (G)SM symbols, several researchers focused on the design
of low-complexity CS-based detection schemes to achieve
satisfactory performance. Therefore, CS theory becomes a
powerful tool that makes the signal reconstruction possible
even when the number of available measurements is much
smaller than the signal dimension (i.e., the number of receive
antennas is much less than that of transmit antennas in un-
derdetermined systems), particularly in the case of large-scale
MIMO [150]. Since a very large number of transmit antennas
are used in large-scale MIMO while only a few of them are
active during each transmission, the (G)SM symbols can be
considered sparse since most elements of the transmitted block
are zeros.

By formulating the antenna detection of SM as an `1-norm
convex optimization problem, [50] applies the normalized CS
to detect the active antenna indices, which saves the com-
putational complexity significantly in the large-scale MIMO
implementation. Against the limitation that basis pursuit (BP)
algorithm is not suitable for detecting sparse signals corrupted
by noise, [51] makes some adaptations to counter the effect
of noise and formulates the detection of (G)SM signals as
a convex quadratic programming problem. A sparse Bayesian
learning based detection algorithm is then proposed in [104] to
reconstruct the (G)SM symbol effectively with low complexity,
which shows outstanding performance over other CS-based
schemes in the highly underdetermined scenarios (i.e., the
receiver only has a small number of antennas). By formulating
the (G)SM detection as an `0-norm optimization problem
under the constraint of fixed sparsity, Bayesian CS is applied
in [53] to solve the detection problem, which shows a better
performance than the BP based detector. Several efficient
CS-based detectors under the orthogonal matching pursuit
framework are proposed in [52] for large-scale (G)SM system-
s, which achieve satisfactory performance with considerably
reduced complexity.

The application of CS theory to the multiuser detection
problems of SM systems also received great attention from
many researchers. In [73], the detection problem for SM
systems over the multiple-access channel is investigated, in
which a low-cost detector based on CS theory is proposed by
exploiting the structured sparsity of the problem. Exploiting
the distributed and group sparsity in large-scale SM uplink sys-
tems, [151] develops a structured CS-based multiuser detection
algorithm with satisfactory performance and low deployment
cost. The joint detection problem of user activity and (G)SM
signal is investigated over the terrestrial return channel [152],
in which the block-sparse CS-based method is developed
for solving the joint detection problem by exploiting the
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structured sparsity inherent in multi-user (G)SM systems. In
[153], after partitioning transmit antennas into multiple groups
to perform independent SM, corresponding detectors based
on threshold-aided CS and message passing are proposed to
achieve near-optimal performance with low complexity. In
[154], an effective Bayesian CS detector is proposed with low
deployment cost for STBC based QSM systems.

B. Non-orthogonal Multiple Access (NOMA) Aided SM

NOMA, which exhibits great potential in supporting both
massive connectivity and low transmission latency, has been
envisioned as one of the most promising technologies to
accommodate more active users in the future network [155].
In NOMA networks, multiple users share the same chan-
nel resource and are multiplexed in the power domain via
superposition coding at the transmitter [156]. To mitigate
inter-user interference, multi-user detection (MUD) techniques
such as successive interference cancellation (SIC) are typically
employed at the receiver. On the other hand, most research
works of SM focus on the point-to-point transceiver design
and current multi-user SM systems usually suffer from inter-
user interference [157]. Recalling that NOMA can effectively
mitigate inter-user interference, NOMA aided SM emerges
as a competitive technology in multi-user communications
to achieve high spectral efficiency and energy efficiency yet
maintain low deployment cost and reduced inter-user interfer-
ence. In particular, NOMA-SM strikes an appealing trade-off
between spectral efficiency, energy efficiency, and interference
mitigation. Towards this direction, researchers are motivated
to promote the deployment of NOMA aided SM and aim to
explore both the potential benefits of SM with low-complexity
design and NOMA with high bandwidth efficiency.

In [152] and [158], (G)SM is introduced to the NOMA
system to improve both spectral efficiency and energy effi-
ciency in the terrestrial return channel and uplink channel,
respectively, in which the joint detection problem of user
activity and (G)SM signals is explored by exploiting the
block-sparse model. NOMA-based SM is proposed in [55] for
downlink multi-user communications, which mitigates inter-
user interference effectively via SIC and achieves high spectral
efficiency at the cost of some performance degradation. In
[56], NOMA-aided precoded SM is proposed for downlink
multi-user communications under overloaded transmissions, in
which the demodulation of precoded SM is integrated into SIC
to obtain effective detection algorithms and analytical results
in terms of spectral efficiency, implementation cost, multi-
user interference, and mutual information are also derived to
evaluate the system performance. In [159] and [160], NOMA-
aided SM schemes with finite alphabet inputs are proposed
for uplink and downlink communications, respectively, in
which the lower bound on mutual information is derived to
characterize the system’s achievable rate.

It is noted that NOMA generally exploits inter-user channel
strength disparities to achieve an effective spectral utilization.
Nevertheless, NOMA performance may degrade considerably
when different users have a similar channel gain. Noticing
this issue, [161] proposes a switching mechanism between

NOMA and SM, which maintains better spectral efficiency
under minor inter-user channel strength disparities. Against
the switching mechanism, the combination scheme of NOMA
and SM is developed for uplink transmissions in [162], in
which a hybrid detection scheme is proposed to estimate the
antenna index and then the constellation symbols. In [163] and
[164], the combination scheme of NOMA and SM is proposed
for vehicle-to-vehicle communications, in which the index of
one active antenna embeds one specific user’s information and
the superposition coded symbol carried by the active antenna
conveys the information for other users.

It is worth pointing out that in the works mentioned above,
the implementation of superposition coding and SIC may
incur a high computational cost as the number of users grows
large. Moreover, interference cancellation can be imperfect in
practice, which causes error propagation and further degrades
the system performance. To circumvent this issue, the study of
[58] develops a primitive SM assisted NOMA technique with
antenna partitioning to support multi-user access, which avoids
the utilization of SIC at the receiver and refrains from multi-
user interference. Furthermore, the SM-aided NOMA scheme
is investigated under a three-node cooperative network in [57],
in which the information carried by the index of one active
antenna and the constellation symbol is separately delivered
to two users to avoid the utilization of SIC as well as improve
the system performance. To support massive connectivity, SM
aided code-division multiple-access is proposed as a NOMA-
SM scheme for uplink communications in [165], whose perfor-
mance and low-complexity signal detection problem are also
investigated.

C. Security provisioning in SM

Due to the broadcast characteristics of the wireless in-
terface, like other wireless transmission technologies, SM
transmissions also face the security and information leakage
challenges. Specifically, the confidential messages delivered
to legitimate users may be intercepted by malicious eaves-
droppers. As a result, ensuring secure transmission of SM
becomes a critical topic in the application of wireless net-
works. By complementing cryptographic techniques at the
upper networking layers [166], PLS is an efficient alternative
to improve the secrecy performance by exploiting the features
of the wireless interface (e.g., randomness, variability, discrim-
ination, reciprocity, etc.) [61]. It is worth pointing out that from
the physical layer perspective, both PLS and SM highly rely on
the randomness and discrimination properties of the wireless
interface. Thus, an interesting problem arises when exploiting
the channel properties to achieve confidential information
exchange among legitimate nodes using SM techniques such
that eavesdroppers fail to recover the information. Therefore,
advanced signal processing techniques may be applied to
amplify the discrimination between the legitimate channel
and wiretap channel, which benefits the legitimate node and
impairs the eavesdropper at the same time. Moreover, SM
activates one antenna randomly for each channel use via a
fast antenna-switching mechanism, which presents a fast time-
varying environment to the received signal of the eavesdropper.
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This information-driven antenna-switching mechanism makes
it more difficult for the eavesdropper to intercept the modu-
lation information carried on the randomly activated antenna,
especially when the mapping rule is unknown to the eaves-
dropper. Therefore, SM enjoys a great potential not only in the
increased spectral efficiency and energy efficiency, but also in
enhancing secure transmission.

In [59] and [60], some preliminary results on the secrecy
capacity for both SSK and SM are presented, and the effects of
the constellation size, received signal-to-noise ratio (SNR), and
number of antennas at the transceiver on the secrecy behavior
are examined. Assuming that the CSI of the eavesdropper is
available in the multiple-input-single-output (MISO) system,
[61] studies the secrecy mutual information of SM under
the finite input alphabet constraint and develops a precoding
based SM method to enhance the security performance. Under
the assumption of an available global CSI at the transmitter,
the optimization problem of the precoding-aided SM system
is investigated in [139] to improve the secure performance,
which maximizes the ratio of the received signal power at
the legitimate user to that at the eavesdropper. However,
acquiring the eavesdropper’s CSI may not be possible at the
transmitter for passive eavesdroppers. Without knowing the
eavesdropper’s CSI, artificial interference is introduced to the
SM system for ensuring secure transmission in [137], [138],
[167], [168], where [137] extends the precoding-aided SM
technique to a multiuser downlink case against the multiple
antenna eavesdropper.

In [169], two random antenna selection methods are de-
veloped for precoding based SM to improve the secrecy
rate, which severely degrades the reception quality of the
passive eavesdroppers without degrading the received signal at
destination. In [170], two transmit antenna selection methods
based on the maximization of signal-to-leakage-and-noise ratio
and secrecy rate are developed for artificial interference-aided
SM systems to enhance the transmission security. A full-
duplex legitimate receiver is introduced to the secure SM
system in [171], which not only receives the secret information
from the source, but also emits jamming signals to cause time-
varying interference at the passive eavesdropper. Under the
framework of QSM, an anti-eavesdropping scheme is proposed
by transmitting mixed signals of the information symbol and
the carefully designed artificial noise via randomly activated
antennas [172]. In [173], by exploiting the randomness of the
constellation mapping principle to encrypt the secret informa-
tion, a novel scheme is presented for the secret key exchange
and authentication in the SM system.

In [174], based on the channel reciprocity of time-division
duplexing communications and knowledge of legitimate CSI,
the transmitter dynamically redefines the mapping rule of the
spatial information to the active antenna indices for security
purpose, and then chooses the active antenna according to
the redefined mapping rule. Since a redefined mapping rule
is unknown by the eavesdropper due to lack of the legitimate
CSI, the security of the spatial information can be guaranteed
whereas the constellation information is not secure. Atten-
tive to the security issue of the constellation information,
[175] dynamically rotates the active antenna indices and

the constellation symbols at the transmitter according to the
instantaneous legitimate CSI, which is totally unknown to the
eavesdropper. As a result, both the spatial information and
constellation information are secure from the eavesdropper.
Moreover, by leveraging the random state of the legitimate
channel, the mapping-varied SM scheme is proposed in [176],
which dynamically rearranges the mapping patterns of the
antenna index bits and constellation bits according to the
instantaneous legitimate channel quality. Without knowing the
legitimate channel state, the eavesdroppers are confused with
variable information mapping patterns and the PLS can be
further enhanced.

The design of the SM technique for secure cooperative
communication systems is also investigated in [177] and [178].
In [177], a securely distributed SM scheme is deployed in
multiple non-dedicated relays to defend against eavesdropping
attacks and coordinate the transmission of source-destination
information via the indices of the selected relays. In particular,
the selected relays are equipped with specifically designed
precoder to facilitate the decoding of spatial information at
the legitimate receiver while confusing the eavesdropper. In
[178], a precoded SM-based cooperative network using relay
selection and jamming is investigated with secrecy consider-
ations, where Alice applies precoded SM and Bob emits a
jamming signal simultaneously for security protection in the
first phase while multiple relays coordinate the information
transmission and jam the eavesdroppers in the second phase.
Moreover, the power allocation optimization problem among
the cooperative relays and the performance in terms of secrecy
capacity and outage probability are studied.

V. APPLICATIONS OF SM TO EMERGING
COMMUNICATION SYSTEMS

A. SM in mmWave Communications
Driven by the high cost and exhaustion of radio resources

in low frequency bands (below 6 GHz), the exploitation of
mmWave frequency band (around 60 GHz) alleviates the data
traffic burden and provides super high data services in a
cost-efficient manner [179], [180]. However, working in high-
frequency bands, mmWave communications suffer from high
propagation loss. To overcome this drawback, beamforming
technology can be applied with a large number of antennas
to compensate for high propagation attenuation. Fortunate-
ly, attributed to the significantly reduced wavelength in the
mmWave frequency band, mmWave MIMO systems can be
equipped with a large number of antennas at the transceiver
in a highly compact manner to achieve high beamforming
gains [54]. For the conventional mmWave MIMO system,
the high compaction of antennas imposes the prohibitively
high cost at the transceiver due to the use of a large number
of RF circuits, which hinders the practical implementation.
To explore the practical implementation of RF-chain-limited
mmWave systems, the (G)SM technique is a promising low-
cost and high-efficiency design option by activating a subset
of transmit antennas connected to a small number of RF
chains. As a result, (G)SM becomes an attractive technology
in mmWave communications for reaping benefits of both
beamforming gain and low cost with reduced RF chains.
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Fig. 8. Transmitter diagram for (G)SM aided mmWave communication
systems.

Fig. 8 shows the transmitter diagram of the (G)SM aided
mmWave communication systems. A total number of NT
transmit antennas are partitioned into MP analog precoders,
each of which comprises NK antenna elements for analog
precoding, i.e., NT = MP · NK . For the implementation of
(G)SM aided mmWave scheme, the number of RF chains NRF
is less than the number of analog precoders MP . Unlike the
conventional mmWave MIMO scheme that conveys informa-
tion in the constellation domain, the incoming data of (G)SM
aided mmWave scheme are separated into two parts in the
constellation domain and space domain, respectively. Specif-
ically, the space domain data are fed to the index selector to
determine the indices of NRF out of MP analog precoders for
activation. Since the remaining MP −NRF analog precoders
are set to be idle, the outputs of NRF RF chains are connected
with NRF activated analog precoders via a fast switcher and
the total combination number of NRF analog precoders is(
MP

NRF

)
. On the other hand, the constellation data are fed to

the symbol modulator to generate NRF constellation symbols,
and then independently processed with NRF RF chains. For
each analog precoder, NK antenna elements are deployed as
phase shifters for the analog procession. A diagonal matrix of
size NT is applied as an analog precoder, whose n-th diagonal
entry is given by

[A]n,n =
1√
NK

ejφn (12)

where φn ∈ [−π, π] is the rotation angle of the n-th transmit
antenna. Similar to (7), we denote the (G)SM block as
x , [x1 x2 . . . xMP

]
T , and the received signal model can be

expressed as

y =

√
ρ

K
HA (x⊗ 1NK

) +w (13)

where 1NK
denotes the all-one vector of size NK , ⊗ denotes

the Kronecker product, A is the mmWave MIMO channel
matrix of size NR × NT , and w is an AWGN vector at
the receiver. Note that when NRF = 1, the system in
(12) specializes to a SM aided mmWave system with only
a single RF chain, which enjoys an extremely low cost of
implementation and detection in mmWave communications.

(G)SM aided mmWave scheme not only saves the transmitter
cost by reducing the number of RF chains, but also achieves
the precoding gains via the analog precoder, which meets the
requirement of mmWave communications.

In [181], the implementation of analog beamformers in
(G)SM-based mmWave systems is investigated, where the
array of analog beamformers is optimally designed to attain
the maximum rank of the equivalent channel matrix. More-
over, it is shown that with a reduced RF-chain structure,
the (G)SM-based mmWave scheme of [181] approaches the
same constrained capacity as the full-RF spatial-multiplexing
counterpart. The application of SSK and (G)SM in indoor
mmWave communications at 60 GHz is studied in [182]–
[184], where the channel is characterized as line-of-sight
(LOS) components due to the high reflection attenuation.
Based on the maximum criterion of the minimum distance
of received symbols, SSK [182] and (G)SM [183], [184] in
LOS channels are designed to achieve optimal performance
by orthogonalizing the channel matrix with proper antenna
placement. By approximating the 3-D statistical channel as
a lognormal fading channel, [185] analyzes the capacity of
QSM for outdoor mmWave communications. Assuming the
CSI at the transmitter, [186] proposes an analog precoding
aided (G)SM scheme for mmWave communications to im-
prove the spectral efficiency. Specifically, after deriving a
tight lower bound on the achievable spectral efficiency, the
analog precoding aided (G)SM scheme in [186] is designed
in an iterative way to meet the maximal spectral efficiency.
Furthermore, hybrid precoding aided (G)SM schemes using
hybrid digital and analog precoding are proposed for mmWave
communications, which achieve an optimal spectral efficiency
based on some approximations [187], [188].

To save the transmitter cost with a reduced number of an-
tennas, (G)SM with a variable number of activated antennas is
designed in [189] for indoor LoS mmWave communications to
achieve higher transmission efficiency. Moreover, the capacity
and energy efficiency are analyzed, and the optimization prob-
lems in terms of power allocation and antenna separation are
investigated. To save energy consumption and allow robustness
against path-loss attenuations, an orbital angular momentum
aided SM scheme is proposed for mmWave communication
systems in [190], where the capacity, error performance, and
energy efficiency are also discussed. In [191], a SM aided
receive antenna selection technology is developed for saving
the RF cost at the transceiver in mmWave communications,
where the combinatorial optimization problems of capacity
and error performance are studied. To attain beamforming
gain and reduce the cost of RF chain, an analog precoding-
aided virtual SM [192] and its variant using multi-mode hybrid
precorder [193] are proposed, which enhance the received
SNR and spatial degrees of freedom with the low cost of
single RF chain. Receive SM is also studied in indoor and
outdoor mmWave communications [194]–[196], where the
performance is optimized with minimum symbol error proba-
bility in LOS channels [194].
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B. SM in Optical Wireless Communications (OWC)

In addition to mmWave communications discussed in the
last subsection, OWC is another appealing complement to
alleviate the shortage problem of wireless radio resources and
achieve high data rate transmission [197], which can be cat-
egorized into indoor and outdoor implementations depending
on the communication range. For example, by deploying low-
cost LEDs for the indoor environment, OWC can provide
simultaneous energy-efficient lighting and high throughput
transmission. As an efficient and inexpensive dual-use technol-
ogy of illumination and communications, OWC enjoys a lot
of advantages in both indoor and outdoor communications,
such as cost efficiency, license-free implementation, large
bandwidth, and high reliability.

The primitive optical SM is developed in [198] for the in-
door environment, which can be extended to various scenarios.
In [199], an optical SM is developed for outdoor optical com-
munications to achieve a higher spectral efficiency and energy
efficiency, where the analytical and simulation results of both
uncoded and coded systems are presented under the turbulence
induced fading. Based on coherent detection, a theoretical
framework for error performance analysis is presented for
both uncoded and coded optical SM systems over atmospheric
turbulence characterized by HK distribution in [200], which
shows enhancement in performance, spectral efficiency and
deployment cost. Under the consideration of atmospheric tur-
bulence and pointing error, the error performance and mutual
information of the optical SSK are studied over three different
optical channel models [201]. Considering the inter-symbol
interference incurred by delay spread, [202] studies the error
behavior of the optical SM over indoor multipath optical
channels, whose upper bound on error performance is also
derived. With CSI available at the transmitter, [203] proposes
an optical SM based on the constellation optimization, whose
minimum Euclidean distance is maximized at the receiver. To
deal with the adverse effect on the detection of optical SM
incurred by the high channel correlation, an optical SM based
on the power imbalance is proposed for OWC in [204], which
optimizes the constrained capacity using power allocation. In
[205], the error performance of the SM aided OWC system
is investigated over the indoor environment characterized by
LOS components, which outperforms the repetition coding
aided OWC system. In [206], the mutual information and its
corresponding lower bound of the SM aided OWC system
are theoretically calculated under the MISO and finite input
alphabet setting. Based on these theoretical results, the optimal
precorder is designed to maximize the minimum Euclidean
distance. An enhanced optical SM scheme is proposed for
indoor OWC in [207], which aligns multiple transmit-receive
units to achieve higher SNR gains. Under the consideration
of imperfect synchronization at the transmitter, the theoretical
error performance of several variants of optical SM is derived
for OWC in [208], which provides some insightful information
about the effect of synchronization error.

For indoor environments, optical wireless communications
can be deployed as VLC for simultaneous luminance and
communication. In particular, as one indoor implementation

of OWC, VLC is an attractive alternative to apply in some
RF-free working environments, e.g., hospital, airplane, and
gas station [209], [210]. Due to the wide application of
LED array comprising a large number of LEDs for sufficient
illumination, MIMO technology can be readily integrated into
VLC to achieve high transmission rates, where various repre-
sentative MIMO aided VLC schemes have been investigated
and compared in [62]. Thanks to its capability of supporting
fast switching in LEDs, SM aided VLC can be deployed,
which activates a single LED only in the LED array for
each channel use to convey index information additionally
through the location of the active LED. Moreover, by adjusting
the number of active LEDs and the intensities, both (G)SSK
and (G)SM provide the flexibility to control the luminance
of the LED array and the communication throughput. To
attain higher power efficiency, an enhanced optical (G)SM
scheme based on the collaborative constellation pattern is
developed for indoor VLC in [211]–[213]. Using the ML-
based photodetectors, the theoretical and experimental results
of (G)SSK are presented for the short-range indoor VLC
in [214] and [215]. The error performance of (G)SM aided
VLC systems is presented with an analytical upper bound
on BER in [216]. Exploiting available CSI at the transmitter
for interchannel interference reduction, an optical SM based
on channel adaption is designed to apply in massive MIMO-
VLC in [217]. Moreover, the combination of optical SM and
layered space-time coding is designed for VLC by mapping the
spatial information into different space-time coding matrices.
To achieve the control flexibility on luminance and the data
throughput, a (G)SM aided hybrid dimming strategy using
clipped optical OFDM is designed for VLC in [218], whose
achievable rate is theoretically analyzed over channels with
dense scattering and high correlation, respectively. To achieve
a flexible design with an arbitrary number of transmit antennas
for SM, a three-domain bit mapping solution based on channel
adaptation is suggested in [219], whose lower bound on
achievable rate is also obtained in closed-form. Noticing the
real and positive constraint on light intensity levels in intensity
modulation/direct detection system, the authors of [220] and
[221] successfully apply the (G)SM principle to the optical
MIMO-OFDM system, which exploits the advantage of SM
based LED to avoid Hermitian symmetry and direct current
(DC) bias. Specifically, each complex OFDM signal are split
into four components consisting of the real-imaginary and
positive-negative parts and then encoded by four LEDs for
transmission, which dispenses with DC biasing/asymmetrical
clipping [220].

C. Hardware Implementation of SM
It is worth pointing out that most research works on SM

make the impractical assumption of ideal hardware at the
transceiver. Therefore, practical implementation of the SM
family is an important and challenging research direction,
since the channel estimation, transceiver movement, and hard-
ware impairments due to phase noise, I/Q imbalance, and
nonlinearity of the amplifier can have negative effects on the
system performance. The first attempt on the hardware imple-
mentation and experimental assessment of the SM principle
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is reported in [222], where the testbed platform with two
National Instruments (NI) PXIe devices is designed to verify
the experimental performance of SM under the indoor prop-
agation environment characterized by LoS wireless channels.
In particular, the implementation and applicability of SM has
been first approved, which reveals the impact of various hard-
ware impairments at the transceiver, e.g., imperfect channel
estimation, spatial correlation, and I/Q imbalance.

On the other hand, it is preferable to use low-resolution
analog-to-digital converters (ADCs) with few-bits quantization
at the user terminal to achieve a much lower power con-
sumption and reduce hardware cost significantly. In [223], the
multiuser detection problem of the SM system is investigated
for the large-scale MIMO implementation employing low-
resolution ADCs. It is shown that the SM system developed
in [223] is robust to quantization error and channel corre-
lation, and the proposed low-complexity detector achieves
better performance than its linear counterparts. Noted that the
antenna-switcher incurs time delays and is not cost-free, [224]
studies the impact and limitation of the antenna-switching
time for SM, in which the spectral efficiency and achievable
rate are analyzed under the practical hardware constraint of
antenna-switching. In [225] and [226], the performance of SM
based cognitive radio communications is investigated under
the consideration of channel estimation error and hardware
imperfections, where some theoretical results are derived for
Rayleigh fading channels.

The hardware requirements and limitations of various SM
members are discussed in [227], which shows that hardware
impairments have a significant influence on practical perfor-
mance. After developing an analytical framework under the
transmit I/Q imbalance for SM, the authors of [228] show the
robustness of SM to the I/Q imbalance. In [229], a practical
hardware implementation of the SM detector is realized by
using 87.4-K logic gates in the 0.18-µm CMOS technology,
which adopts the signal-vector-based list detection and dual-
data-path architecture to achieve low hardware complexity and
near-optimal performance. Furthermore, hardware realization
of the ML detection is implemented with 70.5-K gates under
the TSMC 90-nm CMOS technology in [230], where the
Givens rotation is applied to achieve stable division operation
and low-complexity implementation.

D. SM Based Simultaneous Wireless Information and Power
Transfer (SWIPT)

In all works mentioned above, the inactive antennas of an
SM node are either kept idle or turned on for signal reception
when operating in full-duplex mode. With the development of
SWIPT technology, researchers begin to realize a new energy
harvesting function of the inactive antennas in SM systems.
SM based SWIPT has been therefore receiving considerable
attention recently. Since the research topic is relatively new,
there are only a few works in the literature. In summary, they
can be still classified into three categories.

In the first category, the SM signal is exploited for SWIPT
by power splitting [231], [232], [233], [140]. Specifically, in
[231] a power splitting-based SWIPT is considered for an SM

system with a multiple-antenna receiver. The authors assume
different power splitting factors for different receive antennas
and develop an iterative algorithm to find the optimal values in
maximizing the achievable rate under certain energy harvesting
constraints. [232] develops a dual-hop relaying network using
SM at both sources and physical-layer network coding, where
the relay obtains required energy from the RF SM signals via
the power splitting protocol. Both full-duplex and half-duplex
modes are considered for the network, and the full-duplex
mode is shown to outperform its half-duplex counterpart as
the quality of self-interference cancellation and/or the spectral
efficiency increases. While [231] and [232] consider transmit
SM, [233] and [140] shed light on the application of receive
SM to SWIPT. In [233], an energy pattern aided SWIPT
system is proposed, where the information is conveyed not
only by the indices of the activated receive antennas but also by
the specific intensity of the delivered power. Results on BER
demonstrate the beneficial immunity of the proposed system to
power conversion. Unlike [233] that focuses on joint design,
[140] proposes to transmit a separated energy and receive SM
signals, such that the predefined energy signal can be removed
at the information receiver to facilitate signal detection.

In the second category, the SM node participates in both
information decoding and energy harvesting [234], [235].
This idea was first coined in [234], where a GSM node
communicates to an information receiver through the active
antennas while harvesting energy transmitted from an energy
transmitter and recycling part of its self-energy through the in-
active antennas. Enhancement in terms of achievable rate over
the existing time switching-based and antenna selection-based
wireless powered communication protocols is verified therein.
Later, the idea was extended to a dual-hop relaying network in
[235], where a GSM-based full-duplex relay without an exter-
nal power supply is assumed, and three different realizations
were proposed. While both the first and second methods are
based on time switching, the third method is based on power
splitting. The first method performs energy harvesting first,
suffering from self-interference in the following information
decoding step, while by reversing the order the second method
turns the adverse self-interference into an advantage to energy
harvesting as [234]. The third method carries out information
decoding and energy harvesting simultaneously all the time,
improving the transmission efficiency.

In the third category, the SWIPT capability is developed
for distributed SM [236]. Assuming multiple geometrically
separated single-antenna relays to form distributed SM, the
authors of [236] propose two different protocols to enable
SWIPT. The first protocol allows each relay node to harvest
energy transmitted from the source, which is used by the
activated relay to forward the source’s and its own data si-
multaneously. The second protocol exploits the inactive relays
to recycle part of the transmitted energy in the network in
addition to harvesting the transmitted energy from the source.
Both protocols retain the original properties of DSM, but the
second protocol enjoys a lower hardware complexity and better
error performance than the first protocol in certain scenarios.
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TABLE I
CLASSIFICATION OF REPRESENTATIVE FORMS OF SM.

Type Entity Representative Schemes Main Achievements

Antenna SM [6], SSK [15], (G)SM
[22], (G)SSK [34], QSM [26]

Higher energy efficiency & lower de-
ployment cost

Space
Domain

LED OSM [237] Flexibility to control illumination &
communications

RF Mirror RA-SSK [238], CM [239] Better system performance & lower an-
tenna cost

Frequency
Domain

Subcarriers
SIM-OFDM [240], OFDM-
IM [98], OFDM-I/Q-IM
[241], GFDM-IM [242]

Higher spectral efficiency& higher en-
ergy efficiency

Single-
Dimension

Entity
Subcarriers CI-OFDM-IM [243], MIMO-

OFDM-IM [244]–[247]
Higher reliability& higher energy effi-
ciency

Time
Domain

Time slot SC-IM [248] Higher transmission efficiency for
broadband systems

Code
Domain

Spreading
Code

CIM-SS [249], GCIM-SS
[250], IM-OFDM-SS [251]

Higher spectral efficiency & lower en-
ergy consumption

Modulation
Type

ESM [252], DM-OFDM
[253], MM-OFDM-IM [254] Higher spectral efficiency

Angle
Domain

Polarization
state

PolarSK [255], 3-D PMod
[256]

Higher spectral efficiency & lower
hardware cost

AoA BACM [257] Higher spectral efficiency

Space-Time STSK [109] Flexible tradeoff between diversity &
multiplexing gain

Multi-
Dimension

Entity
Space-Frequency GSFIM [258] Better system performance

Space-Time-Frequency STFSK [259], GSTFIM [260] Higher spectral efficiency

VI. APPLICATIONS OF SM IN NEW DOMAINS

As a novel digital modulation technology for achieving both
spectral efficiency and energy efficiency, the basic concept of
SM is to convey additional information through the ON/OFF
states of transmit antennas. Consequently, the concept of
SM can be generalized and used in various applications,
in which the transmission media for embedding additional
information can be either physical (e.g., antenna) or virtual
(e.g., space-time matrix). Instead of using the full-activation
state, the distinguishing feature of SM is to embed the implicit
information via the activation states of transmission media in
addition to explicit information (e.g, constellation symbols),
which is carried by the partially activated transmission media
[35], [261]–[264]. The information loss due to the deactivation
of some transmission media can be compensated for by the
implicit information based on the ON/OFF states, saving the
cost of transmission media (the number of actual transmis-
sion media is significantly reduced) and striking an attractive
compromise between energy efficiency and spectral efficiency.

Relying on the activation states of transmit antennas, S-
M provides a new perspective on the digital modulation,
which is different from the conventional digital modulation
using the amplitude, frequency, and phase on the sinusoidal

carrier. Inspired by the concept of SM, researchers have
proposed various forms and applications for SM, which alter
the ON/OFF states of different transmission entities to embed
additional information. In Table I, we summarize extensive
representative forms of SM, which are classified according to
their transmission entities that perform the ON/OFF keying
mechanism. As Table I, the concept of SM can be performed
in either a single-dimension entity or a multi-dimension entity.
So far, various single-dimension entities have been explored
to increase the spectral efficiency and energy efficiency of
communication systems, which mainly includes spatial entities
(e.g., antenna, RF mirror, and LED), frequency entities (e.g.,
subcarrier), time entities (e.g., time slot), code entities (e.g.,
spreading code and modulation type), angle entities (e.g., AoA
and polarization state), etc. To further enhance the system
performance and enjoy a more flexible system setting, several
multi-dimension entities are also developed, which include
more than one dimension for performing the ON/OFF keying
mechanism.

A. Single-Dimension Entity

After the pioneering works in [6] and [15], the emergence
of SM and SSK schemes has sparked renewed and widespread
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interest in digital modulation, both of which require a single
RF chain only and embed spatial information through the
active antenna index. Afterwards, different variants of the SM
technology have been developed to accommodate more than
one active antennas and further enhance the spectral efficiency,
which include (G)SM [22], (G)SSK [34] and QSM [26]. Be-
sides the spatial entity of antenna, the implementation of SM
can also be extended to communication systems deploying RF
mirrors and LEDs. As presented in Section V-B, the SM aided
VLC, which conveys spatial information through the location
of the active LED, is an efficient and inexpensive dual-use
technology of illumination and communications [237]. Anoth-
er remarkable implementation of SM in the space domain is
the reconfigurable antenna (RA) based system, which controls
the ON/OFF states of the RF mirrors surrounding a transmit
antenna and further alters the radiation pattern to embed addi-
tional information [265]–[268]. With the adjustable radiation
characteristics of the transmit antenna, RA-SSK is proposed
in [238] to improve the system performance and reduce the
implementation cost in transmit antennas. Moreover, as the
changing of radiation pattern results in the variations of the
channel characteristics, it can be regarded as the modulation
based on the channel state, which is also referred to as channel
modulation (CM) schemes [239].

Although the SM technology originated in the space do-
main, SM is not exclusive to the space domain and can be
easily transplanted into the frequency/time/code/angle domain-
s. Inspiring by the SM concept, the authors of [240] introduce
the subcarrier-index modulation (SIM)-OFDM system, which
is the first attempt to exploit the subcarrier indices for encoding
information and alleviating the high peak-to-average power
ratio issue in OFDM systems. By replacing the transmission
of antennas with subcarriers for performing the ON/OFF key-
ing mechanism, orthogonal frequency division multiplexing
with index modulation (OFDM-IM) is proposed in [98] as
a successful and inspiring representative for implementing the
SM concept into multi-carrier systems. Inspired by the design
of the QSM scheme, OFDM with in-phase/quadrature index
modulation (OFDM-I/Q-IM) is proposed in [241] to perform
the ON/OFF keying mechanism independently in the in-
phase and quadrature dimensions, respectively, which further
enhances the spectral efficiency and the error performance. In
[269], the generalization of OFDM-IM is proposed to further
enhance the spectral efficiency and flexibility with a variable
number of active subcarriers, which relaxes the constraint of
the fixed number of active subcarriers in [98]. The concept
of SM is also applied to generalized frequency division
multiplexing (GFDM) in [242], which yields the GFDM-
IM scheme and achieves performance gain over conventional
GFDM. To achieve higher diversity gain, a novel coordinate
interleaved OFDM-IM (CI-OFDM-IM) scheme is proposed in
[243] by combining the SM concept and coordinate interleaved
STBC in OFDM systems. The combination scheme of OFDM-
IM and MIMO, which referred to as MIMO-OFDM-IM, is
investigated in [244] to achieve higher data rates and better
error performance than the traditional MIMO-OFDM scheme,
where various low-complexity and near-optimal algorithms are
developed for the demodulation of MIMO-OFDM-IM [244]–

[247].
The successful implementation of OFDM-IM has also pro-

pelled the spread of the SM concept to the time, code, and
angle domains. In [248], a novel single-carrier (SC) based IM
(SC-IM) scheme, which activates a subset of symbols in each
time-domain subframe to convey additional information, is
proposed to enhance the transmission efficiency for broadband
systems. A code index modulation-spread spectrum (CIM-
SS) is proposed in [249] to achieve better performance with
reduced energy consumption, which carries additional infor-
mation by choosing one of the two spreading Walsh codes.
Moreover, a generalization scheme of CIM-SS (called GCIM-
SS) is then proposed in [250] to further improve the spectral
efficiency, which increases the set size of the spreading Walsh
codes to bear more index information. By integrating the SM
concept into OFDM spread spectrum (OFDM-SS) systems,
the authors of [251] propose an index modulated OFDM-
SS (IM-OFDM-SS) scheme to harvest the diversity gain and
higher spectral efficiency, which embeds the index information
through the selection of spreading codes and can be applied
to multi-user systems. By enabling the flexibility of activating
one or two antennas, an enhanced SM scheme is developed
in [252] to overcome the compromised spectral efficiency of
conventional SM, which jointly select the active antenna(s)
and the constellations for embedding more index information.
To mitigate the loss in spectral efficiency due to the inactive
subcarriers, a dual-mode OFDM (DM-OFDM) is proposed in
[253] to enhance the data transmission efficiency, in which the
originally active subcarriers of OFDM-IM carry the modulated
symbols drawn from the primary constellation while those
inactive subcarriers of OFDM-IM are reactivated to carry new
modulated symbols drawn from a secondary constellation.
Furthermore, the generalization scheme of DM-OFDM, which
is referred to as multiple-mode OFDM-IM (MM-OFDM-IM)
[254] and includes more constellation modes, is developed by
exploiting the full permutation pattern to carry more index
information. By exploiting polarization states for conveying
index information through the angle domain, a generalized
polarization shift keying (PolarSK) modulation scheme, is pro-
posed for dual-polarization communication systems in [255]
to achieve high spectral efficiency while retaining a low
hardware cost. Moreover, a 3-D polarized modulation (PMod)
is developed for dual-polarization communication systems in
[256], which selects both polarization state and the radiation
phase according to the information bits to achieve better
error performance. In [257], a beam angle channel modulation
(BACM) scheme is introduced to convey index information in
the angle domain, which embeds the information into the AoA
of a transmission beam.

B. Multi-Dimension Entity

As discussed in the last subsection, various applications
based on the SM concept have been implemented in the
space/frequency/time/code/angle domains, which exploit the
ON/OFF states or the permutations of transmission entities in
one domain to carry index information. To further enhance
the system performance and enjoy a more flexible system
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setting, it is possible and beneficial to integrate resources
across multiple dimensions to form a multi-dimension entity
for the implementation of SM concept.

To unify the SM concept in both space and time domains,
both coherent and differential STSK modulation schemes are
developed via the activation mechanism on selecting one out of
multiple space-time dispersion matrices, which enables a flex-
ible design to compromise between diversity and multiplexing
gains [109]. By extending the SM concept to include both
space and frequency dimensions, the authors of [258] develop
a generalized space and frequency IM (GSFIM) scheme, which
shows the potential to achieve better performance than the
traditional MIMO-OFDM scheme. Exploiting the ON/OFF
keying mechanism across the space, time and frequency do-
mains, space-time-frequency shift keying (STFSK) scheme is
also proposed in [259] to reap the potential gain from the
three domains, which shows an improvement in the system
performance and alleviation of inter-symbol interference over
frequency-selective fading channels. Based on the dispersion
matrix activation over space, time and frequency domains,
a generalized space-time-frequency index modulation (GST-
FIM) scheme is proposed in [260] to provide extra spectral
efficiency.

VII. CONCLUSIONS AND FUTURE DIRECTIONS

SM is a promising digital modulation technology to fulfill
the requirements of emerging wireless systems due to its
potential of achieving high energy efficiency, low deployment
cost, free of interchannel interference, relaxed inter-antenna
synchronization requirements, and compatibility with massive
MIMO systems. As shown in this survey, relying on the
activation states of transmit antennas to convey additional in-
formation, SM can achieve an attractive compromise between
spectral efficiency and energy efficiency with simple design
philosophy, which has been verified by extensive studies.
We have first discussed the basic principles, variants, and
enhancements of SM, and then shown the broad prospects
of the SM concept in various implementations, including
integration with other promising techniques, applications to
emerging communication systems, and extensions to new
domains. We hope that this survey and the research results
in this special issue will be helpful to the readers to gain
a better understanding and clearer picture on the advantages
and opportunities of the SM family as well as its wide-range
applications.

Although considerable significant work has been studied on
the research filed of SM, there are still many interesting as well
as challenging research problems of SM to be tackled in order
to further broaden its applications and fulfill the requirements
of future wireless communications. Therefore, we close this
survey with some promising directions worthy of investigation
in future research, which are summarized as follows:
• The scalability and integration of SM techniques to multi-

user networks. In particular, scheduling and resource allo-
cation of SM based-networks is one of the indispensable
tasks to maximize the system throughput and balance
user fairness. Moreover, the antenna and power allocation

problem of SM should be further investigated to achieve
an effective multi-user interference management.

• The high-mobility management problem of the SM
technology in dynamic and mobile networks such as
vehicle-to-everything (V2X) communications, unmanned
aerial vehicles (UAV) communications, and underwater
acoustic (UWA) communications. For example, since the
occupation of pilots consumes a non-negligible fraction
of space/time/frequency/code resources, the number and
pattern of pilots have a significant impact on the high-
mobility SM system, which should be carefully designed.
Moreover, similar to the concept of SM, the distinguish-
able pilot patterns may be exploited to carry additional
information bits and compensate for the overhead cost of
the pilot occupation in the high-mobility SM system.

• Although SM is a promising candidate for massive MI-
MO, the channel acquisition/estimation can be a challeng-
ing task due to the massive number of antennas. In fact,
the required channel training overhead is proportional to
the number of antennas, which may be prohibitive or
even unaffordable in practice. Furthermore, the channel
feedback problem becomes even more prominent and
challenging to the link-adaptive SM system under the
massive MIMO setup.

• Note that the error performance of the spatial information
bits and the constellation information bits of SM can
be significantly different under various wireless envi-
ronments. This is attributed to the fact that the error
performance of spatial information bits highly depends on
the differentiability of the channel signatures. Therefore,
how to balance the error performance difference and
schedule the information bits is an essential problem of
SM.

• Relying on the ON/OFF state for embedding informa-
tion, SM can be an energy efficient and cost-effective
technique for the IoT to connect a massive number
of machine-type communication (MTC) devices. Since
MTC devices are usually low data rate requirements,
periodic data traffic arrivals, limited signal processing ca-
pability, and strict energy constraints, the specific design
and integration of SM to the IoT is also a promising
research direction.

• The fundamental trade-off problem of SM between en-
ergy/spectral efficiency and the other communication re-
quirements such as high reliability, high capacity, flexible
design, and low latency.

• The application/generalization of the SM concept to new
emerging transmission entities such as orbital angular
momentum can also bring new challenging problems.
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