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AbstrAct
The wireless revolution has already started with 

the first official 3GPP release of 5G wireless net-
works, which is expected to support a plethora of 
applications. Despite the development of several 
modern communication technologies, since the 
beginning of the modern era of digital communi-
cations, we have been mostly conveying informa-
tion by altering the amplitude, the phase, or the 
frequency of sinusoidal carrier signals, which has 
inherent drawbacks. On the other hand, IM pro-
vides an alternative dimension to transmit digital 
information: the indices of the corresponding com-
munication systems’ building blocks. MBM, which 
is one of the newest and the most prominent mem-
bers of the IM family, performs the transmission 
of information by altering the far-field radiation 
pattern of reconfigurable antennas and provides 
a completely new dimension to convey informa-
tion: wireless channel fade realizations themselves 
through the unique signature of received signals. 
The aim of this article is to shed light on this prom-
ising frontier from a broad communication engi-
neering perspective by discussing the most recent 
advances as well as possible interesting research 
directions in MBM technologies.

IntroductIon
The development of new services/applications, 
the continuously increasing number of users/
devices, and the major advances in technology 
contribute to the growth of overall data traffic at 
a high and steady rate. According to the forecasts 
of Cisco in the global scale, there will be 27.1 bil-
lion networked devices and connections in 2021, 
up from 17.1 billion in 2016, while Internet Proto-
col (IP) traffic will reach an annual run rate of 3.3 
Zettabytes in 2021, up from an annual run rate of 
1.2 Zettabytes in 2016.

While the above calculations continue to put 
more and more stress on next-generation com-
munication systems, 5th generation (5G) wireless 
networks, which are expected to be introduced 
around 2020, have been under the spotlight over 
the past few years. Despite the ongoing debate on 
5G wireless technology, compared to their fourth 
generation (4G) counterparts, 5G networks are 
expected to provide immense bandwidths and 
much higher data rates with considerably lower 
latency. 5G wireless networks are also expected to 
enable a variety of new applications under three 
main service categories (usage scenarios):

• Enhanced mobile broadband (eMBB)
• Ultra-reliable and low latency communications 

(uRLLC)
• Massive machine type communications 

(mMTC), which were identified by the Interna-
tional Telecommunication Union in September 
2015 considering the specific needs of diverse 
applications. 
To meet the goals of 5G New Radio (NR), 

researchers have put forward attractive physi-
cal layer (PHY) solutions, such as massive mul-
tiple-input multiple-output (MIMO) systems, 
millimeter-wave (mm-Wave) communications, 
non-orthogonal multiple access schemes, and 
novel waveform designs. However, one thing has 
become certain during the standardization of 5G 
NR: there is no single enabling technology that 
can support all of the application requirements 
being promised by 5G networking. Consequently, 
to address these different user applications and 
requirements as well as to support connectivity in 
the massive scale, 5G and beyond radio access 
technologies (RATs) should have a strong flexibil-
ity to support and employ novel PHY techniques 
with higher spectral/energy efficiency and lower 
transceiver complexity. At this point, unconven-
tional transmission methods based on the prom-
ising concept of index modulation (IM) [1], may 
have remarkable potential and impact to shape 5G 
and beyond RATs due to their inherently available 
advantages over conventional systems. Since the 
initial skepticism of both academia and industry on 
the potential and applicability of IM technologies 
has disappeared now, we believe that IM is not 
another simple digital modulation alternative, but 
rather can be a game-changing communication 
paradigm whose time has come!

Since the beginning of the modern era of digital 
communications, conventionally, we have been 
mostly transmitting information by modulating 
the amplitude, the phase, or the frequency of a 
high-frequency sinusoidal carrier signal. Conse-
quently, in order to satisfy the increasing demand 
for higher data rates, we have to employ high-
er order modulation formats, which require an 
increased signal power or sophisticated channel 
encoding methods to achieve a satisfactory error 
performance. On the other hand, IM provides an 
alternative way to transmit digital information: the 
indices of the building blocks of corresponding 
communication systems, including transmit anten-
nas, subcarriers, time slots, radio frequency (RF) 
mirrors, and so on [2].
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ACCEPTED FROM OPEN CALL Media-based modulation (MBM), which is 
one of the newest members of the IM fami-
ly, can be implemented by intentionally altering 
the far-field radiation pattern of a reconfigurable 
antenna (RA) through adjusting the on/off status 
of its available RF mirrors, which are parasitic RA 
elements that contain PIN diodes, according to 
the information bits. In this sense, MBM offers a 
completely new dimension for the transmission 
of digital information: the realizations of wireless 
channels themselves by deliberate perturbation of 
the transmission environment [3]. In other words, 
MBM exploits different realizations of the wireless 
channels to create its modulation alphabet, that is, 
it performs the modulation of the wireless chan-
nel itself in a sense. Big deal, you may say! Let us 
consider that you want to transmit six information 
bits in each signaling interval by using a non-RA 
(traditional) antenna, which employs the conven-
tional 64-ary quadrature amplitude modulation (64 
-QAM). In this case, you have to either increase the 
transmit power or employ sophisticated channel 
codes to achieve a target bit error rate compared 
to a low-rate scenario since you inevitably use an 
over-crowded signal constellation. On the other 
hand, consider the operation of an RA that has 
six RF mirrors and transmitting a non-data bearing 
carrier signal. An RF mirror is a passive antenna ele-
ment containing a PIN diode, which can be turned 
on or off according to the information bits. Par-
ticular on or off states of the available RF mirrors 
through the principle of IM can create a different 
far-field radiation pattern, that is, corresponding to 
a different realization of the fading channel, which 
affects the signature of the received signal. For 
MBM, you do not need to suffer from over-crowd-
ed traditional signal constellations and can achieve 
a much better error performance since the Euclid-
ean distance between MBM constellation points, 
which are channel fade realizations, remains the 
same even with increasing data rates. For these 
reasons, we conclude that MBM, being an inter-
esting and new wireless communication paradigm, 
can play a key role in reducing the size, cost, and 
power consumption of mobile units and Internet of 
Things (IoT) devices. However, along with accom-
panying operational difficulties, interesting as well 
as challenging research problems need to be 
solved considering the current and relatively pre-
mature body of knowledge on MBM technologies.

In this introductory article, we present the 
basic concept of MBM, which is still waiting to be 
explored by many researchers, briefly investigate 
the most recent advances in this frontier, and out-
line the possible interesting research directions by 
discussing the potential of MBM toward next-gen-
eration wireless systems. This article, which is the 
first tutorial-type article in the literature particu-
larly focusing on this frontier, also aims to attract 
the attention of academia and industry members 
regarding the promising MBM technologies and 
provides a broad communication engineering per-
spective for future MBM systems.

MedIA-bAsed ModulAtIon: A reconfIgurAble 
AntennA-bAsed Index ModulAtIon scheMe

The development of reconfigurable antennas 
(RAs), which have the ability to modify their main 
characteristics including radiation pattern, polar-

ization, or frequency of operation [4], has been 
one of the most intriguing frontiers in reconfig-
urable RF research. In the most simple terms, 
an antenna can be reconfigured by altering its 
radiated fields through deliberate redistribution 
of antenna currents. RAs can be implemented 
with different reconfigurable mechanisms, includ-
ing mechanical modifications, material property 
changes, and switches. While RAs are general-
ly designed to support different wireless services 
operating over different frequencies, for embed-
ding information into the antenna states, the use 
of switches appears as the most attractive solu-
tion. Within this perspective, reconfigurable sys-
tems can be regarded as a subgroup of the vast 
IM family [1], in which the indices of parasitic 
antenna elements are selected with the purpose 
of information transmission. The flexibility offered 
by RAs can remarkably reduce the hardware com-
plexity, cost, and size of target systems compared 
to conventional RF technology, which is mainly 
based on communication systems with inflexible 
(non-reconfigurable) hardware components. In 
this context, RAs can play a key role in the design 
of next-generation mobile terminals as well as IoT 
devices and can increase the flexibility of com-
munication systems by exploiting a new degree 
of freedom for information transfer. It is worth 
noting that the RA concept is directly related to 
the antenna itself and different from the concept 
of smart antennas, which relies on beamforming 
techniques.

Media-based modulation (MBM) is a term 
introduced by Khandani in [5] with the aim of 
transmitting data using the concept of RAs. The 
RA concept is well-known in the field of electro-
magnetics and has become increasingly popular 
in the past decade. MBM, however, has been 
put forward explicitly to carry additional infor-
mation through RAs using the concept of IM. 
The more general channel modulation term has 
been recently introduced in [6] for the family of 
space-shift keying (SSK) and MBM/RA variations 
since in all of these schemes, a carrier signal with 
constant parameters is transmitted while from 
the perspective of the receiver, different realiza-
tions of the wireless channel convey the infor-
mation. The received signal contains the unique 
signature of the activated transmit antenna for 
SSK; however, it contains the unique signature of 
the selected antenna state (channel realization) 
for MBM. As a result, MBM appears as an inno-
vative communication phenomenon and comes 
up with many appealing advantages compared 
to legacy communication systems, which will be 
discussed later.

how does MbM work?
In Fig. 1, the conceptual block diagram of the sin-
gle-input single-output (SISO)-MBM transceiver is 
shown, where an RA equipped with N RF mirrors 
is considered. In this scenario, the incoming N bits 
determine the on/off status (0 → on and 1 → off) 
of the available N RF mirrors, whose different on/
off combinations correspond to different channel 
states (realizations) for MBM. Here, h1, … , hN rep-
resent the corresponding channel fading coeffi-
cients (modulation alphabet of MBM) obtained by 
different channel fade realizations. After I/Q mod-
ulation, the data symbol determined by log2M bits 
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is transmitted over this RA. The task of the MBM 
receiver is to not only recover the M-ary modu-
lated data symbol but also estimate the selected 
channel state (on/off status of the RF mirrors) in 
order to obtain the bits transmitted by IM. This is 
accomplished by the maximum likelihood (ML) 
detector through calculating 2NM decision met-
rics. Since each channel state corresponds to a 
different fade realization, as a result, to a different 
signature at the receiver, the MBM receiver can 
easily distinguish different radiation patterns with 
the knowledge of channel state information (CSI). 
The block diagram of Fig. 1 can be easily gen-
eralized for SIMO-MBM, in which each receive 
antenna experiences N different fade realizations.

The operation of the MBM scheme can be 
explained by the following example for N = 2 
and M = 4. In this case, four information bits can 
be transmitted in a given signaling interval. Let us 
assume that these four bits are given as 0111. The 
first two bits (01) of the incoming bit sequence 
determine the second antenna state for this trans-
mission, while the remaining two bits (11) select 
the 4-QAM data symbol of – 1 – j to be transmit-
ted using the determined antenna state. The receiv-
er, which acquires the knowledge of different fade 
realizations through an initial training phase, jointly 
considers all possible antenna states and data sym-
bols (calculating 16 decision metrics in this exam-

ple) and determines the most likely pair of antenna 
state and data symbol.

Let us consider the case that we want to trans-
mit 8 bits in each signaling interval by using the 
schemes of MBM and SSK without considering 
M-ary modulations. For SSK, we require 28 = 256 
transmit antennas to perform this transmission with 
antenna indexing, while an MBM scheme with a 
single transmit antenna and 8 RF mirrors can han-
dle the same task. Moreover, it has been shown 
in [6] that the MIMO-SSK scheme with T transmit 
antennas is equivalent (in terms of input-output 
relationship) to the single-input multiple-output 
(SIMO)-MBM scheme with N RF mirrors for T = 2N. 
Under the assumptions of uncorrelated transmit 
antennas for SSK and uncorrelated channel realiza-
tions for MBM, the same error performance can be 
obtained due to the fact that both systems convey 
information through different wireless fade reali-
zations in a similar manner. However, the design 
of MBM schemes with such a high number of RF 
mirrors (different states) is a challenging research 
problem as we will discuss later.

reconfIgurAble AntennA desIgn
In Fig. 2, we provide an RA simulation model by 
using a 2-by-2 square patch array consisting of 
four patch (microstrip) elements. In this model, 
the effect of PIN diodes (RF mirrors) are modeled 
by simple (ideal) metal tabs at the lower horizon-
tal connection lines of the array and four different 
radiation patterns (Fig. 3) or antenna states are 
obtained by simply including and/or excluding 
these two metal tabs. The resulting four far-field 
radiation patterns at 2.4 GHz are shown in Figs. 
3a–3d, where according to the principle of MBM, 
two additional information bits can be transmitted 
for this scenario. Specifically:
• For 00 , both metal tabs are included in the 

design, and the radiation pattern of Fig. 3a is 
obtained and used during the signaling interval.

• For 01, only the metal tab at the right-hand side 
is excluded in the design, and the radiation pat-
tern of Fig. 3b is obtained.

• For 10, only the metal tab at the left-hand side 
is excluded in the design, and the radiation pat-
tern of Fig. 3c is obtained.

• For 11, both metal tabs are excluded in the 
design, and the radiation pattern of Fig. 3d is 
obtained.
From the perspective of IM, this scheme can 

be regarded as pattern shift keying or antenna 

FIGURE 1. SISO-MBM transceiver equipped with a transmit RA that contains N RF mirrors.

Antenna
state selector

M-ary
modulator

(mixer & PA)

N
bits

log2M
bits

Wireless channel

MBM
receiver

...1

...N

RA

...

Traditional
antennah1

hN

...
N+log2M

bits

Channel
estimation

RF mirrors

FIGURE 2. A simple RA simulation model for MBM, its front view with two 
ideal metal tabs at lower horizontal connections, and the corresponding 
four antenna states obtained by altering the status of these two metal tabs.

Metal Tabs

00

01

10

11

Antenna States Bits



IEEE Wireless Communications • October 2019 163

state shift keying, in which the index of the corre-
sponding radiation pattern is selected according 
to the information bits. In this context, the more 
patterns are different, the better is the error perfor-
mance due to their increasing distinguishability at 
the receiver. For SISO operation, the modulation 
alphabet of this generic MBM scheme becomes 
{h1, h2, h3, h4} due to the employment of four dif-
ferent antenna states, which correspond to four 
different fade realizations. It is worth noting that 
radiation-related parameters, such as reflection 
coefficient, antenna gain, radiation efficiency, and 
so on, whose joint optimization is a challenging 
task and whose investigation is beyond the scope 
of this introductory article, have not been specif-
ically optimized in this scenario, while we simply 
focus on the modification of the far-field radiation 
pattern to create the MBM alphabet from the per-
spective of communication engineering. Neverthe-
less, the design of Fig. 2 is carefully engineered to 
ensure that the antenna effectively radiates around 
2.4 GHz for all four states.

For the case of non-line-of-sight (NLoS) trans-
mission, which is commonly modeled by Rayleigh 
fading, small variations in the radiation pattern of 
the antenna in a rich scattering environment may 
result in sufficiently different channel fade realiza-
tions due to the perturbation of the propagation 
environment. In other words, different radiation 
patterns result in interaction with different scat-
ters, which create different fade realizations at the 
receiver. While spatial correlation is generally criti-
cal for the performance of MIMO systems includ-
ing SSK, in which the information is embedded into 
the channel impulse response itself through active 
antenna selection, the correlation among differ-
ent radiation patterns (fade realizations) becomes 
the Achilles’ heel of MBM-based systems. A simple 
correlation model may consider an equal amount 
of correlation (r) between different fade realiza-
tions, that is, E{hi hj} = r for all i and j, i ≠ j, where 
E{·} is the expectation operator. This model, which 
is referred to as the equicorrelation model in [7], 
can be considered as the worst-case benchmark to 
model the correlation among different fade realiza-
tions while being unrealistic from a practical point 
of view due to its oversimplified structure.

In contrast, for LOS transmission with a clear 
path between the transmitter and the receiver, 
which is modeled by Rician fading, obtaining suf-
ficiently independent fade realizations for MBM 
systems becomes a more challenging task. It has 
been shown that for the case of LOS transmission 
with a half-wavelength dipole antenna, RAs do not 
change the envelope fade distribution, while altering 
the distribution (non-centrality and scaling) parame-
ters of the Rician fading model [8]. In other words, 
RAs may have a noticeable impact on the Rician 
K-factor and the correlation between different fade 
realizations. However, the work of [8] modeled the 
reconfigurability of the radiation pattern through 
the inclination angle (mechanical tilt) of the dipole 
antenna, rendering its practical application cumber-
some for high-speed data transmission.

AdvAntAges And dIsAdvAntAges
In this section, we summarize the pros and cons 
of the MBM scheme and present the trade-offs 
it offered among complexity, error performance, 
spectral efficiency, and energy efficiency.

The main advantages of the MBM scheme are 
summarized as follows:
• The scheme of SIMO-MBM is able to create a 

virtual MIMO system by using only a single RA 
and can achieve the same error performance as 
well as spectral efficiency as those of traditional 
MIMO systems with a considerably more com-
pact transmitter architecture. Furthermore, the 
SIMO-MBM transmitter requires only a single 
RF chain, which is one of the most expensive 
hardware components in the transceiver design 
with a cost of tens of dollars, and enables a 
low-cost implementation.

• Spectral efficiency of MBM increases linearly 
with the number of parasitic elements (RF mir-
rors) mounted in RA as long as the indepen-
dence of the generated radiation patterns is 
guaranteed.

• Spectral efficiency of the MBM scheme can be 
significantly boosted by MIMO operation. Exist-
ing MIMO modes such as spatial modulation 
(SM), generalized SM (GSM), quadrature SM 
(QSM), and spatial multiplexing (SMUX), can 
be effectively combined with MBM. In order to 
improve the diversity order, space-time coding 
approaches can be integrated to MBM as well.

• For the same spectral efficiency, MBM provides 
a significantly better error performance com-
pared to traditional M-ary modulated systems 
since the Euclidean distance between MBM 
constellation points, which are random fade 
realizations, remains the same even with increas-
ing spectral efficiency values. The advantage of 
MBM further increases for higher order constel-
lations and a higher number of receive antennas.

FIGURE 3. Generation of four different radiation patterns that can be used in 
transmission of two bits: a) State 1; b) State 2; c) State 3; d) State 4.
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• To obtain a target error rate, the energy con-
sumption of the MBM transmitter becomes 
much lower compared to traditional M-ary 
modulated systems, which results in higher 
energy efficiency.

• The inherent sparsity in the signal model of 
MBM schemes enables the use of compressed 
sensing-based detectors that can achieve near-
ML performance with a considerably (up to 
80-90 percent) lower complexity. In particu-
lar, for increasing spectral efficiency values, the 
complexity of the brute-force ML detectors 
becomes enormous, which necessitates effi-
cient low-complexity detection algorithms.
In contrast to its appealing advantages listed 

above, the major drawbacks of the MBM scheme 
are given as follows:
• One of the main shortcomings of the MBM 

scheme is its excessive channel sounding bur-
den. In order to obtain CSI, the receiver has 
to be trained with pilot signals from all possi-
ble antenna states, that is, 2N test signals are 
required for an RA with N RF mirrors. For fast 
fading channels, channel estimation at the 
receiver becomes even more challenging. 
While this is a major problem for SIMO-MBM, 
the channel estimation complexity can be sig-
nificantly reduced by the use of MIMO-MBM 
with a small number of antenna states at each 
transmit RA. For the same spectral efficiency, 
the required number of test signals become 
T2(N/T) for MIMO-MBM, in which T RAs are 
used, each of them equipped with N/T RF mir-
rors.

• MBM comes with challenging design and 
practical implementation difficulties. First, the 
design of RAs that can support a high number 
of sufficiently different radiation patterns is not 
a straightforward task. In other words, the num-
ber of RF mirrors that can be effectively turned 
on or off may be limited in practice. Further-

more, a compact RA design may limit the total 
number of RF mirrors that can be accommodat-
ed down to one or two. Second, radiation-relat-
ed parameters have to be carefully monitored 
to ensure that effective communication is possi-
ble with all generated radiation patterns.

• The possible high correlation among differ-
ent radiation patterns (fade realizations) may 
become the Achilles’ heel of MBM-based sys-
tems by limiting the achievable performance. In 
other words, although a high number of radia-
tion patterns can be generated, a superior per-
formance can be guaranteed only if they can 
be distinguished from the perspective of IM.

• Similar to all IM-based schemes, the perfor-
mance of MBM is not satisfactory for a small 
number of receive antennas, particularly for a 
single receiving antenna.

• Antenna pattern switching between different 
signaling intervals may cause spectral growth 
due to the discontinuity in the band-limited 
MBM signal.
As seen from its advantages and disadvantag-

es summarized above, while MBM provides a 
new degree of freedom for data transmission and 
appears to be a promising candidate for eMBB 
as well as IoT applications, it comes with chal-
lenging design issues and practical concerns. First, 
while the increase of the number of antenna states 
increases the spectral efficiency with a satisfactory 
performance, this also aggravates the channel esti-
mation burden at the receiver and the complexity 
of the RA design. Second, although MIMO-MBM 
provides an easier individual RA design, it requires 
multiple RF chains when used with the SMUX 
mode and performs worse than SIMO-MBM in 
terms of error rate at the same spectral efficien-
cy. Furthermore, a MIMO-MBM transmitter may 
have a larger size due to the employment of mul-
tiple RAs and requires highly compact RA designs. 
Third, the system designer always has to keep an 
eye on the radiation characteristics as well as the 
possible correlation among different fade realiza-
tions for an increasing number of antenna states, 
and may need to employ a subset of the available 
antenna states to obtain a reliable communication 
system.

As we will discuss later, interesting research 
directions can be followed to overcome the afore-
mentioned shortcomings of MBM schemes.

In Fig. 4, we compare the bit error rate (BER) 
performance of classical SIMO M-QAM and 
SIMO-MBM systems for n = 4 and n = 8 bits per 
channel use (bpcu) spectral efficiency values under 
a varying number of receive antennas R  {1, 2, 
4, 8, 16, 32}. As seen from Fig. 4, MBM outper-
forms the classical SIMO scheme for all cases 
except the case of R = 1. As mentioned earlier, 
IM-based schemes generally perform poorly with a 
single receive antenna. More importantly, the per-
formance gap between MBM and SIMO schemes 
increases with increasing spectral efficiency.

In Fig. 5, we present the BER performance of 
classical SIMO M-QAM and SIMO-MBM systems 
for R = 4 and R = 8 receive antennas under varying 
spectral efficiency values n  {1, 3, 4, 8, 10, 12} 
bpcu. As seen from Fig. 5, the degradation in BER 
performance of MBM schemes is much less com-
pared to classical SIMO systems with increasing 
bpcu values. The superior error performance of 

FIGURE 4. BER performance comparison of classical SIMO M-QAM and 
SIMO-MBM systems for n = 4 bpcu (classical SIMO with 16-QAM and 
MBM-SIMO with N = 4) and n = 8 bpcu (classical SIMO with 256-QAM 
and MBM-SIMO with N = 8) under uncorrelated Rayleigh fading channels.
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MBM with an increasing number of receive anten-
nas and spectral efficiency values can be explained 
by the fact that the pairwise Euclidean distances 
between MBM constellation points, which are 
independent fade realizations, remain constant for 
all setups.

stAte-of-the-Art MbM solutIons
Although the idea of conveying information 
through different RA states had been proposed 
earlier than the introduction of MBM with the aim 
of improving the performance of phase shift key-
ing schemes, the concept of MBM has triggered a 
new wave of digital modulation formats to trans-
mit data bits effectively with the deliberate per-
turbation of the transmission media via adjustable 
radiation patterns [3, 5].

With the aim of reducing the implementa-
tion complexity associated with the transmitter 
hardware and training overhead, the scheme of 
SMUX-aided MIMO-MBM is introduced [3]. The 
combination of GSM and MBM along with Euclid-
ean distance-based mirror activation pattern selec-
tion is later considered to increase the throughput 
and to obtain additional diversity gains with the 
feedback of the receiver [7]. MBM is also com-
bined with SSK and QSM, respectively in [8] and 
[9], and promising results were reported while 
ensuring relatively simple MIMO implementation 
with a single RF chain.

The scheme of dual-polarized SM (DP-SM), in 
which one extra information bit is conveyed by the 
selection of the polarization, is considered in [10]. 
Recently, the promising multi-dimensional IM con-
cept has been presented by considering the broad 
applicability of IM techniques and time-indexed 
MBM, SM-MBM and time-indexed SM-MBM 
(TI-SM-MBM) schemes are introduced [11]. Addi-
tionally, load modulation schemes are investigated 
by modulating the antenna impedances that con-
trol the antenna currents. Researchers have also 
shown the practical applicability of the MBM con-
cept and transmitted information by the realization 
of four different patterns directed to four different 
receive antennas [12].

In order to overcome the problem of channel 
sounding, which is a major issue for the MBM 
receiver with the increasing number of RF mirrors, 
a differential MBM (DMBM) scheme is proposed 
[13]. It is worth noting that this scheme does not 
require CSI knowledge at the receiver and achieves 
approximately 2-4 dB worse BER performance than 
the coherent MBM scheme.

The space-time channel modulation (STCM) 
scheme, which integrates the space-time block 
coding concept into MBM with the aim of obtain-
ing transmit diversity gains, is introduced in [6]. 
Recently, the performance of MBM has been 
investigated in the presence of channel estimation 
errors [14] and it has been shown that GSM-MBM 
is considerably robust to channel estimation errors. 
Even more recently, a low-complexity MBM sig-
nal detection algorithm is proposed for large-scale 
multi-user MIMO systems, in which the multiple 
users exploit MBM for their uplink transmission 
[15].

In Table 1, the main MBM schemes investigated 
in this section are compared in terms of transmitter 
complexity (cost and size), ML detection complexi-
ty, channel estimation complexity, spectral efficien-

cy, and error performance. It should be noted that 
small variations may exist among different schemes 
under the same level. As seen from Table I, inter-
esting trade-offs exist among different system met-
rics with the considered MBM solutions.

unsolved ProbleMs And  
PossIble reseArch dIrectIons

The main unsolved problems and possible future 
research directions in MBM technologies are list-
ed as follows:
• For implementation of MBM schemes, novel 

RA architectures that can generate a sufficiently 
high number of antenna states with relative-
ly low correlation, have to be designed. Fur-
thermore, the designed RAs have to radiate 
efficiently for all possible states at the same fre-
quency band and need to be compact in size 
for possible MIMO employment or IoT applica-
tions.

• Accurate and more realistic mathematical cor-
relation models are needed to quantify the 
amount of correlation among different fade 
realizations as well as individual antenna pat-
terns of different RAs in a MIMO configuration. 
These correlation models have to consider dif-
ferent antenna types, operating frequencies, 
and propagation environments.

• Novel SIMO-based and MIMO-based MBM 
transceiver architectures with high spectral effi-
ciency and/or improved error performance can 
be designed for diverse 5G and beyond appli-
cation categories. Furthermore, the potential of 
MBM and its variants can be investigated for 
both uplink and downlink of massive multi-user 
systems and relaying networks.

• Low-complexity ML/near-ML/sub-optimal MBM 
detectors are required to unlock the potential 
of MBM schemes at high spectral efficiency 
values. Adaptive, selection-based, and precod-
ed MBM schemes, which exploit CSI at the 

FIGURE 5. BER performance comparison of classical SIMO M-QAM and 
SIMO-MBM systems for R = 4 and R = 8 receive antennas under uncorrelat-
ed Rayleigh fading channels.
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transmitter, can be developed as well to further 
improve the link reliability and throughput.

• More comprehensive practical implementation 
campaigns and measurements over practical 
setups need to be carried out to assess the per-
formance of MBM technologies in real-world 
scenarios.
As seen from above, interdisciplinary research 

between communication and antenna experts is 
required to solve some of these open problems.

conclusIons
While the focus is on increasing the bandwidth by 
going to mm-Wave bands, using massive MIMO 
setups to enhance connectivity as well as consid-
ering sophisticated signal processing and channel 
coding techniques to improve reliability, MBM 
emerges as an upcoming technology that can 
be an alternative and/or supplementary to these 
modern communication paradigms for beyond 
5G networking. This article has provided a new 
perspective on the potential and applicability of 
MBM technologies by introducing the basic MBM 
concept and discussing its major advantages/dis-
advantages, state-of-the-art MBM solutions, and 
open research problems. We hope that much 
more will come shortly in this new and promising 
communication frontier. Stay tuned!
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TABLE 1. Comparison of main MBM schemes.

Scheme
Transmitter 
complexity

ML detection 
complexity

Channel est. 
complexity

Spectral 
efficiency

Error 
performance

SIMO-MBM [5] Low Low High Moderate Moderate

SMUX-MBM [3] High High Moderate High Low

SM-MBM [11] Low Low Moderate Moderate Moderate

SSK-MBM [8] Low Low Moderate Moderate Moderate

GSM-MBM [7] Moderate Moderate Moderate High Moderate

DP-SM [10] Low Low Low Low Moderate

DMBM [13] Low High Low Low Low

QCM [9] Low Moderate Moderate High Moderate

STCM [6] Moderate Moderate Moderate Moderate High 


