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In this paper, we study a new low-complexity algorithm to reduce computational complexity in a
maximum-likelihood (ML) decoder used in fully generalized spatial modulation (FGSM) and fully
quadrature spatial modulation (FQSM). The computational complexity was reduced based on the
maximum ratio combining (MRC) algorithm where the detection process has been divided into two
stages including active antennas detection and modulated information bits detections. The active
antennas detections are processed using MRC while modulated information bits have been detected
using the conventional ML scheme. The outperformance of the proposed approaches is validated
via simulation in term of computational complexity and energy efficiency compared against their
benchmarks which employ the optimal ML detector at the receiving end.
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1. Introduction

Spatial modulation techniques (SMTs) have recently introduced as an
alternative of the conventional Massive multi-input multi-output
(MIMO), addressing key challenges such as computational
complexity required for the receiver, inter-channel interference (ICI)
and power efficiency, which represent the main limits for the practical
implementation [1]. The SMTs avoid the simultaneous activation of
all available transmit antennas (Tx) to transmit the constellated data
symbols by using the index of that active antenna out of the total Tx
to transmit additional information bits. On the other hand, Spatial
modulation (SM) [2] transmits additional information by selecting the
index of active antenna however it doesn’t offer any antennas diversity
to enhance the performance. Therefore, modulated data and index bits
are transmitted in SM by using the modulation order and index active
antenna, respectively. As a result, the information bits carried by the
index of the Tx are considered as free power consummation. Also,
activating few antennas decreases the receiver’s computational
complexity, and overcome the inter-antenna interference exist in
conventional MIMO systems.

SMTs have recently been presented as a candidate solution key for the

next generation of wireless networks (5G) since they offer better
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Fig. 1: System Model of Spatial modulation MIMO System

performance in terms of spectrum efficiency (SE), energy efficiency
(EE), and reduced system complexity [3]. Additionally, they are
considered today as a modern modulation technique that enhance the
transmission rates without higher required complexity. Among these
modulation techniques is the SM, which is considered pioneer of
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SMTs, where an antenna is selected based on the incoming index bits
to carry the modulated data and to provide higher transmission rates
than the existed single-input-multiple-output (SIMO), and less ICI and
inter-antennas synchronization than the MIMO systems. Following
that purpose, researchers tried hard to increase the information bits
transmitted based on the antenna index using many methods such as:
activating one single transmit antennas during slot time [2],
transmitting the constellated symbol through more than one single
antennas [4, 5], separating the real and imaginary parts before
transmitting each part via one or multiple Tx [3], or enhancing the
transmission rate using the index of other dimensions such as another
type of signal constellation and/or employing the number of active
antennas as an additional dimeson to transmit more indexed bits [6].
The SMTs principle has attracted the attention of many researchers to
employ it in several transmission methods. On one hand, in the
orthogonal frequency division multiplexing (OFDM) resulting new
technique named OFDM indexed modulation (OFDM-IM) [7-9] were
the purpose of the transmit antennas index was applied into the OFDM
subcarriers in order to improve the performance of bit error rate (BER)
or increase the SE of OFDM. On the other hands, it was combined
with the spread spectrum (SS) to use the spreading code and overcome
the complexity required for the hardware by utilizing single input
single output (SISO) system [10, 11] such as generalized spatial
modulation (GSM) [12], fully generalized spatial modulation
(FGSM), fully quadrature spatial modulation (FQSM) [3, 4] and
enhanced fully generalized spatial modulation (EFGSM) [6]. The
aforementioned approached were introduced to improve the
bandwidth utilization and enhance the power consummation in
wireless communication systems. On the other hand, the FGSM and
FQSM employ the number of active antennas itself to convey
additional index information bits. Particularly, the physical modulated
data is carried via one or multiple Tx while and the number of used
antennas also carries the index information bits. However, the required
computational complexity and power consummation in FGSM and
FQSM resulted of using maximum-likelihood decoder or activating
many antennas are still representing the main challenges in those two
schemes. Therefore, in our works, we investigate new algorithms for
decreasing the computational complexity in FGSM and FQSM by
avoiding the use of maximum-likelihood decoder.

The rest of our paper is structured as follows: Section Il introduces the
system model of the SMTs systems. Section 111 discussed the proposed
techniques. Then, sections IV and V, respectively, discuss the
performance of the proposed techniques and conclude this paper.

2. System Model

Unlike conventional MIMO systems, the data bits in SM are not
conveyed simultaneously by multiple antennas at the transmitting end.
In SM, instead of completely modulated and information bits and
transmit them physically, only a part of incoming bit sequence are
modulated while the other part is mapped to be transmitted via the
active antenna indices. As results, the inter-antenna interference,
system complexity, and transmit antenna synchronization are
significantly reduced when using SM system compared to h MIMO
systems. The model corresponds to SM is given in the Figure 1, where
it is shown that SM [2] improves the data rate by transmitting
constellated habitual data symbols via the active antenna. Particularly,
additional modulated data are sent physically through the active
antenna resulting a given data rate (Rgy) :

Rsy = log;(M) + log,(Ty), (€Y

where M and T, indicate the modulation order and the number of
available antennas, respectively.
On the other hand, GSM was introduced in [12] to improve the spectral
efficiency (SE) of SM by activating multiple antennas instead of one
signal antenna at the expense of computational complexity on the
receiving side. The data rage of GSM (Rs),) complexity computation
on the receiver side:

Rosw = log: () + 102 ()], @

where [J() and T, represent the floor operator, the binomial

coefficient, and the number of transmitting active antennas,
respectively.

FGSM was proposed in [4] by combining SM and GSM to increase
the achievable data rate where the variable number of transmit

antennas are activated during time instant. In FGSM, either one or
more transmit antennas are activated to transmit the physical
modulated information bits. That variation of number of active
antennas is employed for carrying additional indexed information bits.
Therefore, the data rate of FGSM (Rp¢sp) becomes linear with the
number of transmit antennas. The achievable Rysgy 1S expressed as
[4]:
Tx
T
Rpgsm = loga (M) + |log, Z (T )
T,=1 u
=log,(M) + T, — 1. 3)
Table 1: FGSM mapping system example
Transmitted bits Antenna combination

Data bits Antennas bits
b, b, 000 Ty
b b, 001 Ty,
b b, 010 Tys
byb, 011 Tys
byb, 100 T, Ty
byb, 101 Ty, Ty
bb, 110 Ty1Tea
byb, 111 TyoTea

Table 2: FQSM mapping system example
Transmitted bits Antenna combination

Data bits Antennas bits Antennas index
real Imaginary Real imaginary
b, b, 000 000 Ty Ty
b, b, 001 001 Ty Ty,
b, b, 010 010 T3 Tys
b, b, 011 011 Tya Tya
b, b, 100 100 T Ty Ty Txo
b, b, 101 101 Ty Tys Ty Tx3
b, b, 110 110 Ty Txa Ty Tos
b, b, 111 111 T2 Txa Ty2Trs

Another SMTs technology called FQSM has been proposed in [3] to
further enhance the achieved SE of FGSM. In FQSM, the real and
imaginary parts of the modulated data are first separated, and each part
is mapped to one of more active antenna to carry additional indexed
bits. As a results, the total transmitted indexed bits are duplicated. That
combination increases the number of indexed information bits
significantly. Therefore, the data rate of FQSM (Rpgsym) is expressed
as [3]:
TX
T
Rrosu = logz () + 2 [log, ) ()
T,=1

=log,(M) + 2(T, — 1). 4)
Despite the data rate significant improvement of FGSM and FQSM,
the higher computational complexity at the receiving end is considered
as one of the main issue. That complexity is resulted of the use of ML
detector to detect higher number of combinations. In this paper, we
enable the MRC detectors for FGSM and FQSM to decrease the
computational complexity at the receiving end. It’s worth mentioning
that MRC is straightforward implemented for SM and GSM in
literature, but the use of varied number of active antennas in FGSM
and FQSM raise an issue of straightforwardly implementing the MRC
technique detect the active antennas and hence reduce the required
computational complexity.
3. Proposed System
FGSM and FQSM approaches, respectively, map the constellated and
indexed bits following the example shown in Table (1) and Table (2).
In Table (1) and Table (2), the two bits (b, b,) represent the modulated
data carried by such QAM or QPSK modulation while the other bits
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Fig. 2: MRC-based FGSM scheme
in the second column represent the indexed bits carried by the indices
of activated antennas; as shown in both tables the number of active
antennas can be either one of two. Without the loss of generality, we
will explain here the proposed algorithm for FGSM while the same
process can be implemented for FQSM straightforward. For
illustration, let the information bits to be transmitted to be [10 101].
The first two bits 10 represent the modulated data bits carried by the
used constellation, i.e., QAM modulation while the three following
bits 101 will be transmitted using the index of transmit antennas which
is corresponding in that case to first and third antennas Ty Ty3. Thus,
a vector of NT,; FGSM transmitted vector is x = [s 0 s 0], where the
constellated symbol is represented by s. The vector x is then
transmitted through T, X T, uncorrelated channel H, and corrupted
by additive white Gaussian noise (AWGN) where T, represents the
number of receive. Hence, the receiver vector signal y can be

explained as:
Ty
Ty
y= hx+v h= Zh“x,- T, =12, [ﬂ (5)

i=1

Therefore, as explained earlier, the FGSM and FQSM approaches
employ one or more antennas for transmitting the modulated data and
then utilize the index of the activated antennas index to transmit more
data bits. Although the spectral efficiency increases, the complexity is
also increased with number of antennas and modulation order
exponentially [13, 14]. To that aim, we enable the MRC to be used
with those schemes to reduce the receiver’s computational complexity.
As it’s shown in Table (1) and Table (2), the main difference between
FGSM and FQSM is that FQSM separates the real part and imaginary
part before transmitting them via one or more active antennas while
FGSM doesn’t separate them. Furthermore, the number of active
antennas is varied in both FGSM and FQSM making the use of
conventional iteration MRC (i-MRC) not possible. The process of i-
MRC is illustrated in Figure 2. It’s worth mentioning that figure
illustrates the process of FGSM while FQSM can be easily implied
using the same steps. So, our algorithm to separately detect the index
of active antennas and the modulated information bits can be
summarized as follows:

i - The estimated transmit antenna index can be defined based on the
i-MRC algorithm by applying it to the vector of the received data y as
follows:

10 —_—

BER
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Fig. 3: BER comparison performance with rate 8 bpcu

Masrub & Alsanosy.

10"

BER

e SM-ML 2550AM

= % = SM-MRC 256QAM

—— GSM-ML 2560AM

= @ = GSM-MRC 2560AM

1077 | =@ FGSM-ML 1280AM

= & = Proposed FSGM-MRC 1280AM
FQSM-ML 160AM

= & = Proposed FOSM-MRC 160AM

10°°
0 5 10 15 20 25 30

SNR-dB
Fig. 4: BER comparison performance with rate 10 bpcu

_ Wy . 9(Tx-1)
T for L €[1: 2 | (6)

Where h; , ||lyll, and (.)* represent the channel of each antennas
represented by every column of that matrix H, Frobenius norm and
conjugate-transpose, respectively. The index of activated antennas is
represented following table 1 and Eq. (5), where if more than one
antennas are activated, the parameters [ will be considered to be the
sum of two columns of H representing the two active antennas.

ii — The transmitted active antennas [ are estimated based on Eq. (6)
as below:

[=arg max (k;). )
iii — Finally, the transmitted bits in the modulated symbol § is
estimated by ML decoder based on the estimated parameters [,
§ = argminlly — hyx|?, t)
By this way, the ML decoder will only perform the search complexity
of § € [1:M] and that decreases the complexity of the detection
method, where M denotes the modulation order utilized in the
transmitter.
4. Simulation Results and Discussion
A. Bit Error Rate performance analysis

-—r—r .
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—— GSM-ML 12x4 40AM
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FOSM-ML 4x4 4QAM
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SNR-dB

Fig. 5: BER comparison performance using fixed modulation order
with rate 8 bpcu

We, in this section, evaluate the performance of the proposed
approached by simulation using a Rayleigh channel over 10°
transmitted symbols. The Bit Error Rate (BER) has been first analyzed
by comparing it against the benchmarks such as SM, GSM, QSM and
FGSM-ML under the same achieved spectral efficiency. Two
scenarios have been considered to analyze the performance. The first
scenario is the we same the same number of antennas at the
transmitting/receiving ends for all scheme while varying the
modulation order to achieve same spectral efficiency. On the other
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hand, the second scenario is by fixing the modulation order and
increasing the number of antennas to achieve higher data rate.

Figure 3 shows BER performance comparison when all schemes
achieve 8 bits per channel use (8bpcu). The configuration of number
of antennas is set to be fixed for all schemes while the modulated order
has been changed to achieve the required data rate. As shown in figure
3, the two proposed FGSM-MRC and FQSM-MRC achieved the best
performance compared against the conventional schemes. FGSM-
MRC and FQSM provide up to 2dB and 3dB improvement compared
to the conventional GSM-ML, respectively. Furthermore, the
performance is slightly deteriorated compared with the optimal ML
detector, but ML requires exhaustive computational complexity as we
will show later. Similarly, Figure 4 shows the BER performance
comparison when using similar number of transmit/receive antennas
and different modulation order to achieve equal achieved data rate in
all schemes. The proposed FQSM-MRC offers up to 3 dB performance
compared into the conventional FGSM-ML scheme. On the other
hand, Figure 5 and Figure 6 shows the performance of the second
scenario which is using different number of transmit/receive antennas
and fixed modulation order. For example, without the loss of
generality, 4QAM is used in Figure 5 to achieve 8 bpcu in all schemes.
So, 64 transmit antennas is required for the conventional SM scheme
to achieve the required data rate while the proposed FGSM-MRC and

BER

107" | ——4— SMML 64x4 160AM

- # = SM-MRC 64x4 160AM

—— GSM-ML 12x4 160AM

.| = ® = GSMMRC 12x4 160AM

107 | —6— FGSM-ML 7x4 160AM

= & = Progosed FSGM-MRC 7x4 18QAM
FQSM-ML 4x4 16QAM

s | = + = Proposed FOSM-MRC 4x4 80AM

0 5 10 15 20 25 30

SNR-dB

Fig. 6: BER comparison performance using fixed modulation order
with rate 10 bpcu

FQSM-MRC required 7 transmit antennas and 4 transmit antennas,
respectively. It’s important to mention that increasing the number of
transmit antennas doesn’t only increase the effect of inter-antennas
interference, but also the hardware must be larger to design the system.
Figure 6 illustrate the proposed FGSM-MRC and FQSM still slightly
outperformance the conventional SM-MRC and GSM-MRC systems
despite the less required number of antennas at the transmitting end.
B. Bit Error Rate performance analysis
In order to compute and compared the required computational
complexity, we considered herein the required floating-point number
(flops) required to perform the detection process using the ML
decoder, where TNCO is the total number of flops. It’s straightforward
to notice the current ML detector at SMTs schemes require searching
of (2)® combinations, where R indicates the number of transmitted
information bits. In addition, in each time, X7, Ily; — hyx||? is
required to be considered such as a combined multiplication that
includes i.e., four actual multiplications to compute h;;x and four real
multiplications are also needed for the square norm. consequently, the
ML decoder for the conventional SM schemes utilizes this method to
compute the TNCO; and its decoder computational complexity is
given by [3]:
TNCOgy = 8N,.(2)Rsm . 9

Using the same method to calculate the required total TNCO required
for the GSM considering that multiple transmit antennas are activated.
The ML-based decoder of GSM requires a TNCO given by [3]:

TNCOgsy = 8N, (2(N,, — 1)) (2)Resm, (10)
In FGSM, the ML-based decoder at the receiving end used different

method to calculate the required TNCO, where FGSM ML maximum
summation is %— 1 for all T, = 3. Therefore, the total required
computational complexity is given as in [3]:

N,
TNCOp¢sy = 8N, (2 H - 1]) (2)Rasm, (11)
Table 3: Computational Complexity Comparison
Scheme SM GSM FGSM FGSM FQSM
ML ML ML MRC MRC

TxxTr 4 x4 4 x4 4 x4 4 x4 4 x4
Modulation
Order QAM 256 256 128 128 16

TNCO 32768 65536 65535 4184 1216

Different from the previous explained scheme, the complexity
contribution in the proposed schemes is the computed for every part
including antennas detection and ML decoder. Then, they are summed
to find the total receiver’s complexity. Therefore, antenna detection in
(6) for FGSM-MRC requires T;- and T,, — 1 complex multiplications
and complex additions, respectively, while the Frobenius norm can be
found by multiplying a vector of length T, with its complex conjugate
and taking its square root resulting T, complex multiplication. That
process is evaluated over [ € [1:(2)™"1] resulting a total
computation for antennas detection of 2T,.(2)™>"1 + (2)%>"(T, —
1). Regarding the ML decoder used to detect the physical modulated
information bits, it requires computational complexity of 8T,.(2)!°9m
calculated following same way of (11). Also, the needed TNCO of the
proposed FQSM-MRC is 2T.(2)?%1 + (2)2%~1)(T,. — 1) to
detect the index of the active antennas, and 8T,.(2)!°9™ for the ML
decoder. Thus, that can be expressed as follows:
TNCOpgsy-mre = 2T, ()" + ()% 1(T. — 1)

+ 8T,(2)lom . (12)
TNCOpgsm-mre = 2T (2)*T1 + (2)*"1(T, — 1)
+ 8T, (2)lom . (13)

Table (3) illustrates the complexity comparison over the conventional
schemes when achieving the same data rate (e.g., 10bpcu) following
the above analysis. It’s clear the receiver’s computational complexity
has been significantly reduced validating the outperformance of the
proposed approaches.

5. Conclusion

In this paper, FGSM-MRC and FQSM-MRC schemes are presented,
to decrease the high required complexity of the decoders of the
conventional approaches FGSM-ML and FQSM-ML, respectively. In
the proposed approaches, the MRC-based algorithm has been
employed for separately detecting the active antennas and modulated
information bits. Based on the simulation results provided throughout
the paper, the required computational complexity at receiver side has
been meaningfully decreased at the expense of slight deterioration
compared over the optimal ML decoder. In future work, new low-
complexity schemes with higher spectral efficiency will be proposed.
6. References

[1]- Qasem, Z. A., Leftah, H. A., Sun, H., Qi, J., Wang, J.,
Esmaiel, H., (2021), Deep learning-based code indexed
modulation for autonomous underwater vehicles systems,
Vehicular Communications, 28, 100314.

[2]- Mesleh, R. Y., Haas, H., Sinanovi, S., (2008), Spatial
Modulation, IEEE Transactions on Vehicular Technology,
57(4), 2228-2241.

[3]- Hussein, H. S., Elsayed, M., Mohamed, U. S., Esmaiel, H.,
Mohamed, E. M., (2019), Spectral Efficient Spatial
Modulation Techniques," IEEE Access, 7, 1454-1469.

[4]- Hussein, H. S., Esmaiel, H., Jiang, D., (2018), Fully
generalised spatial modulation technique for underwater
communication,” Electronics Letters, 54(14), 12-13.

[5]- Qasem, Z. A., Esmaiel, H., Sun, H., Qi, J., Wang, J., (2020),
Deep learning-based  spread-Spectrum FGSM  for
underwater communication, Sensors, 20(21), 6134.

[6]- Qasem, Z. A. H., Esmaiel, H., Sun, H., Wang, J., Miao, Y.,
Anwar, S., (2019), Enhanced fully generalized spatial

CAS Vol.03 No. 3 2024

151



Efficient Low-Complexity Spatial Modulation Techniques for MIMO Technology

Masrub & Alsanosy.

modulation for the internet of underwater things, Sensors,
19(7), 1519-15109.

[7]- Ishikawa, N., Sugiura, S., Hanzo, L., (2016), Subcarrier-
index modulation aided OFDM-will it work?," IEEE Access,
4, 2580-2593.

[8]- Basar, E., (2015), OFDM with index modulation using
coordinate interleaving," IEEE Wireless Communications
Letters, 4(4), 381-384.

[9]- Au, M., Kaddoum, G., Alam, M. S., Basar, E., Gagnon, F.,
(2019), Joint code-frequency index modulation for 10T and
multi-user communications, IEEE Journal of Selected
Topics in Signal Processing, 13( 6), 1223-1236.

[10]-Qasem, Z. A., Leftah, H. A., Sun, H., Qi, J., (2021), Esmaiel,
H., X-transform time-domain synchronous IM-OFDM-SS

CAS Vol.03 No. 3 2024

for underwater acoustic communication,” IEEE Systems
Journal, 1-12.

[11]-Li, Q., Wen, M., Basar, E., Chen, F., (2018), Index
modulated OFDM spread spectrum, IEEE Transactions on
Wireless Communications, 17(4), 2360-2374.

[12]-Li, J., (2016), Generalised Pre-coding Aided Quadrature
Spatial Modulation, IEEE Transactions on Vehicular
Technology, 9545, 1-5.

[13]-Yigit, Z., Basar E., (2016), Low-complexity detection of
quadrature spatial modulation, Electronics Letters, 52(20),
1729-1731.

[14]-Xu, H. J., Quazi, T. A., Naidoo, N. R., (2011), Spatial
modulation: optimal detector asymptotic performance and
multiple-stage detection, IET Communications, 5(10), 1368-
1376.

152



