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Quadrature spatial modulation (QSM) utilizes the in-phase and quadrature spatial dimen-
sions to transmit the real and imaginary parts of a single signal symbol, respectively.
The improved QSM (IQSM) transmits two signal symbols per channel use through a
combination of two antennas for each of the real and imaginary parts. The main contri-
butions of this study can be summarized as follows. First, we derive an upper bound for
the error performance of the IQSM. We then design constellation sets that minimize the
error performance of the IQSM for several system configurations. Second, we propose a
double QSM (DQSM) that transmits the real and imaginary parts of two signal symbols
through any available transmit antennas. Finally, we propose a parallel IQSM (PIQSM)
that splits the antenna set into equal subsets and performs IQSM within each subset using
the same two signal symbols. Simulation results demonstrate that the proposed constel-
lations significantly outperform conventional constellations. Additionally, DQSM and
PIQSM provide a performance similar to that of [QSM while requiring a smaller number

of transmit antennas and outperform IQSM with the same number of transmit antennas.
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1 | INTRODUCTION
Index modulation (IM) refers to a group of multiple-input
multiple-output (MIMO) techniques that convey information
through the indices of available communication system re-
sources [1,2]. Spatial modulation (SM) is an IM technique that
uses the indices of transmit and/or receive antennas to convey
additional information [3]. In conventional SM, a single an-
tenna, whose index is a spatial symbol, is activated to transmit
a signal symbol drawn from a conventional constellation (eg,
quadrature amplitude modulation (QAM) or phase shift keying
(PSK)). Therefore, SM only requires one radio-frequency (RF)
chain to provide satisfactory MIMO capacity. Several works
that extend conventional SM were introduced in [4-8].

In conventional SM, the number of transmit antennas must
be a power of two. To overcome this limitation, generalized

constellation design, MIMO system, multivariate optimization, pairwise error probability, quadrature

SM (GSM) was proposed in [9], where a combination of
antennas was activated to transmit a single signal symbol
at each channel use. To further increase spectral efficiency,
multiple-active SM (MA-SM) uses a combination of trans-
mit antennas to transmit independent signal symbols at each
channel use [10]. The resulting performance improvement
comes at the cost of an increased number of RF chains and
increased receiver complexity.

Quadrature SM (QSM) uses the in-phase spatial dimen-
sion to transmit the real part of a signal symbol and the
quadrature dimension to transmit the imaginary part [11].
Therefore, QSM effectively doubles spatial spectral effi-
ciency while requiring only a single RF chain. Detection al-
gorithms and constellation design for QSM were addressed
in [12] and [13], respectively. The spectral efficiency of
QSM can be further enhanced by transmitting multiple signal
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symbols at each channel use (eg, precoding-aided QSM [14]
and extended QSM [15]).

In complex QSM (CQSM), two signal symbols drawn
from two disjoint modulation sets are transmitted at each
channel use [16]. The first modulation set can be any con-
ventional QAM/PSK constellation and the second is an op-
timally rotated version of the first. CQSM was improved in
[17] and modulation set optimization for improved CQSM
was addressed in [18]. Furthermore, two generalized algo-
rithms for CQSM were proposed in [19].

To increase the spectral efficiency of QSM, an improved
QSM (IQSM) method that transmits two signal symbols at
each time instance was proposed in [20]. In IQSM, the real
and imaginary parts are transmitted using a combination of
two antennas and both signal symbols are drawn from the
same modulation set.

Recently, a parallel implementation of SM using an-
tenna grouping was introduced in [21-24]. The available
antenna set was divided into equal subsets and conventional
SM was performed in each of the subsets using either the
same signal symbol or different symbols. The constellation
design for parallel SM was addressed in [25]. Similarly, a
parallel implementation of QSM, referred to as generalized
QSM (GQSM), was proposed in [26], where independent
signal symbols were transmitted through each antenna sub-
set. The spectral efficiency of GQSM linearly increases
with the number of subsets, but the required number of
RF chains also increases. To maintain a simple transmitter
design with one RF chain, parallel QSM was proposed in
[27,28], where the same signal symbol was used to perform
QSM in all antenna subsets.

The main contributions of our study can be summarized
as follows:

e We derive an upper bound for the pairwise error probabil-
ity (PEP) of IQSM. Based on the obtained upper bound, we
formulate constellation design as a multi-objective optimi-
zation problem. The proposed constellation design reduces
asymptotic error performance.

e We propose double QSM (DQSM), where the real and
imaginary parts of two signal symbols are transmitted
from designated antennas, whose indices carry additional
information. The two signal symbols are drawn from two
different modulation sets such that the first set is any
conventional QAM/PSK and the second set is a rotated
version of the first. The optimal rotation angle that mini-
mizes the error rate is identified through extensive Monte
Carlo simulations. Initial results for DQSM were ana-
lyzed in [29].

e Finally, we propose a parallel IQSM (PIQSM) system that
splits the antenna set into equal subsets and performs IQSM
independently in each subset using the same signal sym-
bols. Therefore, PIQSM inherits the main characteristics of
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IQSM while requiring a much smaller number of antennas
to achieve a given spectral efficiency.

Simulation results demonstrate that the proposed constel-
lation for IQSM outperforms QAM and PSK schemes by up
to 2.5 dB and 8 dB, respectively. Both DQSM and PIQSM
require a smaller number of transmit antennas to achieve a
given spectral efficiency and improve spectral efficiency for
an equal number of transmit antennas. It should be noted
that IQSM, DQSM, and PIQSM each require two RF chains.
Assuming QPSK modulation, DQSM requires 14 fewer
transmit antennas than IQSM to achieve a spectral efficiency
of 24 bits per channel use (bpcu). Additionally, PIQSM re-
duces the required number of transmit antennas to achieve a
spectral efficiency of 22 bpcu by 18. For the same number of
transmit antennas, DQSM and PIQSM outperform IQSM by
approximately 2 dB and 3 dB, respectively.

The remainder of this paper is organized as follows. In
Section 2, we describe the proposed system model and re-
view-related works. Theoretical performance analysis and
the constellation design of IQSM are addressed in Sections 3
and 4, respectively. We introduce DQSM in Section 5 and
PIQSM in Section 6. The receiver complexity of the pro-
posed schemes is analyzed in Section 7. Simulation results
are presented and analyzed in Section 8. Conclusions are
drawn in Section 9.

2 | SYSTEM MODEL AND
RELATED WORKS

Consider a MIMO system in which a base station with N,
transmit antennas communicates with a single mobile sta-
tion with ny receive antennas. The ng XN, channel matrix H
and ni X 1 noise vector n have i.i.d. elements of circularly
symmetric complex Gaussian variables with zero mean and
variances of one and 62, respectively. The N, x 1 transmitted
vector s has a unit norm such that the signal-to-noise ratio
(SNR) is 1/62. The signal symbols are drawn from modula-
tion sets of size L, where L =27 and ¢ is the number of bits
per signal symbol.

2.1 | Quadrature spatial modulation

In QSM, the real and imaginary parts of a signal symbol s,
are transmitted over the in-phase and quadrature dimensions,
respectively. At each channel use, the incoming information
bits are divided into three subsets. The first set is used to
select 5, and the remaining subsets modulate the antenna in-
dices Iy and I, which are used to transmit the real and imagi-
nary parts s, and s, respectively. Therefore, the received
vector is defined as follows:
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y=hlmskm +jhlssks+n, (1)

where h; is the /-th column of the channel matrix H. Accordingly,
QSM achieves a total spectral efficiency of (2NQSM + q) bpcu,
where Nggy =log, (Nt) is the number of bits per spatial
symbol.

2.2 | Multi-active spatial modulation

In MA-SM, an antenna combination of length n; selected
from N, available antennas is used to transmit ny; independ-
ent signal symbols at each channel use. Among the avail-
able ( ) combinations, 2Mva-sv combinations can be used for
transmission, where Nya_su= {los ( )J The ( ) and | - | operators
denote the binomial coefficient and floor function, respec-
tively. The received vector is defined as follows:

y=) hys;+n, @)
i=1

where ;= {1, ..., Ly} is the j-th combination among the valid
combinations. MA-SM achieves a total spectral efficiency of

(Nya—sm +1u X q) bpeu.

2.3 | Improved quadrature
spatial modulation

IQSM transmits the real and imaginary parts of two signal
symbols s, and s, through pairs of antennas. There are 2Migsm
valid combinations that can be used for the transmission of
the real or imaginary parts, where Nosu= {logz (2’)] At each
channel use, s, and s, are transmitted through the in-phase
antenna cgmbination ly= {lm, Ln } Similarly, s; a.nd Skag
are transmitted through the quadrature antenna combination
Is= {115’ g } Assuming that [, <l,i and [;4 < 1,4, the re-
ceived vector is defined as follows:

y= hlmskm +h129t Skog +jhllt;sk1s +jhlzsskzs +n. 3)

Accordingly, the
2 (Njgsm +4) bpeu.

spectral efficiency of IQSM is

3 | PERFORMANCE ANALYSIS

Let g=Hs and g=HS be two noiseless received codewords
corresponding to the transmitted vectors s and §, respec-
tively, for any MIMO system. The conditional PEP is de-
fined as a function of the Gaussian tail function Q(.) as
follows [30]:

lg—2l?
20',2, ’

Prig—gH|=0 4)

where dfx =|lg— g||2 is the squared Euclidean distance (ED) at
the receiver. Applying the expectation of (4) over the channel
H yields the unconditional PEP (UPEP), which is defined as
follows:

np—1
s -1+
Prig—g=p" ) ( " l " )[1—u]’, )

=0

where
1 y-d
=13/ —>5 | ©)
H=3 4+y-d*

and a’fx = ||s—§||2 and y are the squared ED at the transmitter
and the SNR, respectively. Note that

Eq {d}=-9"H'Hs-9=d], ©)

where E {-} and (- )" denote the expected value and Hermitian
transpose, respectively.

By calculating the average of all pairwise probabilities,
the union bound of UPEP can be defined as follows:

oM oM

Pr[e]<—ZZPr

j=1 k=1

i~ gk ®)

Accordingly, the average bit error rate (BER) is defined
as follows:

oM oM

Pr, < M2M ; ; Dy:Pr g — 8. 9)

where Dy is the Hamming distance, which is defined as the
number of errors associated with the event [gj - gk], and M is
the total spectral efficiency of the system.

In the next section, we derive an upper bound for the pair-
wise error performance of IQSM. The derived upper bound
is formulated as a sum of several objective functions that can

be solved to obtain the proposed constellation.

4 | CONSTELLATION DESIGN
FOR IQSM

At high SNRs, the asymptotic UPEP can generally be ap-
proximated as follows [31]:
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Pr [g—»@]z

RUS N (nR + 0.5) 1 "
\/;nR! Ydtzx
2ng —1 n

By substituting (10) into (8), the average union bound on
the pairwise error probability can be defined as follows:

(10)

oM oM

ZZPr

j=1 k=1

Pr[e] < _’gk

oM oM

27’1R —hR
() S EE )" o
j=1 k=1
2ng =1\ y=&
= Q.
<nR ) 2

where B is the number of unique expressions of dlzX and f; is the
frequency corresponding to the i-th expression €2;.

Based on (11), the error performance of the IQSM sys-
tem is a function of dtzx and ng. While (11) does not ex-
plicitly depend on N,, both f; and €; do, as will be shown
in the following section. For fixed values of ny and N,, dfx
is the only variable that affects the error performance in
(11). Because the real and imaginary parts are transmitted
via orthogonal carriers, inter-carrier interference is miti-
gated. Therefore, the analyses of the contributions of the
real and imaginary parts to the Q functions are independent
and identical.

Let the indices of the antennas used to transmit the real
parts be [, and [y, and let the estimated antenna indices be
1,2 and L. It is worth noting that because [, and L, belong
to the same combination, ;g # Ly and 1,3 # L. According
to (3), the number of variables associated with the real parts
is four (/, by li> and Lry). Therefore, there are six rela-
tional conditions between these four variables. These rela-
tionships are defined as follows:

? ? ?
Lig = ooy Ly = Ly Ly = oo s
IR 2R 1R 1R “IR 2R (12)

? . [P I
by =lg, by = by, lig = by

For I, # Ly and 1, # L. (12) can be simplified to four
relational conditions as follows:

? 2 ? ?
lmiim’lmizm’lzm:'?mvlzmiim- (13)

Intuitively, there is a total of 16 relational statements.
However, only six of them are valid and used to compute
Ag;= ||Sm_§m||2§ j=1,...,6. The terms Ay and Ag, which
will be derived later, are used to compute the Q terms. The
six valid AERj are defined as follows:

ETRI Journal-WILEY-—%

2 2 2 2
Amlzlskml +|Sf<m| +|Sk291| +|si<zsx|

if (e # Ll # ool # Lol # by
AZRZZ|skm_sfcm|2+|skm|2+|512m|2

if (g =21mvlm #229{71291 #219{71291 ?éizm)
Ags = I 157, 12+ I8y =52, 2

if (g #lLgolig #bwobn #hwobe =hs)  (14)
A9{4=|skm_S§2m|2+|skm|2+|sl}m|2

if (g #hwlin =l # liolow # hw)
|2'|‘|5k29‘_5121§,f‘|2
if (g 762191»1191 ¢2zmvlzm =21m7lzm #2291)

_ 2 2
Ape= Iskm “Stun | +|Skm ~Stom |

2
Aps= |skm | +|Si<z9t

if (Lg =71m7lm #229{71291 #219171291 =72m)‘

To simplify the following derivation, we define
Ag = {Ag, s Ay ). Similarly, the terms Ag;=||sg —35]|’
are defined as follows:

— 2 2 2 2
At =I5 P P+ I P+ |

if (ig#hgls#hshbs#lighs#hs)
ASQ = lskls “Shig |2+|Skzs |2 + |Si‘25 |2
if (g=lglig#hghs#Flighs#hs)

2 2 2
A53 = IsleI +|si‘15| + Iskzs _S’A‘zsl

~

it (ig#lLglg#hshs#lighs=hg)
_ 2 2 2
A54 - |Sk15 Sk | +|Skzs I+ |si€|s|

if (115 #715’115 2725’125 ¢718’ZZS 56725)
|2

as)

_ 2 2
Ags= lsklsl +|Si{25| + |sk2$ kg
if (Lig#hgls#hshbs=lig.hs#hs)
2
/\(‘~6—|Skl(~ Sklel +|Sk2:~_sk2e-|

if (lls=

~

15lig # lzsvlzs ?”15’125 =lyg).

In set form, we define Ag={Ag;, ..., Agq | for use in the
following analysis.

We assume that the valid combinations used for transmis-
sion are selected at random. The corresponding frequency for
each term in Ay or A4 for the entire set of combinations of size

(Nl) is defined as follows:
2

fi=3 (N=2) (N=3) fi=fi=3 (N-2)

(16
f4=f5=%(Nl_2) 6=1. )

The Q expressions are obtained from the Minkowski sum

of Ay and Ag, and formulated as follows:

L L
Q=Y YAl a7

Ky Ky Ky ky
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where A = {Al, s AB} is the resulting set from the Minkowski
sum and B=|Ag |X| Ag|= 36 Q terms. It should be noted that
to avoid division by zero in the case of [Am"‘A%]’ the two
conditions k; # k; and k, # k, must be satisfied.

Optimized modulation sets for IQSM for several system
configurations of (L, N, ng).

The proposed constellation design can be simplified as min-
imizing the sum term in (11), which is formulated as follows:

B
arg min Zf,ﬂi,
~VL<smsg VL =
k=1,...L (18)

L
2
st ls P =L
k=1

Following the symmetry rule of constellation design over
the in-phase and quadrature dimensions, this optimization
problem can be simplified as follows:

B
arg min Zfin-,
a<smsig<VL =
k=1,.,L/4 19)
L/4

st Y |s*=L/4,
k=1

where « is a positive lower bound for the real and imaginary
parts that prevent them from lying on the in-phase and quadra-
ture axes, respectively.

Based on (14) and (15), the A term consists of energy
terms (eg, |skm |2 and |sk18 |?) and squared distance terms (eg,
ISk, —5k,q |2). For example, Ag is the total energy of the real
part and the last term A is the sum of two squared ED terms.
We focus on Q, and 5, to explain the convergence of the
proposed constellation. These terms are defined as follows:

L
Ql: z [Aml‘i‘ASl]_nR,
k, ,1}1,1;2,122 20)
Q= D, [Anet+Agg ™
ky ey ko ey

where the weights associated with Q, and Q¢ are f7 and fZ =1
, respectively. To minimize €, the energies of these symbols
should be maximized jointly. The trivial solution to this optimi-
zation problem is to assign an equal energy with a value of one
to each symbol. However, the ED between the symbols should
be maximized to minimize Q34 It is known that the QAM
constellation set has the maximum minimum EDs between

symbols. The other terms, namely €, to 55, are combinations
of energy and squared distance terms. The weights associated
with these terms depend on N,, while —ny, is present in all of the
Q terms as an exponent.

Figure 1 presents the proposed constellation sets for IQSM
for several system configurations. The title of each sub-figure
represents the corresponding system parameters in the fol-
lowing format: (L, N, ng ). The effects of these variables on
the obtained constellations can be summarized as follows.

e As N, increases with a fixed and relatively small value of ng,
the modulation set tends to converge to a QPSK-like shape,
where L/4 signal symbols are gathered around the location of
a conventional QPSK point in each quadrant. This is because
/i increases more rapidly with high values of N,, followed by
> and f;. Because the Q expressions associated with these
frequencies mostly consist of symbol energy values, maxi-
mizing the minimum ED is ignored for large values of N,.

e For a fixed and relatively small N, the proposed constel-
lation converges to a QAM-like shape as ny increases. In
the QAM-like shape, the symbols are located very close to
those of a conventional QAM constellation.

e The convergence of the proposed constellation to the stan-
dard shapes discussed above depends on the value of L. As
L increases, the convergence in terms of N, and ny becomes
slower.

The performance of the proposed constellation is verified
in Section 8.

5 | DOUBLE QUADRATURE
SPATIAL MODULATION

To improve the spectral efficiency of IQSM, we propose to
transmit the real and imaginary parts of two signal symbols
from a designated antenna, rather than using a combination
of two antennas. Therefore, the spatial spectral efficiency
of DQSM is equal to 4xlog, (Nt), while that of IQSM is
2x{10g2<}2\/‘)J. For a large value of N,=32, DQSM and IQSM
achieve spatial spectral efficiencies of 20 and 16 bpcu,
respectively.

Unlike IQSM, which avoids transmitting the real/imagi-
nary parts of signal symbols from the same antenna, DQSM
does not abide by this rule. When the real/imaginary parts
overlap (ie, are transmitted from the same antenna), the
Euclidean space of the modulation set becomes dense, lead-
ing to performance degradation. In this case, using the same
modulation set for both signal symbols leads to ambiguity at
the receiver side, making it impossible to recover the signal
symbols (for more details, refer to [16,17]). To overcome
this problem in DQSM, we propose that the first signal
symbol s, be drawn from a constellation S, and the second
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FIGURE 1 Optimized modulation sets for IQSM for several system configurations of (L, N, ng)

symbol s, be drawn from S,, which can be formulated as
2

follows:

Y VAN
Sb—{skz—skle’ |sk]€Sa},

where 6 is a rotation angle. This angle is optimized by using
Monte Carlo simulations to minimize the BER of the system.

2n

It is worth noting that in previous studies, signal symbols have
been rotated prior to transmission to achieve higher spectral ef-

ficiency and diversity gain [32,33].

Assuming QPSK modulation, Figure 2 presents BER
versus the rotation angle for several values of N, and ny =4
. The optimal rotation angle that minimizes the BER for
the three simulated scenarios is approximately 25°. At each
channel use, the antennas with indices Iy, l5,/;5 and
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FIGURE 2 BER performance of DQSM using QPSK and ny =4
for several values of N;

L are activated to transmit s, ., s} o Sk and 5|, respec-
2! a 3

tively. Accordingly, DQSM achieves a spectral efficiency of

(4NQSM+2q). The received vector in DQSM is defined as

follows:

_ ' p P ’
y= h,mskm +h,mskm +]h,]5sk]8 +]h,25sk23 +n.  (22)

At the receiver, the signal and spatial symbols are recov-
ered using the maximum likelihood (ML) detector as follows:

* % 5] % pE % % %
(Skm o Som o 1ol 5o bomo g )

= arg min ly—gll?
skm’skli‘f’s;cm ’slizs
ll}R’llS’IZER’lZS (23)
= argmin  [|g]>-2R {y"g}.

!

’
Stin>Skig ’skzm ’Skzs

115)1’118’129‘{’128

where 8=h; s +hzms;{m +hy s "‘J'hzzssli25 is the noise-
less received vector in DQSM.

Table 1 lists the 15 valid conditional statements for
DQSM transmission with their corresponding frequen-
cies. Each conditional statement v; has a probability of
fi /N:‘. Because the real and imaginary parts are transmit-
ted over orthogonal carriers, the performance of the sys-
tem is affected only when two real or two imaginary parts
are transmitted from the same antenna. Therefore, only
the events {vl,vz,v3,v4,v5,v6,v9,vl4} can degrade DQSM
performance.

TABLE 1
corresponding frequencies

All possible transmission events in DQSM with their

v; Relational condition  f;

Vi hyp=hy=lg=hg N,

v, g =by=lg#hg N, (N,-1)

V3 hj=hy=hg#hg N -1

Vy Lig=lig=bg#hy N (N-1)

Vs by =lg=hs#lLx N (N - 1)

Vg L =by #lig=hg N, (N,-1)

V1 hp=lg#hy=bg N (N - 1)

Vs hp=bg#by=lg N (N=1)

Vg hyp=by#lLg#hg N, (N[ 1) (N‘—2)
Vio hp=lg# by #hs N (N -1) (N =2)
vy hg=hg#bg#hg N, (N,-1) (N,-2)
Vi by =lg#hn #hg Ny (N[—l) (N[—Z)
V13 by =hs#hx#lig Ny (N[—l) (N‘—2)
Via hg=bg#lLig #hy N (N[—l) (Nt_z)
Vis hp#hg#Lg#hbg N (Nl_l) (NL—Z) (Nl_3)

In Table 1, the largest frequency is associated with vys,

where each part is transmitted from a different antenna. This
means that for a large number of transmit antennas, v,5 will
be dominant, leading to significant performance improve-
ments, meaning the performances of DQSM and IQSM will
coincide. In such cases, DQSM will achieve greater spatial
spectral efficiency.
Example:  Let x=[0111000001111111], g=2, and N, =38,
where X is a message to be transmitted. According to
the DQSM scheme, x will be divided into six parts as
follows:

m=[0 1] my=[1 1]

Px=[0 0 0],

p2§}{=[ 1 1 11, ngg:[ 1 1 1 ]

Ps=[0 0 1]

Therefore, m; and m, modulate s, € S, and s}, € S, respec-
tively. The remaining parts modulate transmit antennas 1, 2,
8, and 8. The resulting received vector is defined as follows:

y=h s, +h,5,5 +hg (sh; +ish ) +n. (24)

This example corresponds to v,5 in Table 1.

6 | PARALLEL IQSM

The parallel implementation of IQSM partitions an an-
tenna set into P equal subsets and performs IQSM inde-
pendently in each subset using the same signal symbols
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s¢, and s, . Each subset has ny=N,/P transmit antennas.
Consequently, the number of combinations in each subset
is (Z') Only 2Mwsv combinations are used for transmis-
sion in each subset, where Npgsy= [mg2 (ZT)J Assuming that
x is the message to be transmitted in a given transmis-
sion instance, we split x into (2 P + 2) parts such that
each p; in the 2P parts is of size Npjggy. Then, p; and
p;, modulate the antenna combinations used for transmit-
ting the real and imaginary parts in the i-th subset, where
ie{l,...,P}. The remaining two parts m; and m,, each of
which is of size ¢, modulate the signal symbols s, and s, ,
respectively. The received vector is defined as follows:

M-~

1 . .
y= ﬁ ' [hl‘}mskm +h,;wskm +‘1h1‘15sk15 +Jh1;3sk25] +n, (25)
4

where l;R = {lim’ lgm} and l’A5 = {l’is, l;s} are the antenna com-
binations used to transmit the real and imaginary parts in the
i-th subset. Because IQSM uses antenna combinations to alle-
viate the power-of-two constraint on N,, the size of ny can also
be any arbitrary number. Therefore, the spectral efficiency of
PIQSM is defined as 2 (P X Npjgsy ).

The ML detector is employed on the receiver side to re-

cover the spatial and signal symbols as follows:

* * * * 1% 1% Px  7Px
<skm’skm’skls’sk25’ {lm’ls K ""lfR ’lS }>

= arg min ly-gll®
Skig ko kg 25 kog
1L T (26)
= arg min ligll®—2R {y"g} .

Skin ko Skig>Sog
141 4P P
lygolgsolg e

P . .

where g= (1/\/5) o [hl‘jmskm +hy s, Fihy s +jh,;sskm]

is the noiseless received vector in PIQSM. Because the spatial

spectral efficiency increases linearly with P, PIQSM reduces the

N, value required to achieve a given spectral efficiency while re-

quiring the same number of RF chains as IQSM (two RF chains).

Example:  Let x=[0011000101001110], g=2, P=2, and
N,=10. Then, x is split into six parts, which are de-
fined as follows:

m]=[0 01, m2=[ 1 1]
px=[0 0 0] pig=[1 0 1]
Por=[0 0 11 pg=[1 1 0]

Table 2 contains the PIQSM antenna mapping for
N,=10 and P=2. In this example, m; and m, modulate

TABLE 2 Example of PIQSM mapping for P=2 and N, =10

Information bits I P

000 {1,2} {6, 7}
001 {1,3} {6, 8}
010 {1,4} {6,9}
011 {1,5} {6, 10}
100 {2, 3} {7,8}
101 (2,4} {7,9}
110 {2, 5} {7, 10}
111 (3,4} {8,9}

TABLE 3 Numbers of transmitting antennas required to achieve

the same spatial spectral efficiency (M,

«pa) fOr several systems

MA- PIQSM
M,  SM QSM IQSM DQSM  (P=2)
12 92 64 12 8 10
16 363 265 24 16 14
20 1449 1024 46 32 18

s, and s,, respectively. In the first group, p; and p,q are
used to choose l$1={1,2} and l]s= {2,4}. Similarly, p,y
and p,4 are used to choose lg1 ={6,8}and 12S ={7,10} from
the second subset. Accordingly, the received vector is de-
fined as follows:

1
y= E [s1 (h;+hg) +s,, (hy+hy) on

+js1g (hy+hy) +jsyg (hy+hyg)] +n.

Table 3 provides a comparison between several spatial
modulation systems in terms of the number of transmit an-
tennas required to achieve a given spatial spectral efficiency
Mg, It is clear that PIQSM requires the smallest number of

transmit antennas, followed by DQSM and IQSM.

7 | COMPLEXITY ANALYSIS

In this section, we discuss the receiver complexity for the pro-
posed DQSM and PIQSM schemes in comparison to IQSM. Itis
clear from (3) and (22) that the complexity of IQSM and DQSM

TABLE 4 Receiver Computational Complexity for [QSM and
DQSM

Real
Term Real multiplications additions
g 8ng 6ny
ly-el® 2ng dng =1
Total 10ng — 1
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L=16,m =4

— & —(8,QAM)
1107 |—-©-—(8, PSK)
—6— (8, Prpsd)
— 8 —(12,QAM)
—-8-—(12,PSK)
—+8— (12, Prpsd)
— % —(17,QAM)
—-%-— (17, PSK)
—%— (17, Prpsd)

— B —QAM
—-%-—PSK
—©— Prpsd

35 10 15 20 25
SNR (dB)

SNR (dB)

(A) (B)

10 15 20 25 30 35
SNR (dB)

SNR (dB)
(C) (D)

FIGURE 3 BER performance of IQSM using the proposed modulation set, QAM, and PSK for several values of N, with (A) L = 16 and (B)
L =32, and several values of nR with (C) L = 16 and (D) L = 32. The values in the legend entries for (B) represent N,

BER

——— DQSM (8, 2)
—&— DQSM (16, 2)
— — — Analytical

1072

BER

1073

107
—%— PIQSM (10, 2, 2)

—8— PIQSM (14, 2, 2)
— — — Analytical
10 15 20 25 30
SNR (dB)

(B)

FIGURE 4 Validation of simulation results for (A) DQSM and
(B) PIQSM versus analytical results

isidentical for the same spectral efficiency. Because the rotation
angle in Figure 2 is obtained offline, the optimization process
does not incur any computational cost for the DQSM receiver.
Table 4 lists the computational complexities of IQSM and
DQSM.

For a target spectral efficiency of M, the ML search is per-
formed over an M-dimensional space. Therefore, IQSM and
DQSM require the following numbers of real multiplications
and additions:

M = (10ng) 2" 17,49 =(10ng —1) 2. (28)

Because the same two signal symbols are transmitted from
P antenna subsets in PIQSM, the number of multiplications
performed by a PIQSM receiver is identical to those in IQSM
and DQSM, and the number of additions is only increased by
4ng (2P -2). One advantage of PIQSM compared to IQSM
is the reduced number of transmit antennas. This reduces the
channel estimation overhead in terms of system resources,
time, and frequency.

It is well known that the ML detector achieves optimal
performance at the cost of high computational complexity.
Several studies have investigated low-complexity detectors for
QSM-based systems [26,34,35]. In the future, we would like
to propose low-complexity detection algorithms that consider
the specific structures of the proposed DQSM and PIQSM
schemes.

8 | SIMULATION RESULTS

In this section, the channel state information is assumed to
be perfectly known only by the receiver. In all simulated sce-
narios, ng =4, unless stated otherwise.
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Figure 3 presents a performance comparison between
IQSM with the proposed constellation versus IQSM with the
conventional schemes (QAM/PSK). Both Figure 3A,B have
the same legend entries, where the numbers in the entries
represent IV,. Additionally, Figures 3C and 3D have the same
legend entries. Based on the results presented in Figure 3, we
can draw the following conclusions.

1. For a fixed L=16 and ng=4 (Figure 3A): The pro-
posed constellation outperforms both QAM and PSK
for all simulated values of N,. Compared to QAM, the
proposed constellation has a gain of 1.5 dB for N,=8
and 12, and a gain of 2 dB for N,=17. The proposed
constellation outperforms PSK by approximately 3 dB
for N,=8 and 12, and by 2.5 dB for N,=17. Based
on this performance trend, we can conclude that the
proposed constellation converges to the PSK modulation
set for large values of N,

. For a fixed L=32 and ny =4 (Figure 3B): The proposed
constellation outperforms the QAM constellation by ap-
proximately 2 dB for N, =8,12, and 17. Compared to PSK,
the proposed constellation has gains of 6 dB for N, =8 and
12, and a gain of 5 dB for N,=17. As L increases, the con-
vergence of the optimal constellation to a PSK-like shape
occurs at relatively large values of N,.

. For a fixed L=16 and N, =12 (Figure 3C): At small values
of ng, such as ng = 3, the performance gap between the three
constellations is small. In this case, the QAM constellation
exhibits the worst performance. As ny increases, for ny =4
and 6, the proposed constellation outperforms PSK and
QAM by approximately 2.7 dB and 1.5 dB, respectively,
for ny =4, and by 2 dB and 5 dB, respectively, for ny =6.

ETRI Journal—WlLEYM

The performance of QAM is improved because the squared
distance term becomes dominant as ny increases. This is
also why the PSK constellation, which requires maximizing
symbol energy, has the worst performance.

. For a fixed L=32 and N, =12 (Figure 3D): Similar to the
results in Figure 3C, the proposed constellation outper-
forms QAM by approximately 1 dB, 2 dB, and 2.5 dB for
ng =3,4, and 6, respectively. The PSK constellation lags
behind the performance of the proposed constellation by
2 dB, 6 dB, and 8 dB for ny =3,4, and 6, respectively.
The performance gap between the PSK constellation and
proposed constellation increases as ny increases.

In Figure 4, the analytical results for the upper bound
of the bit-error rate performance of the proposed schemes,
namely DQSM and PIQSM, are compared to the simulation
results. The derived formulae coincide with the simulations,
especially at high SNR values (asymptotic performance). We
now analyze the performance of the proposed DQSM and
PIQSM schemes with IQSM and MA-SM, where all systems
require two RF chains. The performance of these systems was
evaluated at the same total spectral efficiency.

Figure SA presents the performance of IQSM and DQSM
using QPSK modulation for several different numbers of
transmit antennas. Based on Figure 2, the rotation angle
in the DQSM system is set to 25°. In this scenario, DQSM
requires 4, 8, and 14 fewer transmit antennas compared to
IQSM to achieve spectral efficiencies of 16, 20, and 24 bpcu,
respectively. We can also conclude that for small values of N,
, the performance gap between IQSM and DQSM is large.
This is because the probability of transmitting the real/
imaginary parts from the same antenna is high for small N,

1 i —1 N \

10 10 ® *

N

XA K
\

1072 1072 \* \

A\ S

_ \

1073 — % —IQSM (24, 2) 107 \

—%— PIQSM (14, 2, 2)
— B8 —IQSM (33,2)
,|—E—PIQSM (15,2, 3)
— % —IQSM (24, 4)
—#— PIQSM (14, 4, 2)

— % —IQSM (10,3)
—— PIQSM (10, 2, 2)
— B8 —IQSM (14, 4)
—8— PIQSM (14,2, 2)

1072 1072
o
m
m
1073 1073
— % —IQSM(12, 2) — % —IQSM (8, 4)
| DAsM,2) _,|——DQsM (8,2)
107 | — & —1QSM (24,2) 107 — ¢ —1QSM (16, 4)
—0— DQSM (16, 2) —6— DQSM (16, 2)
— & —IQSM (46, 2) 8  |— e —IQSM (32,4)
—e—DQSM (32,2) |\, —6—DQSM (32,2) | |
10 15 20 25 30 10 15 20 25
SNR (dB) SNR (dB)
(A) (B)

— B —IQSM (33, 4) \\\ — 4+ —IQSM (15, 5)
—E8—PIQSM (15,4,3)| ', —+—PIQSM (15,2, 3)
10 15 20 25 30 10 15 20 25 30
SNR (dB) SNR (dB)
(©) (D)

FIGURE 5 BER performances of IQSM compared to (A) DQSM for the same g, (B) DQSM for the same N,, (C) PIQSM for the same ¢, and
(D) PIQSM for the same N, using P=2 and 3. The legend entries indicate that (N, ¢) for all schemes and (N,, ¢, P) for PIQSM
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FIGURE 6 BER performance comparison between (A) DQSM,
PIQSM, and MA-SM for the same ¢, (B) PIQSM and MA-SM, and
DQSM and MA-SM for the same N,. The legend entries represent

(N, ) for all schemes and (N,, ¢, P) for PIQSM

values, as discussed in Section 5. However, as N, increases,
the overlapping probability decreases, leading to a significant
performance improvement for DQSM. The case in which
DQSM uses N,=32 and IQSM uses N, =46 is where the
performances of both algorithms coincide at high SNRs. For
the same number of transmit antennas, DQSM outperforms
IQSM in all of the scenarios depicted in Figure 5B. For ex-
ample, DQSM outperforms IQSM by 2 dB at a target BER of
2x 1074 with N, =32.

Based on the results presented in Figure 5C for P=2,
PIQSM achieves a result of M,, =16 bpcu with N, =14 with
10 fewer antennas than IQSM. Similarly, PIQSM with P=3
reduces the number of transmit antennas required to achieve
M, =18 by 18. For all the simulated scenarios in this figure,

| —E—GSM (362, 4)
107 | —— QSM (256, 4)
—6— DQSM (16, 2)
—#— PIQSM (14,2, 2)
10 15 20 25 30
SNR (dB)

FIGURE 7 BER comparison between DQSM, PIQSM, GSM,
and QSM. The legend entries represent (N,, ¢) for all schemes and
(N, g, P) for PIQSM

the two schemes exhibit very similar performance. For ex-
ample, the curves perfectly coincide when N, =14, P=2, and
g =4 for PIQSM. For the same N,, PIQSM outperforms IQSM
for all of the simulated scenarios presented in Figure 3D. This
improvement reaches up to 2 dB and 3 dB for P=2 and P =3,
respectively.

In Figure 6A, we compare the performances of DQSM,
PIQSM, and MA-SM. Assuming the use of QPSK, MA-
SM, DQSM, and PIQSM deploy 92, 8, and 10 antennas, re-
spectively, to achieve a spectral efficiency of M =16 bpcu.
Additionally, MA-SM, DQSM, and PIQSM require 363,
16, and 14 antennas, respectively, to achieve a spectral ef-
ficiency of M =20 bpcu. As shown in Figure 6A, MA-SM
outperforms DQSM and PIQSM by 2 dB and 0.7 dB, re-
spectively, when M =16 bpcu. As the number of antennas
increases, the performance gaps decrease to approximately
1 dB for DQSM and 0.5 dB for PIQSM when M =20 bpcu.
This implies that the proposed schemes are more effective
for large-scale MIMO systems because they require a frac-
tion of the N, values required by MA-SM. In Figure 6B, we
compare the performances of MA-SM and PIQSM for tar-
gets of M =20 bpcu and N, =14. Additionally, a comparison
to DQSM is presented for M =24 bpcu and N, =32. In both
cases, the proposed algorithms outperform MA-SM by ap-
proximately 4 dB.

Finally, we compare the performances of the proposed
DQSM and PIQSM to those of GSM and QSM for a tar-
get of M =20 bpcu in Figure 5. While GSM and QSM
provide similar performance, DQSM and PIQSM outper-
form these methods by approximately 2.5 dB and 3 dB,
respectively. Furthermore, DQSM requires 347 and 240
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fewer transmit antennas than GSM and QSM, respec-
tively. Similarly, PIQSM reduces the required numbers of
transmit antennas by 349 and 242 compared to GSM and
QSM, respectively.

9 | CONCLUSIONS
The main contributions of this paper can be summarized
as follows. First, we derived an upper bound for the pair-
wise error probability of an IQSM system. The design of a
constellation was then modeled as a multivariate optimiza-
tion problem to minimize the asymptotic error probability.
The proposed constellation outperformed QAM and PSK
on all simulated scenarios. We then introduced the DQSM
scheme, where each of the real and imaginary parts of two
signal symbols are transmitted from a designated antenna.
In our design, the two signal symbols in DQSM are drawn
from two different modulation sets. The second modula-
tion set is a rotated version of the first set, where the ro-
tation angle is optimized to minimize the BER based on
Monte Carlo simulations. Finally, we proposed a PIQSM
scheme that splits a transmit antenna set into equal subsets.
Conventional IQSM is then performed independently in
each subset using the same two signal symbols. Compared
to IQSM, DQSM requires a smaller number of transmit an-
tennas to achieve a given spectral efficiency and their error
performances coincide at large numbers of transmit anten-
nas. PIQSM and IQSM perform similarly, but the former
requires a fraction of the transmit antennas required by the
latter. Furthermore, DQSM and PIQSM outperform IQSM
by up to 2 dB and 3 dB, respectively, for the same number
of transmit antennas.
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