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Abstract—Novel transmit antenna selection techniques are
conceived for Spatial Modulation (SM) systems and their sym-
bol error rate (SER) performance is investigated. Specifically,
low-complexity Euclidean Distance optimized Antenna Selection
(EDAS) and Capacity Optimized Antenna Selection (COAS) are
studied. It is observed that the COAS scheme gives a better SER
performance than the EDAS scheme. We show that the proposed
antenna selection based SM systems are capable of attaining
a significant gain in signal-to-noise ratio (SNR) compared to
conventional SM systems, and also outperform the conventional
MIMO systems employing antenna selection at both low and
medium SNRs.

Index Terms—Spatial modulation, antenna selection, diversity,
limited feedback, capacity.

I. PRELIMINARIES

HEN considering a Spatial Modulation (SM) system
W[l]-[4] having NV, receive and N; transmit antennas,
which relies on a single RF chain at the transmitter, we have
the system model of y = ,/ph;s +n, where y € CNr is the
received signal vector, p is the average Signal-to-Noise Ratio
(SNR) at each receive antenna, s is a random symbol selected
from a unit-energy M-QAM or -PSK signal set represented by
S, h; is the channel vector corresponding to the i transmit
antenna, and n € CM is the noise vector. The entries of both
n and of the channel matrix H obey the circularly symmetric
complex-valued Gaussian distribution CA/(0,1). In SM, the
input bitstream is divided into blocks of log, (N; M) bits and
in each such block, log, M bits select a symbol s from an
M-QAM or M-PSK signal set, while log, N; bits select an
antenna ¢ out of IV; transmit antennas for the transmission of
the selected symbol s. Therefore, an SM symbol is comprised
of the transmit antenna index and of the transmitted symbol
from a conventional signal set. Let L = {z}fV:tl represent the
set of transmit antenna indices. Assuming perfect Channel
State Information at the Receiver (CSIR), the Maximum
LikelihoodA (ML) detector conceived for this SM scheme is
given by (¢,8)y = argminer, ses |ly — /phis||3.

Let A represent the event of an antenna index error and S
represent the event of a transmitted symbol error under ML
detection. Then, the probability of a SM symbol error is given
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by P.(SM) = Pr(A) + Pr(S,.A°), where A° represents the
complement of 4. Bounds on Pr(A) and Pr(S,.A°) can be
easily derived, and are given by
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It is clear from (2) and (4)' that the diversity order of both
Pr(.A) and Pr(S,.A°) is only N, and hence the diversity order
of P.(SM) is N,. Fig. 1 plots P.(SM), Pr(A) and Pr(S,.A)
explicitly, considering an SM system having N; = 4 and N, =
2 for various throughputs. Two important observations may be
inferred from these plots:

1) The diversity order (slope of the SER curve), associated with
Pr(A) and Pr(S, A°) are the same as formulated in (2) and

4).
2) 1(43 the number of bits/symbol increases (size of the QAM
constellation), P.(SM) is dominated by the probability

Pr(S, A°).

Observe that Pr(S,.A°) given in (4) is same as the union
bound on the error probability of a single-input multiple-
output system, whose diversity order can be increased by
employing transmit antenna selection [6]-[8]. Our main idea
in this paper is to exploit this fact to improve the performance
of the SM system by employing transmit antenna selection.

Recently, an adaptive modulation order based SM scheme
was introduced in [9], while combined modulation order and
transmit antenna selection was conceived for SM in [10]. The
minimum Euclidean distance among the legitimate transmit
vectors was chosen as the decision metric for selecting the
transmission mode in both [9] and [10]. However, the SER
performance of these schemes [9], [10] was benchmarked only
in comparison to the conventional SM scheme. Against this
background, the new contributions of this paper are:

1) We propose a reduced-complexity Euclidean distance based
transmit antenna selection scheme for the SM system.

2) We introduce a novel capacity-optimized transmit antenna
selection scheme, which is capable of outperforming the Eu-

INote that the sum of the bounds given in (2) and (4) gives union bound
on the SM sysbol error probability.
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Fig. 1. Symbol Error Rate (SER) performance in a conventional SM system
having Ny = 4, N, = 2 and employing 16, 32, 64, and 128-QAM to achieve
6, 7, 8 and 9 bits per channel use (bpcu), respectively. In each plot, the error
rates of the effective SM symbol [P.(SM)], Antenna index [Pr(.A)] and
the transmitted symbol [Pr(S, .A¢)] are explicitly given. In all our simulation
results presented in this paper, we have assumed frequency-flat block Rayleigh
fading channel.

clidean distance based selection scheme - despite its reduced
complexity.

3) The SER performance of both the proposed schemes is com-
pared to that of the conventional SM and of the MIMO system
employing transmit antenna selection.

II. PROPOSED SELECTION SCHEMES FOR SM SYSTEM
A. Euclidean Distance optimized Antenna Selection (EDAS)

Let 7 represent the set of enumerations of all possible n =
( N]Z jw) combinations of selecting Ngps out of N; transmit

antennas. Among the ( N]Z ju) possibilities, the specific antenna
set that maximizes the minimum Euclidean distance among all
possible transmit vectors [10] is obtained as

min
X1 F#X2EX

oo = argmax {_min_ [Hia-x)lE). ©
where H; € CN»*Nsm has Ngj; columns given by I and
X represents the set of all possible transmit vectors given by
{eis}fislM, where s € S and e; is a Ngps X 1 vector having
1 as the only non-zero element at the i location, with |y| =
Ngpr M. Further details on EDAS can be found in [10]. It may
be readily seen from (5) that the order? of complexity imposed
by computing Igp is O(nNZ,,M?), which is significant. We
will show that the complexity order for this selection scheme
can be reduced to O(N2M), when the signal set employed is
a separable QAM set 3.

2The order of complexity of an optimization problem is defined as the
number of times the optimization metric is evaluated. If C is the computational
complexity in evaluating the metric once, then the overall computational
complexity is given by [order of complexity x C]. Thus, minimizing the
order minimizes the overall computational complexity.

3A QAM signal set is said to be separable if it can be written as a Cartesian
product of two PAM constellations.
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1) Proposed low-complexity EDAS: We exploit the Inter-
Antenna Interference (IAI)-free property of the SM system
and the separability of the QAM signal sets for the sake of
reducing the order of complexity in computing Igp of (5).

Step 1: Let us consider an upper triangular matrix
D € RN*Nt whose (i,7)" entry D; j for i > j is given
by ming, s,es|/his1 — hjso||3 and for i = j we have
ming, zs,es ||hil|3]s1 — s2|. The computation of Igp in (5)
may be equivalently written in terms of D as

Iep = argmax {minD(I)}, (6)

where D(I) is a (Nsy X Ngar)-element upper triangular
sub-matrix of D obtained by deleting the specific rows and
columns of D that are not in I and {min D(I)} represents
the minimum of the non-zero elements of the matrix D(7).
Thus, the order of complexity reduces to that of computing
D. Note that D has w elements and the complexity
involved in computing each element is O(M?).
Step 2: The (i, )" element of D for i # j is given by

. 2 . S1 2
Doy = min s ~hysalf = min 1wl | L 1
@)
Expressing (7) in terms of the real-valued I and
Q counterparts and taking the QR decomposition
of the resultant channel matrix, we arrive at
Sir
P — S1Q 2
DZJ = min s11,827 € Ny — PAM HR o7 H27 where
SlQ,SQQGNQ—PAM —S20

sir = N(si), sig = S(s;) for i = 1,2 and R is the
(4 x 4)-element upper triangular matrix having zero entries at
locations (1,2) and (3,4). Thus, upon conditioning s2; and
s2g, s17 and s1¢g can be obtained directly by hard-limiting
as follows:

§17 = min {max (2 rnd i| —1,—N1+1) ,N1—11| , (8

1
410 = min |:max (2 rnd {"2; } —1,-Ns + 1) No — 1} )

where u; = (—r;382; +riasaq) /riy for i = 1,2 and
r;,; represents the (i,j)™ entry of R. In (8) and (9), the
expression of 2 rnd“[“fT*l] — 1 corresponds to an integer
of the form 2 = 22 — 1 2 2z € Z, which is nearest to u;
and min [max{Z, —N; + 1}, N; — 1] ensures that the chosen
point is within the N;-PAM constellation. Since so can take
M = NNy values, the order of complexity imposed by
computing D;; is O(M). Therefore, the order of complexity
associated with computing D, and hence of I p, is O(NZM).

Fig. 2 compares the SER performance of the SM system
employing EDAS with that of the conventional MIMO (C-
MIMO) system employing SNR-optimized transmit antenna
selection and also with that of the conventional SM system.
We have used N; = 6 and Ngpy = 4 out of Ny = 6
antennas were selected based on the EDAS criterion. For a fair
comparison, the C-MIMO system employing SNR optimized
antenna selection is assumed to have N; = 6, N, = 2 and
operating at the same rate as that of the SM system employing
EDAS. It is clear from Fig. 2 that our EDAS based SM scheme

4rnd(-) rounds any real number to its nearest integer.
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Fig. 2. Comparison of SER performance in an SM system employing EDAS, having N; = 4 or 6, N, = 2 and employing 16-, 32-, 64- and 128-QAM to

achieve 6, 7, 8 and 9 bpcu, respectively, to that of the conventional SM and MIMO system employing transmit antenna selection.

outperforms the C-MIMO employing antenna selection up to
a certain SNR, which we term as the crossover point. Beyond
the crossover point the C-MIMO system gives a better SER
performance owing to its higher diversity order. Furthermore,
it can be observed from Fig. 2 that as the data rate increases,
the EDAS based selection scheme exhibits a higher crossover
point. Table I lists the crossover points achieved for various
rates as well as the SNR gain achieved with respect to the
conventional SM system without antenna selection.

B. Capacity Optimized Antenna Selection (COAS)

For a given channel realization and SNR, the capacity of the
SM system having Ngps transmit antennas can be bounded as

a < Csm < a+logy(Nsu), (10)
1 Nswm

where we have o = 5— 3, log, (1 + pllh;i||?). It may
be readily seen that « in (10) is maximized by choosing the
Ng)s antennas corresponding to the largest channel norms out
of the IV; transmit antennas. The set of antenna indices corre-
sponding to the Ngj largest channel norms may be computed
at the receiver for every coherence interval and fed back to

the transmitter. This set is given by Ico = {41,492, .., iNgy }>
which expects that
iy 12 > iy 12 > - > iy 12> iy, 017> 00> (i 12

an

Proposition 1: In an SM system employing COAS, the
diversity order d exhibited by the SER curve of {S|.A°} is
(Nt — Nsar + 1)N,.

Proof: The diversity order of the SER curve associated
with {S].A°} is given by

i 0B PH(S,4) &

im log Pout(AC) )
log p

_phﬁoo log p

where, P,,:(A°) is the channel’s outage probability, when
there is no antenna index error. For a given channel realization,
the capacity of the SM system employing COAS can be

d=—1

p—>00

(12)

bounded as Csar < xo— >0ic ., l0g2 (140l /hi]|*) +logy (Nsar),
where equality is achieved when there is no antenna index

error. Assuming that indeed there is no antenna index error,
an outage occurs, when log, (1 +pllhiy,,, HQ) < R/, where
R’ = log,(M). This is plausible, since among the Ngps
largest-norm channel vectors, hiNSM has the lowest norm.
Thus, the outage probability in the presence of no antenna
index error is given by P,,:(A°) = Pr (||h 1> < 5), where

"Ngsm

R/
5= 2—/)‘1. Note that we have

N¢—=Ngnm+1

I1

=1

Pr(X, <48), (13

"Ngsm

Pr (||h I? < 5) =

where X, are independent Chi-square distributed random

variables (rv) having a pdf of f(z) mxm;le*w,
x > 0. Since at high SNRs we have Pr(X; < ¢) ~ ‘iv—;] for
1<i< Ny — Nsu + 1, (13) can be reduced to
§Nr N¢—Ngp+1
Pr (i, I* < 8) ~ <W) (14)

It may be readily inferred from (14) that P..:(A°) decays as
pWNe=Nsm+Nr hence we will have d = (N; — Nsa + 1) N,..
|

Note that the order of complexity in computing (11) is
independent of the constellation size and grows only with N;.

Fig. 3 compares the SER performance of the SM system
employing COAS to that of the C-MIMO and the conventional
SM system considered earlier. Similar to EDAS, the COAS
also gives a better SER performance compared to the C-MIMO
system employing antenna selection at low and medium SNRs.
For SNRs beyond the crossover points, the C-MIMO system
outperforms the COAS scheme due to its higher diversity
order. Table I lists the crossover points of the COAS and
also the SNR gain achieved with respect to the conventional
SM system operating without antenna selection. It is readily
seen from Table I that COAS gives a slightly better SNR gain
and higher crossover points compared to EDAS. Furthermore,
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TABLE I
ACHIEVABLE SNR GAIN DUE TO PROPOSED ANTENNA SELECTION SCHEMES AT AN SER OF 10~ WITH RESPECT TO A CONVENTIONAL SM SYSTEM
HAVING Ngps = Ny = 4 AND N, = 2, AND SER CROSSOVER POINTS ACHIEVED BY THEM WITH RESPECT TO C-MIMO SYSTEM EMPLOYING
TRANSMIT ANTENNA SELECTION.
Rate EDAS COAS EDAS crossover | COAS crossover
(bpcu) || SNR gain [dB] | SNR gain [dB] point [dB] point [dB]
6 2.7 2.8 16 16
7 3.5 3.6 21 22
8 3.7 4.3 24 25
9 4.4 5.3 28 30

0NSM=4, Nt=4 or 6, Nl_=2, 6 bpcu

10° — ‘ 0

NSM=4’ Nl=4 or 6, Nr=2, 7 bpcu

ONSM=4’ Nt=4 or 6, Nl_=2, 8 bpcu NSM=4, Nt=4 or 6, Nr=2, 9 bpcu
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Fig. 3.

Comparison of SER performance in an SM system employing COAS, having Ny = 4 or 6, N,- = 2 and employing 16-, 32-, 64- and 128-QAM to

achieve 6, 7, 8 and 9 bpcu, respectively, to that of the conventional SM and MIMO system employing transmit antenna selection.

it is straightforward to infer from (6)-(9) and (11) that the
complexity of implementing COAS is lower than that of
EDAS. Thus, we conclude that the COAS scheme constitutes

a beneficial choice for SM systems in terms of its performance
versus complexity characteristics.

III. CONCLUSIONS

Two novel antenna selection schemes, namely low-
complexity EDAS and COAS were proposed in the paper.
The SER performance of the proposed schemes is compared to
both that of the SM system operating without antenna selection
and to the conventional MIMO system employing transmit
antenna selection. Our proposed schemes are observed to
offer a significant SNR gain with respect to the conventional
SM system and outperform the conventional MIMO system
employing antenna selection at both low and medium SNRs.
The performance of both these Ngj; out of IV, antenna
selection schemes was studied for various throughputs and
the COAS was found to be a better choice due to its lower
computational complexity and improved SER performance.
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