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Abstract—Spatial Modulation (SM) constitutes an
appealing low-complexity single Radio Frequency
(RF)-aided Multiple-Input Multiple-Output (MIMO)
technique. Conventional SM schemes tend to rely on
transmit antenna (TA) configurations, where the num-
ber of TAs is a power of two. In order to circumvent this
limitation, a novel single RF-aided SM conceived for
an Arbitrary Number of TAs (SM-ATA) is proposed,
which is then further developed to a twin-RF Enhanced
SM-ATA (ESM-ATA) schedule for exploiting the diver-
sity advantage of Space-Time Block Coding (STBC).
Furthermore, low-complexity near-optimal detectors
are designed for both the SM-ATA and ESM-ATA
schemes. Our simulation results show that the proposed
SM-ATA schemes offer almost the same performance as
conventional SM systems, despite using a reduced num-
ber of transmit antennas at the same transmission rate.
The proposed twin-RF ESM-ATA schemes provide a
beneficial performance gain over the existing twin-
RF multiplexing based and space-time coding based
SM schemes. Finally, an upper bound is derived for
the Average Bit Error Probability (ABEP), which is
confirmed by our simulation results.

Index Terms—Spatial Modulation (SM), Multiple-
Input Multiple-Output (MIMO), arbitrary transmit
antennas, Space Time Block Coding (STBC).

I. INTRODUCTION

PATTAL Modulation (SM) [1]-[6] constitutes a

novel Multi-Input Multi-Output (MIMO) transmis-
sion technique, which exploits the activated antenna in-
dices as an additional means of conveying information.
Specifically, in the SM scheme, in each time instant, only
a single Transmit Antenna (TA) is activated for transmit-
ting the classic Amplitude and Phase Modulation (APM)
symbols so as to avoid inter-antenna synchronization,
while mitigating the inter-antenna inference. Furthermore,
SM has been shown to be a promising large-scale MIMO
technique for millimeter-wave communications [7]-[8].
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For the conventional single-RF SM scheme, log, (V)
bits are utilized to select the activated TA index from
the index group of A = {1,2,...,N;} and logy(M) bits
are mapped to an M-ary APM symbol, where Ny is the
number of TAs. As a result, the conventional SM is only
applicable to specific TA configurations associated with
log,(N;) being an integer. Recently, the issues of spatial
constellation optimization, hybrid bit-to-symbol mapping,
link adaptation, and constellation randomization were in-
vestigated in [9]-[16], which were applied to single-RF SM.
However, the above-mentioned refined transceiver designs
still remain unsuitable for an arbitrary number of TAs
associated with a single RF.

In order to relax the integer power of two constraint im-
posed on the number of TAs, single-RF SM was designed
for an arbitrary number of TAs in [17]-[20]. Specifically,
the Fractional Bit Encoded Spatial Modulation (FBE-SM)
scheme of [17] mapped the information bits by a block of
base-N; representation numbers, but this technique may
suffer from error propagation during block-based trans-
mission. In order to improve the performance of the FBE-
SM scheme, the Variable Throughput Modulation (VTM)!
based bit-padding methods were developed in [18]-[19],
which transmitted a variable number of information bits
over the different activated TA indices. In [20], the authors
proposed a 3-D mapping aided SM scheme, which relies
on a total of N; constellation sets for IV; activated indices.
Naturally, the optimization of the N; constellation sets
may impose extra complexity, especially for a large number
of TAs and for a high transmission rate. Furthermore, the
activated TA index of the schemes in [19]-[20] did not
convey a fixed number of bits, which may impose some
extra complexity during the bit-to-symbol mapping. As a
result, developing a low-complexity bit-to-symbol mapping
aided single-RF SM scheme for an arbitrary number of
TAs, while retaining all the advantages of the conventional
SM scheme remains an open question to be investigated.

Additionally, improved variants of multiple-RF aided
SM were developed in [21]-[35] to further investigate the
multiplexing [21]-[29] and diversity gains [30]-[35] of SM
systems. For the multiplexing based SM schemes, the
beam-forming based generalized SM scheme of [21] and the
time-variant number of activated TAs based SM scheme of
[28] employed N; RF chains at the transmitter. The joint

In [19] the terminology of Modulation-Varying (MV) was used for
the VTM of this treatise.
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Spatial and Symbol Alphabet based SM (SSA-SM) scheme
of [29] relied on N;/2-RF chains at the transmitter. The
twin-RF based Quadrature SM (QSM) schemes of [25] and
the Enhanced SM (ESM) scheme of [26]-[27] were suitable
for the special case, when the number of TAs is an integer
power of two. Only the Generalized SM (GSM) scheme of
[22]-[24] can be applied for an arbitrary number of TAs
relying on a twin-RF at the transmitter.

For the space time coding based SM schemes of [30]-[35],
the double space-time transmit diversity based SM scheme
of [34] and the spatially modulated orthogonal space-time
block codes scheme of [35] employed at least four RF
chains at the transmitter. The Space Time Block Coding
SM (STBC-SM) scheme of [30], the high rate STBC-SM
of [31], the high rate Multi-Strata Space-Time Coded SM
(MSSTC-SM) scheme of [32] and the Modified Codeword
based STBC-SM (MC-STBC-SM) of [33] employed twin-
RF chains at the transmitter. The schemes in [31]-[33]
employed similar transmit antenna combination (TAC)
groups to that of [30] and achieved a diversity gain by
setting different amplitudes and phase rotations for the
different TAC groups. As N; increases, the number of
different TAC groups increases, hence they require more
amplitudes and phases to distinguish the TAC groups.
Consequently, the diversity gains of these schemes decrease
as INV; increases.

Against the above background, the contributions of this
paper are summarized as follows:

1) A novel single RF-aided SM scheme is proposed for
an Arbitrary Number of TAs (SM-ATA). Specifi-
cally, for any non-integer number of bits, the TA
index group A = {1,2,...,N;} is extended to an
integer number of bits based index group as A, =
{1,2,.., Ne,q1e?? o qrn, €%} i = (1,2, ..., Ny), i =
(1,....,L — Ny), where L = 2Uos2(N)J+1 jg the size
of A, and |-] is the floor operator. Explicitly, when
the element ¢;e?? is selected in the above SM-ATA
mapping, a phase rotation is applied to the classic
M-ary constellation symbols transmitted by the g;-
th TA.

2) Then, based on the above SM-ATA scheme, a twin-
RF Enhanced SM-ATA (ESM-ATA) arrangement is
proposed, whose TAs are divided into two sets. The
above-mentioned SM-ATA scheme relies on N(N <
N;) TAs, while the remaining (N;-N) TAs are used
for enhancing the integrity of the modulated SM-
ATA symbols by invoking Alamouti’s Space Time
Block Coding (STBC).

3) Furthermore, an upper bound of the Average Bit
Error Probability (ABEP) is derived for the pro-
posed SM-ATA and ESM-ATA schemes. Finally, low-
complexity detectors are developed for both the SM-
ATA and ESM-ATA schemes. Our simulation results
demonstrate that the proposed SM-ATA scheme
approaches the performance of its conventional SM
counterpart at the same throughput, despite hav-
ing a reduced number of TAs. Finally, the further
evolved ESM-ATA scheme is capable of providing a

beneficial performance gain over the existing twin-
RF SM schemes at the same throughput and at the
same number of TAs.

The remainder of this paper is organized as follows.
Section II gives a rudimentary introduction to the conven-
tional SM system. In Section III, the proposed single-RF
SM-ATA is introduced and a low-complexity ML detector
is developed. In Section IV, we propose the twin-RF ESM-
ATA scheme and its low-complexity near-optimal detector.
Our theoretical analysis is presented in Section V, while
Section VI presents our simulation results. Finally, Section
VII concludes this paper.

Notation: [|-|| denotes the Frobenious norm of a ma-
trix; |-| represents the magnitude of a complex quantity;
()" and (-)? stand for the transpose and the Hermitian
transpose of a vector/matrix, respectively.

II. CONVENTIONAL SM SYSTEM

We consider a SM system having N; TAs and N,
receive antennas communicating over flat Rayleigh fading
channels. In the conventional SM scheme, the information
bits are partitioned into two parts, whose log,(/N¢) bits are
used to select an active TA index vector from the index
vector set 2, = {e1,eq,...,en,}, where ¢, 1 < ¢ < N is
selected from the N;-dimensional standard basis vectors
(i.e. e; = [1,0,...,0]T) and log,(M) bits are mapped to an
M-ary APM symbol s. Based on the above mapping rule,

the transmitted signal x € CV¢*! can be represented as
x=eys= [0,..,0,5,0,...,0]7, (1)
—
q-1 Ni—q

where ¢ € A denotes the index of the activated TA.

For the conventional SM system, when log,(/NV¢) is not
an integer, conventional SM mapping becomes impractical.
As a result, conventional SM is only suitable, when the
number of TAs is a power of two. In order to address this
issue, an improved SM scheme is proposed for an arbitrary
number of TAs in next section.

III. SINGLE-RF SPATIAL MODULATION FOR AN
ARBITRARY NUMBER OF TRANSMIT ANTENNAS

In this section, single-RF SM is proposed for an ar-
bitrary number of TAs. Specifically, when the value of
log,(N;) is not an integer, we extend the index group
A ={1,2,..., N;} to an index group having an integer num-
ber of bits as A, = {1,2,..., N,,q1e??, ..., qr.n, €%} ¢ =
(1,2,..., Ny),i = (1,..., L — Ny), where L = 2llog2(N)J+1 jg
the size of A,. Explicitly, the element gie¢’? in the above
SM-ATA mapping represents a phase rotation, which is
applied to the classic M-ary constellation symbols trans-
mitted by the ¢;-th TA.

Ezample Ny = 5: For the case of N; = 5, the conven-
tional index group A = {1, 2, 3,4, 5} is unsuitable for index
mapping. For simplicity, we can extend the index group
as A, = {1,2,3,4,5,1e7% 2¢7% 3e7%}. As a result, for the
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A. The Generalized SM-ATA Design

The generalized system model of the proposed SM-ATA
scheme is shown in Fig. 1, which operates as follows.
Step 1: Determine the index vector set €2,.

Similar as conventional . . .
SM mapping =N 1) Determine whether the value of log, (Ny) is an integer

or not, i.e. wether IV is an integer power of two.

Q, = (e, €, 8y, €y 11,8, ) L=2LE N 2) If logy(IVy) is an integer, the index vector set is Q, =
1 0] e/’ : Qc-
.- 0 ey 0 v 0 . e{” 3) If log,(NV¢) is not an integer, we first round up
(-) 1 : (‘) logy(Ny) to [logy(Ny)], which is an integer number
0
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of bits, corresponding to an increased index group of
——————————“—“ﬂ ———————————— ' L = 2Moe2(NI) T despite only having N; TAs.

-—== 4) Select (L-N;) elements A, = {¢1,...,qr-n,} from
A ={1,2,..., N;} based on certain specific rules. For
example, we can assume that ¢; =i = (1,..., L-IV})
for simplicity.
Formulate the extended index group as A,
{A, A% = {1,..., Ny, que?? ..., qr N, €%} Based on
the A, obtained, the index vector set is formulated
as Q, = {e1,...,en,,en,+1,...,er}, where we have

sP{ L_____ ]

B,=log,(M) ,~—\
» M-PSK
A\

Fig. 1. System model of the proposed SM-ATA scheme.

[0,...,0,1,0...,0]T,if 1 < I < N,
—— ==

BPSK-aided SM with N; = 5, the SM-ATA symbol set -1 Ne—l
can be expressed as e = [0, .,0,e1? 0...,0 1T,if Ny<l < L (3)
NS —~
10000 199 0 0 Tt e
01000 0 1e 0 Step 2: SM-ATA mapping. Specifically, a block of
Xoyata=10 0 1 0 0 0 0 1/ B = (B, + B,) information bits is partitioned into two
00010 O 0 0 regiments: 1) By = log,(L) bits are utilized to select one
00001 0 0 0 2) of the elements from the set ,; and 2) By = log, (M) bits
-1 0 0 0 0 -leff 0 0 are mapped to an M-ary APM symbol. Specifically, when
0 -1 0 0 O 0 -led 0 the element e; (I > N;) is chosen, the phase of the M-ary
6 0 -1 0 0 0 0 -l APM symbol transmitted by the (g,—u,)-th TA is rotated
0 0 0 -1 0 0 0 0 by 0. Consequently, the SM-ATA symbol x,, € CNt*! can
0o 0 0 0 -1 0 0 0 be represented as
Furthermore, the bit-to-symbol mapping process of the [0,...,0,s,0,..,0/7, if L =2
SM-ATA schemes of Example is presented in Table I. -1 Nyl

TABLE I
BiT-TO-SYMBOL MAPPING FOR THE BPSK-AIDED SM-ATA

[0,...,0,s,0,...,0]T,
N~ =

Xp=€|s =
-1 N¢—1

if L#2N 1< N,

0 ]7,if L # 2N, 1> N,

0,...,0,sel?, 0,...
SCHEMES WITH N; = 5. [\;,L/’ NG

Scheme Input | Mapping Activated SM-ATA qi-~n,—1 Ne—ai-n,
bits Index | TA Index g Symbol (4)
0000 1 1 [(1000 0}5 where [ denotes the mapping index, which is only the same
88(1)(1) ; ; [[01 01%%%]? as the activated TA index ¢ for the specific case of [ < N;.
0011 9 9 010007 For a specific extended index group A, = {A, A} =
0100 3 3 [00-100T {1,.., N, q16%%, ..., qr-n,€7%}, the relationship between [
0101 3 3 001007 and ¢ is expressed as
0110 4 4 [000-10"

Ny =5 | 0111 4 4 ooo107” _ 0 0
1000 5 5 000017 A={_1 ,.., N qi1€’ sy LN, €77} (B)

” ~— Ny, N —_——

1001 5 5 [00001] I=¢=1  |=q=N, I=Ny+1,g=q1  I=L.q—qr.x,
1010 6 1 [1e’? 00007 ]
1011 6 1 [1e7? 00 0 0]
1100 7 2 0-1e7% 00 0]7 L ) .
1101 7 9 [g 1639 0 0 0 g}T B. Optimization of single-RF aided SM-ATA
1110 8 3 00-1e7% 0 0] . . .
1111 s 3 [E 0 lejeg 00 A}T Let us denote the transmit and receive signal of SM-

ATA by x; and x;, respectively. The distance between x;
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2 . .
15k — BPSK
PSK
1.6 Q
— 16QAM
L4r — 64QAM

The value of 5, (x,,X,,60)

35

Fig. 2. The values of dmin(x;,x;,8) for different modulation orders.

and x; is defined by

(si— 5;e9)2if ¢; = qj,1; < Ny, lj > Ny
(sie/” —s;)%if qi = g, i > N, lj < Ny
[sil + [s4]%,if @i # g

(s; — 5;)?, Otherwise

AN, =

(6)
where Ay = x; — X, ¢;, q; are the activated TA indices
of x; and x;, and [;, [; are the corresponding mapping
indices. The Minimum Distance (MD) between x; and x;
associated with 6 can be expressed as

oo (si—sied”)?ifq = g5, 1 < Ny lj > N
Omin (53,35, 6) = { (sie?? = ;)2 i = g;,1; > Ny 1 < Ny

(7)
As a result, 8 can be optimized by maximizing the MD as

6 = arg mgx[cSmin(xi,xj, 0)]. (8)

To provide further insight, Fig. 2 shows the value of
Imin (Xi,%;,0) in (7) for BPSK, QPSK, 16-QAM and 64-
QAM with different 0. If § € [0, 7/2], as seen from Fig. 2, 6
can be optimized by maximizing the value of min (X, X;, 0)
in (7) as

 BPSK
 QPSK
— 47
=) zor(z - 1) 16QAM ©)
601 (5 — 1”—6) ,64QAM

C. Optimal Detector

ML detector: Let H € CV-*Nt and n € CN-x!
be the MIMO channel matrix and noise matrix, whose
entries are complex-valued Gaussian distributed, yielding
CN(0,1) and CN(0,0?), respectively. The received signal
y € CV*1 can be formulated as

y = Hx, +n. (10)

It follows from Eq. (9) that, the optimal ML-based
demodulator can be formulated as

(11)

s . 2
%, = argmin |y — Hx,[%,
Xp EXSM-ATA

where XgnaTa is the set of SM-ATA symbols.

Low-complexity ML detector: Based on the low-
complexity optimal detector [4] for conventional SM, the
low-complexity optimal detector for the proposed SM-ATA
scheme can be introduced based on two scenarios. If the
value of N; is a power of two, the detector in [4] can
be employed for signal detection directly. Otherwise the
receiver signal of Eq. (10) is represented as

{hqurn, if I < N,

= \h, . se®+nifl>N, (12)

qi-Ny

For each mapping index [ € (1,L), we can get one
symbols as s; = D(§;), where D(+) is defined as the digital
demodulation function and g¢; is defined as

hi'y

N Th]Z i 1< Ny
Yy = hZ-Nt ye'jg i N . (13)
Thy, o % 0= Ve

Since we have

ly-hy, sie”’IF ,

= Iyl + gy, 167 | — 2R(e?’s{Thl | y)
= yllF + gy, [ Els:* = 2R(s/ 91l hg,y, [ F),
= Iyl + gy, 1 F(|s:* = 2R(s{"5))

= Y17 + Mg, 17 (19 = si1* = 19:/)

according to (13), the distance metric d; is defined as

d = b 1% (19 — sil* = [9]?), if <N,
by, 1215 = si? = [3]?), if 1> N,

(14)

(15)

Then, the optimal mapping index can be estimated as

(16)

[ = arg min d;.
le(1,L)

Finally, based on the estimated [ and s;, the information
bits can be recovered based on the SM-ATA mapping
rules. Specifically, s; can be demodulated into bits by
APM mapping principle and [ is demapped into the bits
by the extended index group. Taking the extended index
group A, = {1,2,3,4,5,1e7% 2¢7% 3¢9} for example, the
demodulated process for [ can be expressed as

[=1-000,{=2-001,l=3—010,l =4 — 011,
[=5-100,0=6— 101, =7 — 110, = 8 — 111.
(17)

D. Complexity Analysis of the Single-RF SM-ATA Detec-
tors

In this section, the complexity of both the full-
dimensional ML and of the single-stream ML SM-ATA de-
tectors is analyzed in terms of the numbers of real-valued
multiplications and additions. For the specific matrices
A e C™" B e C™P, ce C™ and d € C™¥! the
operations of AB, ||c|[|% and ¢4 d require (8mnp — 2mp),
(4n — 1), and 2n Floating-point operations (Flops), re-
spectively. Accordingly, the complexity order of the ML
detector becomes

CRAAT = (12N, — 1) - LM, (18)
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ESM-ATA
B =log, (L) SM-ATA . symbolssl 1
Select one symbols o 2
SM- ATA e.lement from S;t—l s; NN B
Bits b Sp maPng index group . 3 20 a0 2
using N GNN GNeN
TAs i 21.—1 21. Sé\j_l SZ
N N ’(S;z)‘ (S;r—l)‘ ‘
Sy San . : N
B, =log,(M) . . !
-G ™) ()"
Fig. 3. System model of the proposed ESM-ATA scheme.
TABLE II
ESM-ATA SYMBOL SET FOR THE CASE OF N = 5,N = 3.
S1 S2 s1 0 s1 0 S1 526j9 0 so 00 00 0 526j9
00 0 s2 00 0 0 s1 0 $1 S2 s1 0 s1 0
X53 = 00|,|0O0(,[O0s2], 0 0 ,{00],[{00],[0s2], 0 0 R
ESM-ATA -sh s} 0 sy |0st| [-s3e® o -55 0 00 00| |-s3¢7% 0
set with 00 -s5 0 00 0 0 0 s} -85 87 0 s} 0 s3
Nt =5 0 s27] 00 00 0 sged? s1ed? s s1ef? 0 s1ed? 0 s1ef sped?
N=3 00 0 sg 00 0 0 0 0 0 D) 0 0 0 0
s1 0 , s1 0 , | S182 ], 81' 0 s 0 0_ s 0 0_ s 0 82_ N 0' 0‘
-55 0 00 00 -sge‘](’ 0 -s3 sfe‘fe 0 s{e'ﬂe 0 s’{e'Ja —s§t2'7(9s’1‘¢2'3‘9
0 0] -55 0 00 0 0 0 0 -55 0 0 0 0 0

since ||y — Hx,||% requires (12N, — 1) Flops and this
operation is computed LM times. And the complexity of
the single-stream ML detector is [4]

SM-ATA — 11NTL

Css-aL (19)
IV. TwIN-RF ENHANCED SPATIAL MODULATION FOR
AN ARBITRARY NUMBER OF TRANSMIT ANTENNAS

To improve the diversity gain of the SM-ATA scheme,
the ESM-ATA is proposed for an arbitrary number of TAs
by invoking the space-time block coding principle. For any
number of TAs, the N; TAs are divided into two sets:
the first N (N < N;) TAs are used for conveying a SM-
ATA symbol, while the remaining (N;-N) TAs are used
for enhancing the SM-ATA symbol’s integrity by invoking
space-time block coding. Explicitly, Table II presents the
ESM-ATA symbol sets for the cases of Ny = 5, N = 3,
where the extended index group of the SM-ATA scheme
associated with N = 3 is A, = {1,2,3,1e/%}, while s; and
so denote the M-ary APM symbols. As seen from Table II,
the ESM-ATA symbol sets are obtained based on the SM-
ATA symbol set consisting of two time slots. For the case of
N; =5, N = 3, the fourth TA and fifth TAs are utilized for
invoking Alamouti’s space-time block code in conjunction
with the first and second TAs. Next, the generalized ESM-
ATA system model and our low-complexity detector are
detailed as follows.

A. Generalized ESM-ATA Transceiver Design

We consider an ESM-ATA system associated with N;
TAs and N, receiver antennas communicating over flat
Rayleigh fading channels. The system model of the pro-
posed ESM-ATA scheme is shown in Fig. 3, which operates
as follows.

Step 1: Determine the index group.

1) Iflogy(N) is an integer, then the index group is A, =
{1,2,...,N}.

2) Otherwise, the size of the new index group is ex-
tended to L = 2M°82(N)1 which is formulated as
A, ={1,..,N,1e?% ... (L-N)ei®} for simplicity.

Step 2: SM-ATA mapping using N TAs and formulat-
ing the SM-ATA symbols at the (2t-1)-st and 2t-th time
slots as

_[u2t-1 2t
Xy =[xy ’XN]NX2 (20)
with
2t-1 __ [l N¢-N N 1T__ qat-1 T
XA = (89415 -y ST s o St =10, ..., 0,827 0, ..., 0],
~——
q2t-1-1 N-g2¢-1
2t _ .1 Ni-N N1T _ q2t T
XA = [84, ey Sy’ 5 ooy Sy =[0, ..., 0, 8524 0, ..., 0],
—— ~——
q2t-1 N-qo¢
(21)
with sf27', 882 € {S,8¢} and gor.1=(1,...,N) and

g2t=(1, ..., N) representing the activated TA indices of the
SM-ATA symbols x3 ! and x3, respectively. S is the set
of constellation symbols.

Step 3: Encoded the first (N;-IV) symbols of x3¢! and
x31 with Almouti’s STBC and transmitted by the left
(N;-N) TAs.

Step 4: Formulate the ESM-ATA symbols as

Xy, = [x?\i—l’}(%t]Ntxw (22)
with
X?\El = [S%t-la s sé\?-—lNa AR Sé\i-la '(Sét)*'“a '(Sgt_N)*]T
x%t = [834,or) sé\i"N7 - sé\i, (534 1)% s (sé\i’flv)*]T

(23)
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According to (21), the terms x?\ft !

expressed as

t

and x2 can be further

21— {[...,O,sgif%;,_.l..,() (sgifT) ,...,O}T,i'f g2t < Ni-N

t 0, ...,0,s3:7,0,...,0]", if gar > Ne-N
2t [...,0,s87,...,0, (sg?f) s o017 if gopy < Ny-N

XN [O,...,O,Sgit, ,...70]T, if got-1 > Ni-N -

(24)
Accordingly, there are at most two nonzero elements for
the ESM-ATA symbols X2t ! and x%t

B. Diversity and Coding gain of the twin-REF ESM-ATA

In the proposed ESM-ATA scheme, the left (N;—N) TAs
are used for Alamouti’s STBC coding, which is capable of
improving the diversity gain of the SM-ATA scheme. The
diversity order and the coding gain are dominated by the
value of N. Assuming that X; = [x14,X2,] € Xgsm and
X, = [x1,5,%2;] € Xgsm are the ESM-ATA symbols, the
coding gain of the ESM-ATA scheme is defined by

Gg = Xrgéi%j |det AL AL, (25)
where we have Ap = (X; —X;). The diversity order is the
rank of AZA ., which is different from the value of N.

Case 1 (N; — N) < N: For the case of (N — N) < N,
the subsets of the ESM-ATA set Xggm = {X1, X0, X3, X4}
can be expressed as

X, = [0--- 5200 gsgif) .}T
t 2t—1 I
0-ve st wor 0 (s3)" .
X, — 0---s3---0 ) 0 }
t 2t—1\* )
0--- 53 0--- (s9¢77) - . (26)
Ky [0 B0 ()
0 sz 0--- 0o .-/
X, = [0 S5t e 0 0 !
0 5P 0---0---] °

Hence, the coding gain of the ESM-ATA scheme can be
expressed as

|detAEAE| =0,

(27)
where the rank of AZA, in this case is one, hence the
diversity order of ESM-ATA becomes one for the case of
(N; — N) < N. Additionally, in this case, for each time
slot, the probability of the ESM- ATA symbol having two
nonzero elements is equal to Py = St="+L— UOgZ(N) and
that of having one nonzero element is equal to Pr=1-P.
Assuming that |sa3:' |2 = |(s82*)|> = 1, the average energy
consumption P, is equal to P, = 2P,+ Py, which is satisfied
1< P, <2.

Case 2 (N;—N) > N: For the case of (N;—N) > N, the
ESM-ATA symbols X; and X; can be further expressed
for the case of (N; — N) = N as

2

xL . %2
X, = N,j N,j
! {(X?v])* (Xll\f,j

Gp = min |detAZA
B =iy 1etAsAnl = B0y o

- 2
X, = XN XN,i*] :

] (28)

or for the case of (N; — N) > N as
Xy Xy, XNy XNy
Xi= (X?V,i)* (Xll\’z)* Xy = (X?\Lj)* (X}V,j)* )

On,—2n On,—2n On,—an On,—2n

where x}; and x3;; denote the first and second SM-ATA
symbol in the ESM-ATA symbol X, while xN and xN

denote the first and second SM-ATA symbol in the ESM—
ATA symbol X;. The coding gain of the ESM-ATA scheme

associated With (Nt — N)=N and (N; — N) > N can be
expressed as
Gr = guiy [det(AfA)
= iy xhe, =k P+ ek =, 202 (30)
#0

and the rank of AZA , in this case is two, hence the diver-
sity order of ESM-ATA is two for the case of (N; — N) >
N. Additionally, in this case, assuming that |x}v )2 =

|X?\, i |2 = 1, the average energy consumption becomes two.

C. Optimization of the twin-RF ESM-ATA

In this section, the power allocation of the twin-RF
ESM-ATA is further discussed and optimized by maximiz-
ing the coding gain. Since the ESM-ATA scheme having an
even number of TAs associated with N = N, /2 can achieve
the same diversity order and coding gain as the ESM-ATA
scheme having an odd number of TAs with N = (N;—1)/2,
we mainly discuss the ESM-ATA schemes having an even
number of TAs with N = N;/2 for simplicity. Assuming
that the power of the first SM-ATA symbol is /p and the
second SM-ATA symbol is /2 — p, the ESM-ATA symbols
X; and X; can be further expressed as

X — [ VXN ; *\/HX?W}
’ V2 - P(XN i) \/ﬁ(x}vz) ’

31
X-{ WXNJ VQ—PX?VQ} (51)
P V2 )T el ) ]
while A#Ap can be computed as
Ag 0
AfAp = { OEAE] : (32)

with Ag = p|xNZ - XNJ|2

can be further expressed as

(2 - p)\x?\,’i — x?\,’j|2, which

0, if X}V,i = XN XNi = XX
Ag p|X11V7Z )2{11VJ| 2 2 I XNZ 7 XZYJ’X%” p X?g’j
(2 - P)|XNii *QXNJ|  if XNéz = XN]aszz XN,j
plxN,; — Xy 7+ (2= p)lxy,; — XNJ| Otherwise.
(33)
Hence, the coding gain can be expressed as
. H .
Cp = min |det(AgAp)l = min (45).  (34)
According to (33), we have
. A _ . . 1 1 2
g (Ag) = min| , min, J(pIXN,l xn,41%); )
min - ((2 = p)[x3,; — x} ;)

1 1
XN FXN,j
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TABLE III
MAXIMUM CODING GAIN COMPARISONS BETWEEN THE
PROPOSED ESM-ATA SCHEMES AND CONVENTIONAL
STBC-SM SCHEMES

N;—4,N =2
Rate=3 | Rate=4 Rate=5
SM-STBC [30 2.6863 0.3431 0.0808
M-SM-STBC [33] 2.9922 0.3431 0.1146
Proposed ESM-ATA 4 0.3431 0.16
Nt = 6, N = 3
Rate=4 | Rate=5 Rate=6
SM-STBC [30 0.3431 0.0287 | 2.418 x10~%
M-SM-STBC [33] 0.3431 0.0649 0.0011
Proposed ESM-ATA 0.3431 0.0232 0.0014
N, =8,N =4
Rate=4 | Rate=5 Rate=6
SM-STBC [30 1.2179 0.3074 0.0487
M-SM-STBC [33] 1.2773 0.3074 0.0487
Proposed ESM-ATA 4 0.3431 0.16
Since we have
: 1 12 : 2 22
min  (|xy; — Xy ,]°) = min  (|x%; — X3
x}vyﬁéx}\r,j“ N,i N,]' ) x?\;,ﬁéx?\zd“ N,i N,gl )7
(36)
the coding gain can be further expressed as
—mi 262 262
GE - x{n;i% [p 5min7 (2 - p) 5min]’ (37)
- ; 1 12 :
where yin = o min, (|xx,; —xn;1°) and can be obtained
N,i N,j
by (6) and (7) as
. 1 112 . s
grlrilgllﬂsz —s;]%),if N is a power of 2,
Omin = ¢ .7 ; 38
min min (|s} — stel?|?), else. (38)
Vsl sl J

i255
11 fon o 1 1 .

where s;, s; are the constellation symbols of x, ;, Xy ;. As

a result, p is equal to one to obtain the maximum coding

gain Gg as

min (|s} — s}|*),if N is a power of 2,

1441 J

s; ;ésj

min (|s

1 .1
Vsi,sj

GE™ = 1 (39)

P —sjel?h), else.
where 6 can be obtained via (9).

In short, for a given constellation point set, the coding
gain of the proposed twin-RF ESM-ATA schemes remains
constant as N; increases. Table III compares the coding
gain of ESM-ATA schemes to that of the conventional
STBC-SM and MC-STBC-SM schemes. As seen from
Table III, for the case of N being a power of two, the
coding gain of the proposed ESM-ATA is significantly
higher than that of the classic STBC-SM schemes and the
coding gain gap increases, as N; increases. When N is not
an integer power of two, the proposed ESM-ATA scheme
offers a similar coding gain to that of the conventional
STBC-SM schemes.

D. Optimal and Suboptimal Detectors

Optimal ML-based Detector: In this section, the ML
detector of the proposed ESM-ATA scheme is introduced.
According to (10), the received signal matrix Y; € CNr*2
consisting of two time slots can be expressed as

2t-1 2t

Y. = [yor1,yoi) = H[xy,, x,] + [241, 0oy ). (40)

Hence, the optimal ML-based demodulator can be formu-
lated as

Xy, = &3, &%, = argmin |V, ~HXy, |}, (41)
XN, €EXEsMm
where Xggy is the set of the proposed ESM-ATA symbols.
Observe that the complexity of the ML detector signifi-
cantly increases with the parameters N; and M.

Low-complexity Suboptimal Detector: In this sec-
tion, a low-complexity suboptimal detector is proposed for
the ESM-ATA system. For the proposed ESM-ATA system
associated with (N, N,., N, M), both the transmission rate
and the performance attained are dominated by the value
of N, hence the low-complexity suboptimal detector is
designed based on two different scenarios.

Case 1: log,(N) is an integer. In this case, the transmis-
sion rate of ESM-ATA is Rgsym = logy (N) +1log,(M). The
size of the index group is L = 2!°82(N) which is expressed
as A, = {1,2,...,N}. In this case, the mapping index [
is always the same as the activated TA index ¢ and the
M-ary APM symbols do not have to be rotated by 6.
According to (40), the received signal ys;—1 and yo in
Y; € CV*2 can be represented as

Vor1= {hQQt-lS%Z;:li-hQZt"!‘N(sgit)*+n2t—17 if q2t < Ni-N
hg,, ;89157 +12t1, if go; > Ny-IN
Vor = {h’bt Sgit +hqzt-1+N(sg§fil)* + Ny, lf q2t-1 < Nt‘N )
hg,, s3;" + noy, if goz-1 > Ne-N
(42)
Hence, the signal matrix [yo.1,y5;] can be expressed as

q2t-1
Yot1| S91-1 Not
[Y2t } ' {(Sgit) } Ny,

where we have

(43)

h -h
h* B }Zit+N:| 71f q2t, q2t-1 é Nt'N
L qot-1+N qu

h* h* ) if q2t-1 S Nt'N7 qat > Nt'N
L q2¢-1+N “Tq2t

q2t-1

W,

-h ) :
q(z)f’"l ﬁqu:N Jif gar1 > Ni-N, goy < Ni-N
'h o .
_ q(z)t'lh;t] ,if gae1 > Ni-N,qoy > Ni-N

(44)
Then signal detection can be performed based on Eq. (43).
Since we have ga;—1,¢2 € Ap = {1,2,..., N}, there are a
total number of N? index combinations I formulated as
I={(1,1),(1,2),..,(1,N),..., (N,N)}. (45)
— N S N —
I I> In Iy
For each index combination (qa4.1,q2:) € I, m € (1, N?),
we can obtain the corresponding channel matrix Wj?
according to (44). Then the associated symbol vector can
be estimated as

am s mat | Y2t1
T (s =D W) Yo |)’

where (W)f=((Wm)wm 0?Ty) "1 (W) . After ob-
taining N2 symbol vectors as (I1,8}), ..., (In2,8Y"), we opt

(46)
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hg,, 5201 — Dy, 4 NS5, + Nop, if got < N-N,lot < N,lat1 < N
hy,, 5201 — Do,y v (s2067%)" +mae0,  if gar < Ni-N,lgy > Nylopg < N
Vor1 = by, s9r167% — Ny, N85, + Do, '}f @2t < Ng=N,loy < N,lat1 > N
’ hy,, , s2e-169” — hg, o n(s20€7%) 4 mopy, if o < Ni-N, gy > N, lg.1 > N
hy,, 5261 + Noea, if go¢ > Ni=-N, lop1 < N,
hZI2f 152t- 16J0 + noyq, if qot > Ni-N,loy1 > N (50)
hy, sarthg,, 4 NS5 + n2ta if gaz.1 < Ng=-N,log1 < N,lpy < N
hg,, S2t+hq2f 4N (5201€79)* + if gor.1 < Ni-N,lop.1 > N,lpy < N
Vo = hQ?tSQtej thg,, NS5 + Dat, if got1 < Ni=-N,lotg < N,y > N

hg,, 52 + n2t7

hg,, so€? o4+ noy,

hq2t82te +hq2t 1+N(82t 16] ) + nyy,

if gop-1 < Ng-N,loe1 > N, lgy > N
if gag.1 > Ne-N,loy <N
if qot-1 > Ni-N, log > N.

for the best one from the N? symbol vectors according to:

3] - wrsy
Yat

2
min

m = arg
me(1,N?)

(47)

F

Consequently, the final estimated signal can be expressed
as (I,8"), which can then be demodulated to generate
the information bits by the SM-ATA mapping rule.

Case 2: log,(NN) is not an integer. In this case,
the transmission rate of ESM-ATA is Rgsm =
[logy(N) | +1+logy(M). The index group is expressed as

» = {1,2,...,N,1e7% 2¢3% .. (L-N)e’’}. Assuming that
lot—1 and ly; are the mapping indices of the SM-ATA
symbols x5! and x3¢ in Eq. (20), respectively and so;_;
and szt are the modulated M-ary APM symbols of th—1
and x , the relationships between lo; 1,15 and gor_1, ot
can be expressed as

Loy — J22t-15 if log1 <N 1, — a2t if loy <N
217 o 1N i lopy > NP2 \goid N, if Iyy > N
(48)

q2t—1
and s2;_1, S2¢

while the relationships between s5;'7', s3:*
are formulated as:

ge1_ [soe—1, il <N

UL \sgp1€9,if Iy > N (49)
a2t 152ty if loy <N

2t Sgteje, if log >N~

The aim of the low-complexity detector is to accurately
estimate los_1, loy, Sor—1 and sg;—1. Specifically, according
o (20)-(24), the received signal yo;1 and yo; in Y, €
CNr*2 for this case can be represented as Eq. (50).
Hence, the signal matrix [y2:1,y3;] can be expressed as

[yim] - W, {Szm] + [nit—1:| 7
Yot Sat oy

where W, can be expressed as Eq. (52), which
is on the top of next page. For the index group
Ap={1,2,..,N,1e9% ... (L-N)ei%}, there are a total num-
ber of L? index combinations I, expressed as I, =

(51)

{(,1),...,((L-N)e??  (L-N)e??)}. For each mapping in-
——
L=(1,1) I,2=(L,L)

dex combination (las.1,le;) € L, m € (1,L?), we can
obtain the corresponding channel matrix W} according

o (52), and the resultant symbol vector can be estimated

as
= 2] = (v [2]).
2t Yot
After formulatmg L? symbol  vectors as
(I,8}), ..., (In=2,8F ) the optimal one can be estimated
as

Yot-1 W ? 1)

Mm = arg min ST =Wl 5

gmeu L2) |:y2t } K= (

Consequently, the final estimated signal can be expressed
as (I, 8)"), which can be directly demodulated into the
original information bits.

E. Complexity Analysis of the Twin-REF ESM-ATA Detec-
tors

In this section, the complexity orders of both the ML
and of the low-complexity suboptimal ESM-ATA detectors
are analyzed in terms of the numbers of real-valued multi-
plications and additions. According to (41), the complexity
order of the ML detector is expressed as

(16N, N; + 8N, — 2)(LM)?, (55)

since ||Y; — HX,||% requires (16N, N; + 8N,. — 2) Flops,
and this operation is computed (LM)? times.

By contrast, according to Egqs. (47)-(53), the low-
complexity sub-optimal detector’s complexity becomes

(76N, + 64)L2, (56)

CESM

CESM

since
1) (Wmf Bi“] imposes 32N, +4Nr + 64 Flops [23].
2t
2) Eq. (47) or (53) represents 32N,. + 8Nr Flops.

V. BER PERFORMANCE ANALYSIS OF THE PROPOSED
SM-ATA AND ESM-ATA SCHEMES

A. BER Performance Analysis of Single-REF SM-ATA

Let us denote the transmit and receive signal of SM-
ATA by x; and x;, respectively. Then the ABEP upper
bound is given by:

2B 28
1
Pb:ﬁz Z d(Xi,Xj)]D(Xi—>Xj)7

i=1j=1,j#i

(57)
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[ h -h
i G if o, qae-1 < Ni-N, lgg, logg <N
h h
L q2t—1+N9 (]ﬁt
h -
h* q2t>le 760 fl2>|<t+N ) lf q2t, 92¢-1 S Nt_Nv l?t S Nv th-l > N
L q2t-1+N€ q2t
h,, . -h J
gee1 TRacENCT e G o < NNy > N,y < N
h: . hr e
L (ﬁt-l-‘r i Qﬁt i0
q2:1 € gy, +N€E :| .
. Y o | Hif g, qaen S Ni-N,lge > N,lgey > N
hl]2f,-1+Ne7 hq e’
h .
h* g2t e if o1 < Ni-N,qo¢ > Ni-N, log, log1 <N
L ﬁt—l‘i’N qzb
L e if gor-1 < Ni=N,qat > Ni=N,loy > N, lop.1 < N
hq2 1+thzt6
" h,, e O
N q2t-1 76 14 , if qot-1 < Ni-N, qot > N¢-N, lor < N, logn > N
hq IN€ h
ﬁt—l eﬂ) Q2(t)
b 92t-1 IOh i if gar.1 < Ni=N, g2t > Ni=N,lot > N,lor1 > N
W, = L Q2f,71+}1;7 q2t (52)
qg’l ff:JrN ; if gat-1 > Ni-N, qas < Ni-N, ot log.1 <N
=h h q2t _i6
‘1(2)“ ﬁeréVjee } , if gar.1 > Ne-IN, qor < Ne-N,loy > N,lopq <N
hy,  e70-h,
q28€ ﬁ2ﬁ+N} ; if gas-1 > Ne-N, qoy < Ng-N, oy < N,lgp. 1 > N
L q2t
i 70 _ 70
Bysiae hqz*t+Nea ,if gar1 > Ne=-N,qay < Ny=-N, gy > Nl > N
o thte /
h O
- if go-1 > Ni-N, gy < Ni-N, log, log1 < N
O hl]m
h )
q(z)t'l h* 0] if gar.1 > Ne-IN, qor < Np-N,loe > N,lopq1 <N
h,, e O
q286 h* } ; if gog-1 > Ni-N, qo¢ < Ni-N,loy < N,lop1 > N
hy, e O
L= if gor1 > Ni-N, 20 < Ni-N, Iy > N, .1 > N.
L O hq2t€
where P(x; — x;) denotes the Pairwise Error Probability Com ATA:E(W|NT:1) is expressed as
(PEP) and d(x;,x;) is the number of bit errors associated lsi—s;| i
with the corresponding PEP event. Based on [23], the PEP 297 if gi=qj,li < Ni,[j < Ny
is expressed as M, if gi=q;,ifl; > Ny, lj < Ny
~ s;—sel?
CSM-ATA = %, if q;i=q;, l; < Ny, l > N,
(i — )] s gy, ks > Nioly > N
P(x; — x;H) = Q( _ ):Q(ﬁ), (58) i=a;, ‘) A
20 sl Aa
202 ) 4 Ky
(60)
where Q(z) = (1/v/2m) [ e=t*/2d, and ¢ = 4“H(x2i;2xj)“2. Accordingly, the ABEP of the proposed SM-ATA scheme

The average PEP can be written as [23]

Plxi = %) =20 3 A

k=0
where we have v (f ) =

% (1 — 4/ 15/52/2) and ( is the mean
value of { with V. = 1.

Assuming that [; and [; are the mapping indices of x;
and x;, ¢; and ¢; are the corresponding activated TA
indices of x; and x;, s; and s; are the modulated M-
ary APM symbols of of x; and x;, we have the value of

-7 (O)1%, (59)

can be expressed based on Egs.(56), (58) and (59).

B. BER Performance Analysis of Twin-RF ESM-ATA
The ABEP upper bound is given as

22B 22B
P, = 232232 > dX,X;)P(Xi —+ X;),  (61)
i=1 j=1,j#1

where P(X; — X;) denotes the PEP and d(X;,X;) is the
number of bit errors associated with the corresponding
PEP event. Moreover, P(X; — X;) can be expressed as

/T _XE,
202

P.(X; = X,) (62)



IEEE 10
Tr/2 N, N,. Ny
P(X; —» X o - _ ! d 64
e( i j) - ; 14+ i1 X 1+ Aij2 Koo X )\i*j’”i.j ¢7 ( )
To%5n7g To%sin%$ L+ gooem?s
10°
10° o0 0 ' '
i R < I 1 ow-complexity|-—
1 =8 Y ML detector
I o .
100 107 @3 o
4-QAM <—®\®& )
) 16-QAM <—$ Q 2.0
102 . ® z
& o 107 o B B 98.4%
m 2 & 215
m £
o}

F| —E—Pro.SM-ATA, Sim. 3x1
— ~ "Pro.SM-ATA, Theo. 3x1
—H—Pro.ESM-ATA, Sim. 4x1
10* | = = -Pro.ESM-ATA, Theo. 4x1
—+—Con. SM, Sim. 4x1

— — =Con. SM, Theo. 4x1

10° L L L L
0 5 10 15 20 25 30 35 40 45
SNR/dB

f L L L

Fig. 4. Simulation and theoretical performance comparison of the
QPSK-aided SM-ATA for Ny = 3, N, = 1, of the QPSK-aided ESM-
ATA for Ny = 4, N, = 1 and of the QPSK-aided conventional SM
scheme for Ny = 4, N,, = 1 at 4 bits/s/Hz. The theoretical results
are computed by Eq. (57) or Eq. (61).

Considering that Q(x) = %foﬂ/z exp(—x?/2sin?0)df, Eq.
(61) can be rewritten as

/2
PAXs 5 X,) _E{;/ exp (_w)da}.
0
(63)
Averaging (63) over the channel matrix H and using
the moment generating function (MGF) approach [30],
the PEP is obtained as (64), where r;; is the rank of
the distance matrix D; ; = (X; — X;)(X; — X;)#, and

i1y Aijjw;,; are the non-zero eigenvalues of Dj ;.

VI. SIMULATION RESULTS

In this subsection, the performances of the proposed
SM-ATA and ESM-ATA schemes are presented and com-
pared in Figs. 4 and 12. In all the simulation results,
perfect channel state information is assumed and the
values of the specific § are selected based on Eq. (8).
Specifically, Fig. 4 shows the theoretical and simulation
performances of our QPSK-aided SM-ATA scheme for
Ny = 3 and N, = 1 and those of our QPSK-aided ESM-
ATA scheme for N; = 4 and N, = 1 at 4 bits/s/Hz.
Moreover, the theoretical and simulation performances of
the QPSK-aided conventional SM scheme associated with
N; = 4 and N, = 1 are added as benchmarkers. As seen
from Fig. 4, the upper bound derived becomes very tight
upon increasing the SNR values for the proposed SM-ATA
and ESM-ATA schemes, which is helpful for evaluating the
BER performances of the proposed SM-ATA and ESM-
ATA schemes. Moreover, it is shown that the proposed

=

10 O Low-complexity

0.5
ML detector
10° ‘ ‘ ‘ ‘ 0
0 10 20 30 40 45 4-QAM 16-QAM 64-QAM
SNR/dB

Fig. 5. Performance and complexity comparisons of the ML detector
and of the low-complexity ML detector for the 4-QAM-aided, 16-
QAM-aided and 64-QAM-aided SM-ATA schemes having N; = 3
and N, =1 at 4 bits/s/Hz, 6 bits/s/Hz and 8 bits/s/Hz.

BER

30 0 5 10 15 20 25
SNR/dB

10 15 20 25
SNR/dB

Fig. 6. Performance of the proposed SM-ATA schemes having N; =
127 and Ny = 125 at 9 bits/s/Hz. The corresponding conventional
SM schemes having N; = 128 were added as benchmarkers.

SM-ATA scheme approaches the performance of the con-
ventional SM scheme, despite having less TAs, while the
proposed ESM-ATA scheme is capable of providing an
approximately 5 dB gain over the conventional SM scheme.

A. Performance
scheme

comparisons of Single-RF SM-ATA

Fig. 5 compares the BER performance and complexity
of both the proposed low-complexity detector and of the
ML detector for the 4-QAM-aided, 16-QAM-aided, and
64-QAM-aided SM-ATA schemes associated with N; =4
and N, = 1. It becomes evident that the proposed low-
complexity detector imposes only 10% of the ML detec-
tor’s complexity at the same performance. The complexity

30
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advantage becomes more dominant for high modulation
orders.

Fig. 6 characterizes the BER performance of the SM-
ATA scheme having Ny = 127 and N; = 125 at 9
bits/s/Hz in conjunction with different number of receiver
antennas. The conventional SM schemes associated with
N; = 128 having the same transmission rate are also
added as benchmarkers. For the case of N; = 127, the
extended index group is A, = {1,2,...,127,¢1€’?}, while
we have A, = {1,2,...,125,q1¢7%, g2¢7%, g3¢?%} for the case
of Ny = 125. Moreover, the repeated indices of q1, g2, q3
are selected randomly from the conventional index group
of A ={1,2,..., N;}. Observe from Fig.6 that the proposed
SM-ATA schemes associated with N; = 127 and N; = 125
are capable of achieving nearly the same performance as
the conventional SM scheme associated with N; = 128 at
the same throughput for the case of N, =2, N, =4 and
N, =6.

Compared to the VIM scheme of [19] and to the 3-
D based SM scheme of [20], the main difference lies in
the complexity of bit-to-symbol mapping. For the VIM
scheme of [19], the complexity order of the bit-to-symbol
mapping is O(Ny)+Chitadec, where O(Ny) is the complexity
order of bit-to-antenna-index mapping and Cp;sa4ec is the
complexity of transforming a block of bits into a decimal
format. The complexity order of the bit-to-symbol map-
ping in [20] is 2 +C3, +Can N, —1,8,-1+0(2") +Chitadec,
where 2M +C%, +Can N, —1,N,-1 is the complexity order of
the constellation design, O(2") is the complexity order of
the bit-to-antenna-index mapping. The complexity order
of the bit-to-symbol mapping of the proposed scheme is
Chitodec- Hence, the proposed scheme imposes a reduced
bit-to-symbol mapping complexity in massive MIMO se-
tups.

1 0()

O Pro. ESM-ATA

*SM.STBC [30]
o AMC-SM-STBC [33]
¥MSSTC [32]
. DA N =8, N =2.4 bits/s/Hz
o
o
10—3 L
10
10° ‘ s A\ :
0 5 10 20 25 30

15
SNR/dB

Fig. 7. Performance comparison between the proposed ESM-ATA
scheme and the conventional STBC-SM schemes at 3 bits/s/Hz and
4 bits/s/Hz.

B. Performance comparisons of Twin-RF ESM-ATA Sys-
tems

Figs. 7-9 compare the BER performance of the pro-
posed ESM-ATA schemes to that of the existing twin-RF

11

(b) N=2

L OGSM [22], QPSK
10°F OESM [26], BPSK,QPSK
/\SSA-SM [29], BPSK,QPSKE)
3QSM [251,QPSK \
1090 Pro. ESM-ATA, 32-QAM A
% SM-STBC [30], 32-QAM
| AMC-SM-STBC [33],32-QAM

0 10 20 30 40 450 10 20 30 40 45

SNR/dB SNR/dB
Fig. 8. Performance comparison between the proposed ESM-ATA
scheme and the existing twin-RF based SM schemes having Ny = 4
at 6 bits/s/Hz; a) N, = 1; b) N, = 2.

(a) 6 bits/s/Hz (b) 7 bits/s/Hz
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104 | K SM-STBC [30]
/A MC-SM-STBC [33]
O GSM [22]
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Fig. 9. Performance comparison between the proposed ESM-ATA
scheme and the existing twin-RF based SM schemes having Ny = 6
at 5 bits/s/Hz, 6 bits/s/Hz, 7 bits/s/Hz.

schemes in conjunction with different antenna configura-
tions. ML detectors are employed for the simulation results
of Figs. 7-9. Specifically, Fig. 7 compares the performance
of the proposed ESM-ATA schemes to that of the space-
time coding based SM schemes having Ny =4 N,, = 2 and
N; =8 N, = 2. QPSK is employed in the proposed ESM-
ATA, STBC-SM [30] and MC-STBC-SM [33] schemes,
while BPSK is employed in the MSSTC scheme [32].
Observe from Fig. 7 that the ESM-ATA scheme associated
with N; =4, N =2, N. =2and N, =8 N =2 N, =2
outperforms the classic SM-STBC schemes by about 1 dB
and 2 dB at BER=107°, respectively.

Fig. 8 compares the performances of the proposed ESM-
ATA schemes to that of the existing twin-RF SM schemes
having N; = 4 at 6 bits/s/Hz. 32-QAM is employed by
the ESM-ATA, STBC-SM and MC-STBC-SM schemes.
Furthermore, QPSK is employed in the GSM and QSM
schemes, while mixed BPSK and QPSK are employed in
the ESM and SSA-SM schemes. For the case of N; =
4, N, = 2, the ESM-ATA scheme associated with N = 2
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outperforms the STBC-SM, the MC-STBC-SM, the GSM,
the ESM, the SSA-SM, and the QSM schemes by around
2 dB, 2.5dB, 5 dB, 7 dB, 8 dB and 9 dB at BER=10"°.
The performance advantages become more dominant for
the case of Ny =4, N,. = 1.

Fig. 9 compares the performance of the proposed ESM-
ATA scheme to that of the space-time coding based twin
SM schemes and to the multiplexing based SM schemes
having Ny = 6 N, = 1 at 6 bits/s/Hz and 7 bits/s/Hz.
16-QAM, 32-PSK and N = 3 are employed for ESM-ATA
scheme to achieve 6 bits/s/Hz and 7 bits/s/Hz. For the
case of N; = 6, only the GSM scheme is suitable for the
twin-RF chain scenario at the transmitter. Mixed BPSK-
QPSK and QPSK are employed for the GSM schemes to
achieve 6 bits/s/Hz and 7 bits/s/Hz. Observe from Fig. 9
that the proposed ESM-ATA schemes provide considerable
performance gains over the GSM schemes and offer a
similar performance as the STBC-SM and MC-STBC-SM
schemes.

Fig. 10 compares both the BER performance and com-
plexity of the proposed low-complexity detector and of the
ML detector for the 4-QAM-aided ESM-ATA schemes in
conjunction with different number of receiver antennas at
4 bits/s/Hz. It is shown that the ESM-ATA associated
with the proposed low-complexity detector is capable of
achieving about 90% complexity reduction over its ML
counterpart at the cost of around 1 dB performance loss
for the case of N, = 1. Moreover when the value of N,
increases, the ESM-ATA scheme using the proposed low-
complexity detector offers nearly the same performance as
its ML counterpart, despite its 90% complexity reduction.

Fig. 11 presents the performances of both the ML and
of the Low-complexity (LC) detector based ESM-ATA
schemes having N; = 32, N = 16, N, = 2 and N; = 30,
N =15, N,, = 2. QPSK and 16-QAM are employed for the
ESM-ATA schemes to achieve throughputs of 6 bits/s/Hz
and 8 bits/s/Hz. The performances of the ML detector
based STBC-SM [30], of the Alamouti [36] and of the GSM
schemes having the same transmission rates were also
added for comparisons. Our simulation results have shown
that the proposed ESM-ATA scheme associated with LC
detector is capable of approaching the performance of
its ML counterpart for these setups. The QPSK-aided
ESM-ATA schemes having Ny = 32, N = 16, N, = 2
and Ny = 30, N = 15 N, = 2 offer nearly the same
performance and outperform the STBC-SM scheme [30]
and the Alamouti [36] scheme by 2 dB and 6 dB at
BER=10"7, respectively. The 16-QAM-aided ESM-ATA
scheme having Ny = 32, N = 16, N, = 2 outperforms the
STBC-SM scheme [30] and the GSM scheme [22] by 2 dB
and 10 dB at BER=10"7, respectively.

Finally, Fig. 12 presents the performances of the LC
detector based ESM-ATA schemes advocated, which have
N; = 128 and N; = 256 associated with N, = 2 and
N, = 4 at 8 bits/s/Hz. In these setups, the existing STBC-
SM scheme of [30] becomes impractical due to the high
complexity of its bit-to-symbol mapping. The performance
of the Alamouti scheme associated with 8 bits/s/Hz was

12
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Fig. 10. Performance and complexity comparisons of the ML detector
and of the low-complexity ML detector for the 4-QAM-aided ESM-
ATA scheme having Ny = 4 and N = 3 for different values of N, at

4 bits/s/Hz.

(a) 6 bits/s/Hz

Alamouti [36]
¥ 2x2,64-QAM, ML

(b) 8 bits/s/Hz

#GSM [22]32x2, ML

E | STBC-SM [30]
032x2,16-QAM, M
Proposed ESM-ATA

F [ 32x2,16-QAM, LC
O 32x2,16-QAM, ML

> {| STBC-SM [30]
032x2,QPSK, ML
Proposed ESM-ATA
4 L [% 32x2,QPSK, LC | W\
O 32x2,QPSK, ML | &,

30x2,QPSK, ML
30x2,QPSK, LC

0 10 20 30 0 30

0 20
SNR/dB SNR/dB

Fig. 11. Performance comparisons of the proposed ESM-ATA scheme
to the existing twin-RF schemes having a throughput of 6 bits/s/Hz
and 8 bits/s/Hz.

also added as a benchmarker. Observe from Fig. 12 that
the proposed scheme having two-RF chains is capable of
attaining in excess of 15 dB performance gain over the
conventional Alamouti scheme for both N, = 2 and for
N, = 4.

VII. CONCLUSIONS

In this paper, a novel single RF-aided SM scheme is
proposed for an arbitrary number of TAs. Based on the
proposed SM-ATA scheme, a twin-RF ESM-ATA is also
proposed for an arbitrary number of TAs. Low-complexity
detectors are designed for both the SM-ATA and ESM-
ATA schemes, which are capable of achieving 90% com-
plexity reduction at a negligible performance loss. Both
our simulation and theoretical results have demonstrated
that the proposed SM-ATA is capable of approaching the
same performance as the conventional SM system at a
reduced number of TAs, while the proposed ESM-ATA
scheme is capable of providing considerable performance
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Fig. 12. Performance comparisons of the proposed ESM-ATA scheme
to the existing twin-RF schemes having a throughput of 8 bits/s/Hz.

gains over the conventional twin-RF based SM system
at the same number of TAs. Moreover, the proposed
single-RF and twin-RF schemes are more attractive for
employment in massive MIMO downlink communications.
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