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Abstract—Multicarrier (MC) space-time shift keying (STSK)
relying on the concept of subcarrier-index modulated orthogonal
frequency division multiplexing (SIM-OFDM) is proposed. In con-
ventional MC-STSK system, the performance erosion of STSK in
dispersive channels is mitigated by employing OFDM. The SIM-
OFDM aided MC-STSK activates a specified limited number of
subcarriers for transmitting the STSK codewords. The indices of
the activated subcarriers provide additional multiplexing gain. A
new receiver architecture, which uses the single-stream maximum-
likelihood (ML) detector of STSK and the subcarrier activation
principle of SIM-OFDM, is designed. A soft decision logarithmic
likelihood ratio (LLR) based detector is also conceived. Helpful
design guidelines are provided for the system. The achievable rate,
complexity, and performance of the system are analytically quanti-
fied and verified with the aid of numerical simulations. The system
is capable of overcoming the impairments imposed by wideband
channels, is benefited from index modulation as well as from STSK.
The scheme exhibits an improved error performance compared to
the classic OFDM-based STSK as a result of the more reliable
detection of the subcarrier index bits.

Index Terms—Space-time shift keying (STSK), orthogonal fre-
quency division multiplexing (OFDM), subcarrier index modula-
tion, multiple-input multiple-output (MIMO).

I. INTRODUCTION

HE concept of subcarrier index modulation (SIM) aided
T orthogonal frequency division multiplexing (OFDM)
[1]-[4] has emerged as a beneficial technique. The idea is to
activate a subset of OFDM subcarriers rather than activating
all the subcarriers available. The indices of the subcarriers ac-
tivated facilitate the transmission of extra source information.
The pioneering study on SIM-OFDM was carried out in [1] and
was followed by [2]-[6]. A detailed transceiver architecture of
the SIM-OFDM system was proposed in [2] and extended to the
multiple-input multiple-output (MIMO) scenario in [3].

On the other hand, space-time shift keying (STSK) [7], [8]
attracted substantial research interests as a beneficial MIMO
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scheme. STSK subsumes the previous MIMO concepts of spatial
multiplexing (SMUX) [9], space-time block code (STBC) [10],
linear dispersion code (LDC) [11], [12], spatial modulation
(SM) [13] and space shift keying (SSK) [14]. The motivation
of STSK came from the flexible diversity-multiplexing trade-
off (DMT) [15] provided by LDC as well as from the low-
complexity design of SM and SSK. While SMUX is capable of
providing spatial multiplexing gain and STBC is conceived for
providing transmit diversity gain, LDC is capable of striking a
flexible DMT, albeit at the cost of a substantially-increased de-
coding complexity. As a design alternative, SM/SSK activates a
single antenna element (AE) and the index of the AE activated
can provide additional multiplexing gain. SM/SSK imposes a
significantly low decoding complexity. Against these conflicting
design ideas, STSK was proposed for striking a flexible DMT,
whilst the decoding complexity is significantly reduced [8]. The
basic idea behind this reduction in complexity is that STSK
activates a single LDC-style dispersion matrix (DM) at every
signaling interval. Thus both SM/SSK and STSK may be re-
garded as the ‘index modulation (IM)’ schemes. SM/SSK [14],
[16], [17] employs the AE index as an information-bearing en-
tity and may be called the ‘spatial IM’ scheme, whereas STSK
uses the DM index for conveying additional information and
may be referred to as the ‘DM IM’ scheme. As a benefit of
the employment of the DMs, STSK [7], [8] can disperse the
information bits to both the spatial and time dimensions. Con-
sequently, STSK is capable of achieving both the multiplexing
gain and the spatial as well as time domain diversity gain.
Motivated by the additional multiplexing gain provided by the
AE index of SM and by the DM index of STSK, a generalized
SM (GSM) [18] and a generalized STSK (GSTSK) [19] scheme
were also proposed for increasing the achievable spectral effi-
ciency. In GSM, a number of transmit AEs rather than a single
AE are selectively activated at a time. In GSTSK, a number of
DMs are activated simultaneously for the transmission of more
information bits over the spatial- and time domain. The GSM
and the GSTSK scheme, however, attain this increased spec-
tral efficiency at the cost of a modest increase in complexity
as well as the inter-element interference (IEI). Thus the GSM
and the GSTSK schemes provide a fair compromise between
the attainable spectral efficiency and complexity as well as IEI
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with its SMUX counterpart. In line with the developments on
the SM, GSM, STSK and the SIM-OFDM, generalized space-
and frequency index modulation (GSFIM) [20] and space-time
frequency index modulation (STFIM) [21] were also proposed.

Although SM, STSK, GSM and GSTSK provide satisfac-
tory performance in frequency-flat channels, the performance
degrades in frequency-selective wireless channels. To mitigate
the performance degradation of STSK in frequency-selective
channels, a range of multicarrier (MC) STSK [8], [22] schemes
were proposed. These schemes rely on MC technique for slow-
ing down the transmission rate over each subcarrier. As a
result, the individual subchannels experience frequency-flat fad-
ing and the performance erosion of the schemes in frequency-
selective channels is mitigated. Despite these developments on
MC-STSK [8] and on SIM-OFDM [2], [4], a MC-STSK system
relying on the SIM technique along with a comprehensive anal-
ysis of its error performance and achievable rate still remains as
an open problem.

Against this backdrop, a SIM-OFDM-aided MC-STSK is pro-
posed which employs both the subcarrier- and the DM indices as
additional means of conveying information. The contributions
of the paper may be summarized as follows:

1) A multicarrier (MC) STSK system relying on the SIM-
OFDM technique is conceived and the transceiver archi-
tecture of the system is detailed.

2) A single-stream maximum likelihood (ML) detector is de-
signed for the system, taking the subcarrier activation prin-
ciple into account. Furthermore, a reduced-complexity
log-likelihood (LLR) detector using the philosophy of [2]
is conceived for the SIM-OFDM-STSK.

3) The achievable rate of the scheme and the complexity
associated with the detectors are quantified.

4) An upper-bound on the bit-error-probability (BEP) of the
SIM-OFDM-STSK system is analytically derived with
the aid of the bound on the pairwise error probability
(PEP) and considering the legitimate subcarrier activation
patterns of the SIM-OFDM system. The analytical BEP
is also verified against the simulation results.

5) Finally, some helpful design guidelines for the SIM-
OFDM STSK system are provided.

Multiplying multiple modulation symbols by DMs may be

called a GSTSK-based IM technique, which may be capable of
providing additional multiplexing gain [19], [23].

A. Outline

The paper is organized as follows. In Section II, the
transceiver architecture of the SIM-OFDM-aided MC STSK
system is detailed. The achievable rate and the complexity
imposed by the SIM-OFDM-STSK scheme are quantified in
Section III. Section IV deals with the error performance of
the system and provides some helpful design guidelines. In
Section V the proposed system is investigated using numerical
simulations. Finally, the paper is concluded in Section VI.
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B. Notations

In general, boldface letter, for example A, is used to represent
a matrix or a vector, while A", A7 tr(A), vec(A), (A),, | A
and || A|| denote the matrix transpose, the Hermitian transpose,
the trace, the column-wise vectorial stacking operator, the g-th
column, the determinant and the Euclidean norm of A, respec-
tively. The operator ® represents the Kronecker product, A & B
the exclusive OR on A and B, Iy the T x T identity matrix, 0,
the column vector of zeros only, 1, the column vector of ones
only and 0y .7 the M x T zero matrix. Pr(-) denotes the prob-
ability of *-’, while F_ and F JI\{, denote the N,.-point discrete
Fourier transform (DFT) matrix and the N.-point inverse DFT
(IDFT) matrix, respectively.

II. SYSTEM OVERVIEW OF THE SIM-OFDM-AIDED STSK

Fig. 1 shows the schematic of the SIM-OFDM based MC-
STSK transmitter, which has M transmit- and N receive AEs
and which communicates over frequency-selective Rayleigh
fading channel. A total of IV, subcarriers are employed for the
transmission of the STSK space-time (ST) codewords, while
N, subcarriers are activated by the SIM-OFDM scheme.

A. The Transmitter Model

As shown in Fig. 1, b source bits are transmitted in an OFDM
block duration using M transmit AEs over 7' time slots. The
b bits are divided into K parallel subblocks of (b + by + b3)
bits, such that b = K (b; + by + b3). Each of the subblocks are
then split into three parallel bit-sequences of by, b, and bs bits,
respectively. Note that the b; and b, bits are used to select the
indices of the DM activated and of the subcarriers activated, re-
spectively and may be called as the ‘index bits’, whereas the b3
bits are mapped to the constellation symbols [7]. Furthermore,
after the serial-to-parallel operation, the available N, subcarri-
ers are divided into K subblocks of N, subcarriers each, where
N, = KN,,. Similarly the N, subcarriers to be selected by the
SIM scheme are also divided into the X number of IV, subcar-
riers each, where N, = K'N,. Specifically, the b; and b3 bits
from each of the bit splitters are utilized to generate the N,
STSK codewords S*[n,] € CM*T  (n, =1,2,...,N,) for
each of the parallel subblocks k£ = 1,2, ..., K according to the
relationship [7]: S"[n,] = s [na] A} [n.], where s [n,] is the
L-PSK/QAM symbol mapped by log, L bits of source informa-
tion, A%[n,] is the activated DM from @ such pre-assigned
matrices A, € CM*T (g=1,..,Q) as determined by the
log, @ DM index bits. The DMs are optimized for minimizing
the PEP or for maximizing the capacity of the STSK scheme
under the power constraint [7], [11] given by: tr(Af Ay =T.
The corresponding STSK scheme [7], [8] may be uniquely de-
scribed by the (M, N, T, @, L) parameters.

The number of bits b; and b; are so selected that b; =
N, log, Q. by = [log, (3")] and bs = N, log, £. The by bits
of the k—th subblock are mapped to the integer set p* of the
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Fig. 1. The block diagram of the SIM-OFDM-aided STSK transmitter.

activated subcarrier indices by the ‘Subcarrier Mapper’ of Fig. 1.
Furthermore, since the b, bits may be mapped to the set p* of
subcarrier indices in 2°> ways, there are 2"> legitimate p* values
denoted by p¥ (i =1,2,...,2%).

B. The SIM-OFDM Encoding

After the bit mapping to the STSK codewords and to
the subcarrier indices, N, codewords represented by S* =
{S*[1], 8*[2],...,8¥[N,]} and the subcarrier activation pat-
tern (SAP) denoted by p” are passed through the ‘SIM Encoder’
of Fig. 1. The ‘SIM Encoder’ maps the N, codewords to N,
ST matrices X*[1], X*[2], ,..., X"*[V;] in every subblock
k=1,2..., K. The SIM scheme [2], [4] may be uniquely de-
fined by the (V,, N,, K) parameters.

Having mapped the N, codewords to the NN, subcar-
riers, (b; + b, + b3) bits of each parallel subblock form
a space-time-frequency (STF) frame. The STF frame
may be expressed by a block matrix [24] XF:=
[(XF[1] X*[2] XF[Ny)] e CM*NeT - The ‘STF
Frame Constructor’ of Fig. 1 collects the STF frames of all
the parallel subblocks. The STF frames constitute an OFDM
STF codeword. The STF codeword may be considered as a
combination of N. ST codewords placed in parallel across the
frequency-domain (FD) as shown in Fig. 2 and may be expressed
by the block matrix [24] given by

y 7
c CAIXAPT

X:=[X[1] X[ X [Nc]] (D

where among the N, ST matrices, NN, are the STSK code-
words and the remaining (N, — N,) are M x T' zero matrices
03/ «7. The STF codeword is then mapped by the ‘ST Map-
per’ to the M AEs over T time slots for appropriate OFDM
processing.

As proposed in [2], N, out of N, subcarriers may be chosen
by using a look-up table (LUT) or by a combinatorial method.
The LUT method consumes exponentially increasing memory
space with the increase in b, bits [1]. On the other hand, the
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Fig.2. Space-time-frequency (STF) codeword of the SIM-OFDM-STSK sys-

tem viewed as a parallel combination of N, ST matrices.

combinatorial method is proposed for larger number of subcar-
riers [2]. Hence, the one-to-one correspondence between the b,
bits and the SAP is generated as a binary matrix [1]:

k
L, Py, N,

Ny, -
Py, x, & [0 ph ] ez 2
v No Ny —1

where the column vectors 1, and 0, have lengths (%":11) and

(Nlﬁ,n_l), respectively. The matrix Pé”\, n, can be constructed
recursively, terminating in either P%, < .Ng (asquare matrix of
ones only) or in Plgﬁ ~, (containing zeros only) [1].

To exemplify the mapping of source bits to STSK codewords
as well as to the SAPs, let us consider a SIM-OFDM-STSK
with N, =64, N, =32, Q@ =2,L=2 and K = 32. With
these parameter values, we have N, =2, N, = 1 yielding a
2 x 2 binary matrix P}, = [(1) %] € Z¥. The two row vec-
tors pt = [1 0] and p% = [0 1] correspond to the two SAPs
pt = {1} and p& = {2}, respectively. This scheme is thus ca-
pable of transmitting N,log,(Q - £) + |log, (") | = 3 bits per
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TABLE I
MAPPING OF SIM-OFDM-STSK BITS TO STF FRAMES FOR 3 BITS PER
SUBBLOCK, Ny, =2,N, = 1,QQ =2,AND L =2

Input bits Mapped DM, Subcarrier Mapped STF

per block index and BPSK symbol frame
N

b1 :bz :bg A]; pk Sf Xk:
T T
I I

01040 | A [ py={1} | +1 | [+A1 Owmxr]
I I

01041 | A [ pb={1} | -1 | [~A1 Our]
I I

0;1,0 A | pE={2} | 41 | Ouxr + Ai]
T T
I I

Oil il A | ph={2} | -1 | [OuxT —Ai]
I I

1 i 0 io Az | pF={1} | +1 | [+A> Omxr]
I I

11041 | A | pi={1} | =1 | [~A2 Onxr]
I I

1710 Az | p5E=1{2} | +1 | [Ouxr + A2]
T T
I I

11141 | Ao | pb={2} | =1 | Omxr — As]

subblock. Table I illustrates the bit mapping of the scheme to
the STF frames.

Applying the N.-point IDFT on the codeword symbols, the
TD signal may be expressed as @: = [z [1] «[2]... x [N.]].
Cyclic prefix (CP) of appropriate length is added for eliminating
the effects of inter-symbol interference (ISI) and the resultant
signal is transmitted over the M transmit AEs.

C. The Receiver Model

Let us assume each link of the MIMO system to be frequency-
selective and the TD channel impulse response (CIR) of the
(n,m)-th link to be given by h,, ,, (n=1,2,...,N),(m =
1,2,...,M). The FD MIMO channel matrix correspond-

ing to subcarrier n. is denoted by H|[n.], whose (n,m)-
th entry (f{ ne))nm = iLn,m [n.] is obtained from fL,,,vm =
Fn, {hy.m}. The FD MIMO output, after the removal of the
CP and the N, -point DFT processing on the received signal,
may be written as [8]:

Y[n. = ﬁI[nc]X[nC] +Vind, (me=12,....N.) (3)

where V'[n,] is the FD additive white Gaussian noise and

Y[n.] e C¥T X[n.] e CM*T
V[’ﬂc] c (CNXT f{[n(] c (CNX]\J.

Equation (3) can be re-written by the linearization procedure
of [7] and [12] as:

Yin] = Hn)xKn] +Vin, (n.=12,...,N.) 4)
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where we have,

?[nc] =vec(Y[n.]) € CNTx1 )
Hin,] = I+ ® H[n.] € CNT*MT ©
X = [Vec(A)),...,vec(Ag)] € CMT>C 7
Vn.] = vec(Vin,]) € CNT*1, ®)

Furthermore, the vector IC[n.] of (4) is defined [7] by
K[n.] £ 10,0, ...,0,5,0,0,..,0/" € C?*! ©

where the constellation symbol s; is placed only in the g[n.]-th
position and ¢[n.] is the DM index on subcarrier n,.

The receiver detects the source information by estimating the
bits mapped to the subcarrier indices as well as those mapped
to the STSK DM indices and the constellation symbols.

1) Single-Stream ML Detector: Unlike the single-stream
ML detector of [7], the ML detector for the SIM-OFDM-STSK
scheme estimates the source information from the indices to the
subcarriers activated, from the indices to the DM activated and
from the constellation symbol for the k-th subblock indicated
by p*, G and I*, respectively. Considering all the relevant sub-
carriers for the specific parallel subblock %, the ML detector
may be formulated [7], [14] as:

N, 2

ok sk o7k :
P, a7l ) = arg min
( P! Z

Y ] - s (ff [na]x)q

ng=1

(10)
As quantified in Section III-B, the single-stream ML detector of
(10) imposes a high decoding complexity.

2) Reduced-Complexity LLR Detector: For the sake of re-
ducing the high computational complexity of the ML detector,
a soft-decision LLR based detector is conceived. The LLR of
the n.—th subcarrier A [n.] may be defined as [2], [23]:

S Pr (K] = Ki | Y[ne])
Pr(K[n:] =0g.1 | Y[n])
where IC; is one of the (Q - £) legitimate values of IC[n. ] defined
in (9). Consider that nglm Pr (KC[n.] = K;) = N, /N, and
Pr (K[n.] = 0gx1) = (N, — N,)/N,. Denoting the FD noise

variance by Ny and using N, = N, /2, we have [2]:

Aln] £ 1n , o an

— 2
Ane = MJ@:M
— 2
(Q-£) ?[TQ] - H[n(t] ’Ci [nt]
+In [ > exp —H NOX
i=1

(12)

The LLRs of all the subcarriers may be computed by employing
the Jacobian logarithm based approximation [25] on (12). The
LLR-based detector considers the subcarriers corresponding to
the highest N, LLR values to be activated. Having detected
the subcarrier index bits, the estimation of the bits mapped to
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the DM indices and to the constellation symbols are straight-
forward. This may be performed using the single-stream ML
detector of [7] over the FD codewords:

2

cj,i = arg min (13)
(a1)

q,l

Wm%w@%ml

III. ACHIEVABLE RATE AND COMPLEXITY

In this section, the achievable transmission rate and the com-
plexity associated with the detectors are investigated.

A. Achievable Rate

In SIM-OFDM STSK, (b + b3) = N,log, (Q - L) bits are
used for generating N, STSK codewords for each of the K
subblocks, while b, = {log2 (%”)
ing N, subcarriers from NN, subcarriers. The normalized overall
throughput for the system [26] is thus given by

N,
log, (Nb )J ) bits/s/Hz.

(14)

Using Stirling’s approximation for factorials [20], [27], the

upper and lower bounds of the normalized achievable rate of the
SIM-OFDM-STSK may be formulated as [20], [23]:

bits are employed for select-

K
R= NT (N log, (Q- L) +

K eV Ny
R< Ny, Ny, Q, L) + log, ————— 15
ST |00 o ] as)
and
K V2T
R Ny, N, Q, L) + log, 16
>NCT f( by Q )+0g2€2m] ( )
respectively, where the function f (N, N,,Q,L) is de-
fined by f(Ny, No,Q, L) & Nylog, N, — N,log, N, —
(N, — N,)log, (N, — N,) + Nlog, (Q - L) .

The upper and the lower bounds on the normalized maximum
achievable rate R™** may also be found [20], [23] as

r

Rmax <
- 21/ N,

{Nblog2 (Q-L+1)+1log,—F——— ] a7

N.T
and

K V2
max > | Nyl . 1 log, —— 1
R _NCT[ logy (Q L+ 1) +log, Tvb] (18)

respectively, when N, > 2 (Q - L).

B. Complexity

The complexity associated with the relevant detectors is
evaluated in terms of the real-valued multiplication operations
(RMOs) required per bit of information transmitted.

The ML detector of (10) has a search space of 2 Loz (%) for
the SAP per subblock. For each pk, the detector has to search
over N, STSK codewords involving the search for the DM-
index ¢* and the constellation symbol sf Hence the complexity
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associated with the ML detector of (10) for a fast fading channel
is given by [7], [23]

N, (4MNT?Q + 6NTQL) 2= ()]
Nylog, (Q - L) + [logz(N ”)J

The computation of LLRs employing (12) involves
(AMNT?*Q +6NTQL +2NT + QL + 1) RMOs for each
subcarrier in addition to those associated with the computa-
tion of (13). Hence the complexity of the reduced-complexity
soft-decision detector of the SIM-OFDM-STSK is given by

C’ML =

19)

(AMNT?Q + 6NTQL) (N. + 1)
+N. 2NT + QL +1)

KNlogy (@- L) + K [logz (v, )J

Cuir = (20)

for the fast-fading channel [7], [23]. The complexities associated
with the relevant systems are tabulated in Table II.

IV. ERROR PERFORMANCE AND DESIGN GUIDELINES

In this section, the error performance of SIM-OFDM-STSK
is investigated and helpful design guidelines are provided.

A. Error Performance

Under the assumption of the availability of channel state
information (CSI) at the receiver and each link between any
transmit and receive AE pair of the STSK system experiencing
zero-mean, complex Gaussian noise, the average PEP of misin-
terpreting an STSK codeword X for X' by the ML detector of
(10) is upper-bounded by [12]

1

Eg
I,. AT
MN+<4N> 2 Y

where Fg and Ny/2 denote the signal power and the noise
variance per dimension respectively and A = (X — X')(X —
X")H . Equation (21) may be re-written at high signal-to-noise
ratio (SNR) as [12]:

T
Pr(X — X') (HA) (4;&)) . Q2)

where r and A; indicate the rank and the non-zero eigen-
values, respectively, of A. Let both X and X' belong
to the legitimate set A, of codewords. The diversity and
the coding advantage [24], [28] are then expressed by
the minimum products G; = miny , xca, (7-N) and G. =
miny_ xea, ([T )\i)N , respectively. The actual PEP of the
codewords corresponding to a single subcarrier as given by (22)
is dependent on a number of parameters namely the choice of X
and X', the channel parameters, and the design of the DMs [12].

In the context of the ML detector of the SIM-OFDM-STSK
system, several things are worth mentioning here:

Pr(X — X')< , 1)
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TABLE II
DECODING COMPLEXITY OF THE RELEVANT SCHEMES IN FAST-FADING CHANNEL

[ Scheme | Complexity |
2
ML detector of the STSK scheme of [7] and of the OFDM- AMNTQ +6NTQL
aided STSK scheme of [8] log, (Q - £)

ML detector of (10) for the SIM-OFDM-STSK system

Na (AMNT2Q + 6NTQL) 2L (52))
Nalog, (Q - L) + |log, (xg)

Reduced-complexity soft detector employing (12) and (13) for
the SIM-OFDM-STSK system

(AMNT?*Q + 6NTQL) (N. + 1) + N. (2NT + QL + 1)
KNjlog, (Q- L)+ K |log, (")

1) The ML detector of (10) jointly estimates the bits mapped
to the N, STSK codewords and those mapped to the sub-
carrier activation vector p* of a subblock.

Detection errors may occur in two different ways. Firstly,
if the SAP of a subblock is not correctly detected, then
both the b, bits mapped to the activated subcarriers and
the b; and b3 bits mapped to the STSK codewords will be
affected. Secondly, if the SAP is correctly detected, the
codewords may still be incorectly detected affecting only
the b, and b5 bits.

In order to estimate the SAP, we consider a zero matrix
0,/ «7 in addition to the codeword X for representing the
inactive subcarriers.

Misdecoding an STSK codeword as 0, 7 results in an in-
correct SAP detection. The number d; ; of incorrecly detected
subcarriers for a specific pf misdecoded as pj‘ may be ex-
pressed [29] by

2)

3)

(23)

.
=> (pfop)),
k=1

where 1 < i < ZLIOgZ(Q’z’Z)J and1 < j < (N") ( #1).

Let us denote the PEP correspondmg to the pairwise error
event of (X — X') and (X — 0y/x7) as P, and P, respec-
tively, the probability of d; ; subcarriers to be incorrectly de-
tected may be expressed as [29]:

(Py) "

Let us further denote the number of index bit errors corre-
sponding to the subcarrier activation error event of (pﬁC — p’;)
by e; (pf,p?) , and the number of bit errors corresponding to
P, and Pyase(X,X') and e (X,0), respectively.

The average number of bit errors corresponding to
(pi — p}) may then be computed by

di,j
N 0D © £)Ze (X,0)
_1 D) e(x, X))

X X'

P ;= (24)

e (pfp}) = e (9),p))

+

(Na B
No (Q- L) (
(25)

Using the relation b, = {log2 (N ’ )J , the BEP corresponding

to the error event of (pf — P ) is then expressed as

202 (A\

1 >z S B e (phph).

Pyic =
20 (( i=1j=1(j#i)

(26)

On the other hand, when the SAP of a subblock is correctly
detected, the codewords corresponding to the individual sub-
carriers may still be decoded incorrectly resulting in a PEP P,.
The probability of correctly detecting the subcarrier activation
pattern may be expressed as

22 (v)
Po=1-% > (R)" 27)
i=1j=1(j#i)
and the BEP under this scenario is then given by
byc =
Nylog, (Q - L)Pe Y x> x Pee (X, X') 28)

(Q-£)(@Q-£=1){Nalogy (@ £) + [togs (V) | }
The overall BEP of the system may thus be formulated as

P,=Pc+Pc, (29)

where P} ;¢ and P, ¢ are given by (26) and (28), respectively.

The overall BEP expressed by (29) depends on a number
of parameters, namely the SNR, the modulation order L, the
number of DMs @, the number of parallel subblocks K and the
subcarrier activation ratio given by r = N, /N, [29]. Different
mapping methods between the information bits and the SAP may
lead to different BEP performance of the proposed scheme [30].
As mentioned in [29], when the subcarrier activation ratio r is
around 0.5, then there are many SAP and according to (24) and
(26), the value of P, ;¢ is small. The value of P, ;¢ increases as
r approaches 0 or 1. Nevertheless, it is seen from (22) and (26)
that the value of P, ;¢ is vanishingly low at high SNR. On the
other hand, P, ¢ may be reduced by using a smaller value of r
for a given IV, and L. Additionally, for a given r, a larger value
of N, increases P ¢ . Furthermore, large values of £ and () are
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not preferred, because these may degrade the error performance
of the scheme [7], [30]. In a nutshell, it is recommended to
usually adopt small values of N;,, N,, () and £ and to take the
design guidelines of Section IV-B into consideration.

B. Design Guidelines

Consider the SIM-OFDM-STSK system based on
STSK (M,N,T,Q,L) and SIM (N, N,,K). The design
guidelines for the system may be summarized as follows:

1) For all the possible (£,Q) combinations of the STSK
system, the () DMs are computed by either the capacity-
optimal or the PEP-optimal design procedure [7], [12].

2) The number of subcarriers for the scheme has to be so
chosen [8] that the symbols under each subcarrier expe-
rience frequency-flat fading. The length of the CP must
also be greater than the channel’s delay spread.

3) The maximum achievable rate of SIM-OFDM-STSK is
greater than that of the classic OFDM-aided STSK, i.e.
R > %log2 (Q - L), iff the system is so designed [20]
that N, >2(Q - L).

Equation (14) may be written as [20], [23]

o KN[, K Nb
R = N.T log, (Q - L) + N T {Ing (Na)J

K
NT Na)logZ(Q'C)

When N, = (N, — 1), we have from (30),

log, (Q-£) K
T + N(»T I_logZNbJ

(Ny — (30)

Nplon (@0,
(31
Again, N, >2(Q-L) gives |[log,N,] >log, (Q-L).
Hence R > #log, (Q - £), which indicates that the maximum
achievable rate of SIM-OFDM-STSK is greater than that of the
classic-OFDM STSK system when N, > 2(Q - £).
On the other hand, when N}, < 2 (@ - £), we have

R=

log, N, < 1 +1log, (Q-L). (32)
: Ny-Ng
Using (32) and the relation (]]:,b) < 2]\\,) b\ —r, we have [20]:
N,
toga ()| < (N = No)logy (@ £). (33)
a

Substituting (33) in (30), we have R < %log2 (Q- L) . Thus,
the achievable rate of SIM-OFDM-STSK may be higher than
that of the classic OFDM-STSK, only when N, > 2(Q - £).

V. NUMERICAL RESULTS
In this section, SIM-OFDM-STSK is numerically character-
ized in terms of its BEP, achievable rate and complexity.

A. BEP

The BEP of the SIM-OFDM-STSK scheme is investigated
for the COST207-TU12 channel model having a normalized

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 68, NO. 3, MARCH 2019

TABLE III
MAIN SIMULATION PARAMETERS

Channel model COST207-TU12

Fast fading envelope Rayleigh
Normalized Doppler frequency, fq 0.01
No. of subcarriers, N, 64/256/512
CP length 32
No. of AE at transmitter, M 2
No. of AE at receiver, N 2
No. of transmit time slots, T° 2
No. of DMs, @ 2,/4
Modulation order, £ 2/ 4
Number of parallel blocks 4/8/16

100
SIM OFDM STSK ML +
SIM- OFD\I S SK, LLR —s—
B OFDM-STSK, ML —e—
107 @ ()FDM IM, ML —— |4
& OFDM-IM, LLR —+—
Rk | SIM-OFDM-STSK, Analytlcal —a
1072 £ %
COST207-TU12 channel
o \oun Doppler freq., fq=0. 01
o 107 b
M N, = 64 subcarriers
10~ . SIM (4,2,16)
1074 R STSK (2,2,2,2,2)
1075 |
)5 L
1314 15 16 _
10- ‘ ‘ - ‘ ‘ ‘
0 5 10 15 20 25 30 35 40
SNR (dB)
Fig.3. Performance of the SIM (4, 2, 16)-OFDM-STSK (2,2, 2, 2, 2) system

in dispersive channel employing both the ML detector and the soft-decision LLR
detector, as compared to the classic SIM-OFDM system.

Doppler frequency of f; = 0.01. The main simulation parame-
ters for this investigation are listed in Table III.

Fig. 3 portrays the BEP of the SIM (4,2, 16)-OFDM
STSK (2,2,2,2,2) system employing both the ML detector
and the soft-decision LLR detector. An exhaustive search based
DM optimization [7], [8] was employed for minimizing the PEP
among all the legitimate codewords and the M x T zero matrix.
The performance of SIM-OFDM-STSK is also compared to that
of the classic OFDM-STSK scheme. It is demonstrated in Fig. 3
that SIM-OFDM-STSK outperforms the classic OFDM STSK
especially at high SNR. This is achieved due to the improved
distance property of the index bits [2] at high-SNR region.
The LLRs of the soft-decision detector are expressed in terms of
the ML metric of the Euclidean distance between any two of the
legitimate ST codewords. Consequently, the soft-decision LLR
detector exhibits the same integrity of the ML detector. Ad-
ditionally, the classic SIM-OFDM scheme is benefited neither
by the multiple-antenna architecture of STSK nor by the DM
optimization. As a result, the performance of the SIM-OFDM-
STSK system is much more improved than that of the classic
SIM-OFDM.
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10°

OFDM-STSK, ML —a&—
SI\I OFDM-STSK, ML —e—
M-STSK

1071 B

SMUX, \;BL 1\@ (I‘Slz

SIM-OFDM- ST%K<4.4. 4, )
SINCOFDMLS TSI ML Arialytical —e— |-

ML ——

% 108 COST207-TU12 channel
~ . f2=001, N,=64
10 STSK (2,2,2,4.4)
0L ML SIM (8.7.8)
LLR SIM (8,4, 8)
107 |
1075 L 1
18 19 20 21
107 : : : : :
0 5 10 15 20 25 30 35 40
SNR (dB)
Fig. 4. Performance of the SIM-OFDM-STSK (2,2,2,4,4) system in

COST207-TU12 channel employing SIM (8,7, 8) for the ML detector and
SIM (8,4, 8) for the LLR detectors. The performance is also compared to that
of the state-of-the-art schemes.

The performance of the SIM (8,7, 8)-OFDM-STSK (2,2,
2,4,4) employing the ML detector is investigated in Fig. 4. In
order to impose the constraint of N, = N, /2 for the reduced-
complexity LLR detector as mentioned in Section II-C2, we
have considered a SIM (8,4, 8) for the soft-decision detector
in place of SIM (8,7, 8) for the ML detector. Furthermore, the
simulated performance of the SIM-OFDM-STSK (2, 2, 2, 4, 4)
system is compared to the relevant benchmark schemes of cyclic
prefixed single carrier STSK (CP-SC-STSK) scheme of [31],
SM, GSM, SMUX and GSFIM. The detection technique of CP-
SC-STSK scheme relies on the frequency-domain equalization
(FDE) and the detection procedure as proposed in [22]. Both
[31] and [22] employ minimum mean-squared error (MMSE)
based FDE. It is well known that MMSE-based detector can-
not outperform the ML detector in terms of BEP. As a result,
the SIM-OFDM-STSK scheme exhibits an improved BEP com-
pared to that of the CP-SC-STSK scheme of [31]. To investi-
gate the effect of the number of transmit and receive AEs on the
achievable performance, the SIM-OFDM-STSK (4,4,2,4,4)
system has also been studied in Fig. 4. Please note that the
diversity order of the scheme in a full-rank and in a rank-
deficient scenario is expressed by dpyrank = N - min(M, T')
and dpank_deficient < IV - min(M, T), respectively [7], [12]. Thus
the SIM-OFDM-STSK (4,4,2,4,4) system has a higher di-
versity order than that of the SIM-OFDM-STSK (2,2,2,4,4)
system, which is also evidenced by the simulation results. The
simulated performance of the SIM-OFDM-STSK system is also
compared to the analytical upper bound of the BEP of (29). Ob-
serve in Fig. 3 and Fig. 4 that the simulation results corroborate
the analytical results.

Furthermore, the incorporation of SIM-OFDM with STSK
makes the transmit codewords sparse in FD. As a result,
advanced signal processing based detection algorithms, for
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2.5 ‘ : :
Nb:8, K=8 ——
N6 K —4 —a—
N =32 K—2 —u—
9| No—64 K=1 —a—

—_
ot

—_

o
o

P M=2 N=2 T=2 Q=4 £L=2
N, — 64

0 I I I I I I
0 10 20 30 40 50 60

Number of subcarriers activated per subblock, N,

Normalized achievable rate, R (bits/sec/Hz)

Fig. 5. Normalized achievable rate R of the SIM-OFDM-STSK scheme of
Fig. 1 as a function of the number IV, of subcarriers activated.

example compressed sensing [21], [32], [33], matching
pursuits [34], may be used for substantially improving the
performance of the system. This study, however, is out of the
scope of the present paper.

B. Achievable Rate

Fig. 5 illustrates the normalized achievable rate 12 of the SIM-
OFDM-STSK scheme as expressed by (14) employing N, = 64
subcarriers. It is observed that SIM-OFDM-STSK is capable of
achieving normalized transmission rate higher than that achiev-
able with the classic OFDM-aided STSK using lower number of
subcarriers. This is achievable when the number of subcarriers
per subblock N, is so chosen that N, > 2 (@ - £) , as mentioned
in the design guidelines of Section IV-B. As shown in Fig. 5, the
number of subcarriers activated which maximizes R is 56 and
the maximum normalized transmission rate R™* = 1.55, which
denotes a 3.33% gain in achievable rate at a 25% reduction in
the subcarriers utilized when (Q - £) = 8.

Fig. 6 illustrates the upper and lower bounds on the nor-
malized achievable rate R of the SIM-OFDM-STSK system as
given by (15) and (16) in conjunction with the actual normal-
ized achievable rate I? obtained from (14). Furthermore, Fig. 7
shows the bounds on the maximum normalized achievable rate
R™* of the SIM-OFDM-STSK system given by (17) and (18)
along with the actual maximum achievable rate R™**, which is
obtained by plotting (14). As seen from Fig. 6, the achievable
rate R obtained from (14) is tightly upper- and lower-bounded
by (15) and (16), respectively. Similarly, the maximum normal-
ized achievable rate R™** of the SIM-OFDM-STSK system is
also shown in Fig. 7 to be upper- and lower-bounded by (17)
and (18), respectively.

The normalized achievable rate R of SIM-OFDM-STSK is
compared to that of the relevant existing schemes in Fig. 8. It is
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Fig. 6. The upper and lower bounds on the normalized achievable rate R of
the SIM-OFDM-STSK are shown along with the actual achievable rate.

3.5 : T
RrﬂdX o
Upper bound on R™** —a—
3L Lower bound on R™** —e— ||
Q=8 L=4
2.5

[}

-
o

[y

N, =N, =256, K=1T=2 |

o
ot
T

Normalized max. achievable rate, R™* (bits/sec/Hz)

o

50 100 150 200 250

Total number of subcarriers per subblock, N,

Fig. 7. The upper and lower bounds on the maximum normalized achievable
rate R™* of the SIM-OFDM-STSK with N, = 256 are plotted in conjunction
with the actual maximum achievable rate R™*.

observed that SIM-OFDM-STSK is capable of achieving higher
transmission rate than that of the benchmark schemes.

C. Complexity

In order to compare the computational complexity imposed
by the detectors, the decoding complexity is portrayed in Fig. 9
as a function of the number NN, of subcarriers activated. The
computational complexity of the detectors is evaluated in terms
of the RMOs required per bit of information transmitted. As
seen in Fig. 9, the SM system imposes the lowest complex-
ity. The complexity of the ML detector of classic-OFDM aided
STSK does not vary with /V,. The ML detector of (10) is seen to
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Fig. 9. Complexity associated with the relevant detectors in terms of the
RMOs per bit of information transmitted.

impose a high decoding complexity when approximately 50%
of the total subcarriers are activated. Under this condition, the
scheme, however, is mostly benefited by the index bits or the
bits mapped to the subcarrier indices. Observe that the complex-
ity of the detector reduces to that of the classic-OFDM aided
system where all the available subcarriers are activated. Further-
more, the reduced-complexity detector is readily available for
SIM-OFDM-STSK in order to compensate the high complexity
associated with the ML detector. The reduced-complexity de-
tector, as seen from Fig. 9, imposes the same complexity of the
classic-OFDM aided STSK without any compromise in perfor-
mance, particularly when large number N, of subcarriers are
activated.
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VI. CONCLUSIONS

In this paper, a SIM-OFDM aided STSK system has been pro-
posed and its achievable rate as well as performance has been
investigated. Some helpful design guidelines have also been pro-
vided. The system exhibits an improved performance and pro-
vides additional bandwidth efficiency by employing subcarrier
indices as information-bearing entity. Additionally, the normal-
ized achievable rate has been observed to be higher than that
of the classic OFDM aided STSK, when the design guidelines
are followed. The SIM-OFDM based STSK system is capable
of striking an appealing compromise among the achievable rate,
performance and the decoding complexity.
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