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Abstract—One of the main challenges in orthogonal fre-
quency division multiplexing (OFDM)-subcarrier index modu-
lation (SIM) systems is the huge amount of resources required
to obtain channel state information at the receiver side. In
this paper, a differential subcarrier index modulation (DSIM)
scheme is proposed, which entirely avoids the need for any
channel knowledge at the receiver side. As such, time and
energy resources spent in the channel estimation process are
perceived. In DSIM, part of the transmitted block is modulated
through ordinary signal modulation, whereas the second part
is transmitted by selecting a specific permutation of the active
subcarriers. The transmitted signals are designed to facilitate
differential demodulation at the receiver side. A derivation is
conducted for the average bit error probability of DSIM and
an upper bound expression is obtained. Derived theoretical
expression is substantiated through Monte Carlo simulation
results. Reported results reveal that differential demodulation
degrades the error performance of coherent SIM by nearly 4 dB
in signal-to-noise-ratio.

Index Terms—Coherent and non-coherent modulation, Index
modulation, OFDM, Subcarrier index modulation, Differential
modulation.

I. INTRODUCTION

Index modulation (IM) is one of the promising transmission
schemes for next-generation wireless communication systems
due to its appealing advantages [1-4]. In IM, additional
constellation diagrams are utilized to convey information bits
and enhance the overall spectral efficiency. The indexes can
be either spatially distributed transmit antennas as in space
modulation techniques [5-9], orthogonal frequency division
multiplexing (OFDM) subcarriers as in subcarrier index mod-
ulation (SIM) [10], signal polarizations as in polarization shift
keying [11], or distributed relays as in dual-hop cooperative
networks [2]. Generally in IM systems, the available indexes
are treated as an extra constellation diagram and part of the
incoming data bits modulate one or more of these indexes
to be active at a particular time instant. It has been shown
in the literature that IM systems provide several advantages
as compared to traditional systems for the same spectral
efficiency [2, 12].

In this study, we focus on SIM, also known as OFDM
with IM (OFDM-IM), where a frame of OFDM subcarriers
is divided into groups, each is in charge of transmitting
a block of data bits. Part of the bits block is modulated
through ordinary signal modulation, such as M-ary phase shift
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keying or quadrature amplitude modulation (M-PSK/QAM),
while the other part modulates the indexes of the subcarriers
within the group that will transmit the modulated symbols.
Only a subgroup of the subcarriers within each group will
be active and all other subcarriers will be switched off, i.e.,
transmitting no data. The receiver’s task is to decode the active
subcarriers within each group and the transmitted symbols on
these subcarriers to retrieve the transmitted information bits.

Compared to classical OFDM, SIM benefits from the fre-
quency selectivity to provide a better error performance at a
given spectral efficiency [13]. As such, it has attracted sig-
nificant research interest recently. A generalized SIM scheme
is presented in [13], where the number of active subcarriers
and the number of modulation bits are both changeable. In
[14], the ergodic rate of SIM is investigated and maximized
by optimizing the subcarrier activation strategy. In [15], it is
shown that SIM is able to reduce the peak-to-average power
ratio (PAPR) compared to OFDM, while in [16], the inactive
subcarriers are exploited to further reduce the PAPR using
convex programming. A tight approximation on the average
bit error rate (BER) of SIM is derived in [17]. The complexity
reduction at the detectors of SIM is investigated in [18—
20]. The optimal number of subcarrier groups and active
subcarriers are optimized for maximum spectral and energy
efficiencies in [21] and [22], respectively. Recently, several
enhanced SIM variants also appeared in the literature to obtain
improved spectral efficiency as well as error performance [23—
26].

In all previous SIM schemes, channel state information
(CS]) is required at the receiver for optimum detection. Such
CSI knowledge is attained through periodic channel estimation
process for each transmitted frame. The channel estimation
exhausts the limited resources and the errors in channel
estimation deteriorate the overall system performance. De-
signing a non-coherent scheme for SIM is very sophisticated
considering the working mechanism of SIM, in which data is
conveyed through activating certain subcarriers within a group
to transmit modulated symbols.

In this paper, we propose differential SIM (DSIM) by utiliz-
ing the ideas in the recently proposed non-coherent schemes
for space modulation systems, such as differential spatial mod-
ulation (DSM) [27-31], differential quadrature spatial mod-
ulation (DQSM) [32], and differential space-frequency block
code-OFDM (DSFBC-OFDM) [33], which applies differential
space-time coding techniques to OFDM subcarriers [34]. To
the best of the authors’ knowledge, differential schemes for
SIM do not yet exist in the literature. The proposed DSIM
scheme relies on a permutation of N subcarriers over N
consecutive time slots to convey information bits. An upper
bound of the average bit error rate (BER) is derived for
the proposed DSIM scheme. Analytical results are validated
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through Monte Carlo simulation results, which demonstrate
close-match for wide and pragmatic range of signal-to-noise-
ratio (SNR) values. In addition, the performance of DSIM is
compared to coherent SIM assuming perfect CSI knowledge
at the receiver side for the same spectral efficiency and
performance degradation of about 3-4 dB is reported.

The rest of the paper is organized as follows. Section
I reviews the coherent SIM scheme. The proposed DSIM
scheme is presented in Section III. Performance analysis is
conducted in Section IV. In Section V, computer simulation
and analytical results are provided and thoroughly discussed.
Conclusions are drawn in Section VI.

II. SUBCARRIER INDEX MODULATION (SIM) OVERVIEW

An OFDM system with SIM is considered as shown in
Fig. 1, where the total system bandwidth consists of L sub-
carriers, which are grouped in G groups. Hence, the number
of subcarriers in each group, denoted by N, is N = é

Without loss of generality, it is assumed that N is a
power of two integer number (i.e., 2, 4, 8, ...), and only a
single subcarrier is activated in each group. As a result, the
transmitted block at each transmit symbol duration contains
B bits in SIM, where B is expressed as

B = G (log, (M) + log, (N)), (1)

with M being the modulation order of an arbitrary constel-
lation diagram such as PSK/QAM or any other constellation
diagram. The transmitted block is divided into G sub-blocks,
where the ¢*" sub-block is to be transmitted by the ¢*" group
(for g =1,2,3,...,G).

Let the bits to be modulated on the ¢** sub-block are
denoted as by = {bg1,bg2,...,bgr}, wWhere k = log, (M) +
log,(N) being the total number of bits in each sub-block.
SIM implies that the first log, M bits modulate and ordinary
complex symbol drawn from the considered M —PSK/QAM
constellation diagram. The modulated symbol in each group is
transmitted by a single subcarrier determined by the remaining
log, N bits in the transmitted sub-block. The same procedure
is repeated for each sub-block until the whole OFDM block,
with B bits, is delivered. At the receiver, maximum likelihood
(ML) decoder is considered assuming the full channel state
information to retrieve the transmitted data’.

ITII. DIFFERENTIAL SIM (DSIM)

The availability of the CSI at the receiver in SIM system
is a major requirement for ML detection. However, such
necessity costs a continuous resource expenditure for both
the transmitter and the receiver represented by the periodic
channel estimation process and the accompanying overhead,
which consumes energy, time and throughput. In what follows,
a novel DSIM scheme is proposed, which alleviates the need
for any channel knowledge at the receiver side and transmitted
data can be estimated by differentially modulating the transmit
signals.

IReaders may refer to [10] for a detailed performance analysis of OFDM-
IM system.

The proposed DSIM scheme is illustrated in Fig. 2. In
DSIM, the available subcarriers are divided to G' groups with
each group containing N subcarriers similar to SIM. The
transmitted block from each group conveys D bits that are
transmitted over N time slots, where D is given by

D = [log, (N!)] + Nlog, (M), 2

with (-)! denoting the factorial operator. From (2), a total
of GD bits will be transmitted over IV time slots from all
subcarriers in the G groups.

The proposed DSIM scheme implies that the first
|log, (IN!)] bits are used to determine the permutation of the
active subcarriers of the corresponding group over N time
slots. To facilitate differential modulation and demodulation,
the allowed permutations for the active subcarriers must fulfill
the following two conditions:

1) Only a single subcarrier within each group is activated at

each particular time slot.

2) A subcarrier is activated only once over an /N time slots.

A mapping table with all possible permutations for N = 4
while satisfying the previous two conditions is enclosed in
Fig. 2.

It should be mentioned that there exist some schemes in
the literature that relaxes the above conditions and design
DSM with arbitrary QAM and APSK constellations [35,
36]. Designing the proposed DSIM with modulation orders
rather than PSK should be theoretically possible but requires
substantial design and analysis and is an interesting research
topic for future investigations.

The remaining N logy M bis in the block modulate N
symbols from an arbitrary M —PSK constellation diagram. At
each time slot, the modulated symbols are transmitted by the
active subcarriers determined by the selected permutation.

Considering the g subcarrier group, the modulated symbols
of the w' block (w = 1,2,..) over N time slots are
formulated in the matrix X9 as

T11  Ti12 TIN

g T21 T22 -+ T2N
X3 = . . . ) 3

IN1 TIN2 TNN

where x,,; represents the modulated symbol on the nt" sub-
carrier at the ! time slot (for ¢ and n € {1,..., N}). Please
note that each column of X9, has only one non-zero element to
fulfill the conditions of DSIM. Recall that only one subcarrier
from each group is activated, and it is activated only once
during the block transmission (i.e., N time slots).

The facilitate differential modulation, the transmitted matrix
from the g™ group over N time slots, denoted by S¢,, depends
not only on the current signal, but also on the previous one as

Sy =89 X9, 4

where SY _, is the transmitted matrix of the previous block,
which is initially assumed to be an identity matrix (i.e., SY; =
Iy, where Iy denotes an N —dimensional identity matrix).
Let S be a set of all possible transmitted matrices. For DSIM,
the closure property must be fulfilled such that if X9 € S
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Fig. 1.

SIM system model with an example of data bits mapping procedure assuming N = 4 and M = 4—QAM.
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Fig. 2. The proposed DSIM system model with an illustrating example assuming N = 4 and BPSK modulation. A mapping table with possible permutation
of N subcarriers is enclosed in the figure as well. S/P denotes the serial-to-parallel operation.

and S? | € S, the multiplication of S¢ = SY X9 € S.
To achieve this, the non-zero elements of X9 and SY must
have unity amplitudes, i.e., obtained from a PSK constellation

diagram.

The elements of the generated matrix, S, are rearranged

in a vector with NG dimension before being modulated by an
OFDM modulator and transmitted over a frequency selective
fading channel with v taps whose channel impulse response
is given by

ht = hu

[ 71 ho 1

; ®)

where ()T denotes the transpose operation. The entries of
h; are assumed to be circularly symmetric complex Gaussian
random variables with zero mean and % variance.

At the receiver, the received signal is first demodulated
through an OFDM demodulator and the matrix of the w™ block
from the g™ group, denoted by Y, is expressed as

Y7, = Hi ST, + Z3, (6)

where Z¢ is an N x N additive white Gaussian noise (AWGN)
matrix composed of i.i.d. elements with zero mean and o2
variance, and HY is the N x N all zero matrix except its
diagonal elements that equal the frequency-domain channel
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coefficients of the g subcarrier group.
The received signal matrix given in (6) can be rewritten by
using (4) as
Y4, = HY,5%, X4, + 25, )

and the received signals of the previous block can be expressed
as
Yi_l = Hfu—lsg;—l +Z ®)

w—1-

In this study, a quasi static fading channel is considered,
where the frequency channel response for each transmitted
group of subcarriers is assumed to remain constant over two
consecutive blocks (i.e., HY, = HY | = HY) [27,32]. As
such, the ML differential detection can be formulated as

A~ . 2
X{, =arg min Y - Y7, X, 2

where X refers to the possible matrix X9, X’ represents a set
of all possible values of X and || - ||% denotes the Frobenius
norm. With the aid of (7) and (8), (9) can be further simplified
to

X, = arg_min [HS, 1 (Xo = X) + Z, — Zow 1 X5,
(10)

where the g index is dropped in (10) to indicate that similar
procedure is valid for all subcarrier groups. Upon obtaining
Xy, it is re-mapped to the corresponding bits block.

A. An illustrative example

Let the total number of subcarriers be L = 128, which
is divided into G = 32 groups, where each group contains
N = 4 subcarriers and each active subcarrier carrying a BPSK
symbol. The transmitted bits are divided into blocks each
containing D = 8 bits and transmitted by a single group over
N = 4 time slots.

Assume that a specific bits block is 10110001 as shown
in Fig. 2. The first |log, (N!)] = 4 bits (1011) will select
the permutations of active subcarriers over 4 time slots.
Considering the mapping table in Fig. 2 with 2* = 16
different permutations that satisfy the conditions of DSIM, the
permutation of the bits 1011 is [3, 2, 1, 4], which indicates that
only the third, second, first and fourth subcarriers are active
during the consecutive four time slots. The remaining 4 bits
in the block (0001) are modulated using BPSK modulation
to the following symbols [+1,+1,+1, —1]. As such, X, is
formulated as

0 41 0 0
o 0 +1 0

Xe=1 19 0 0 41 (b
-1 0 0 0

The transmitted signal matrix, S,,, is then obtained by mul-
tiplying X,, with S,,_1. The process is repeated until modu-
lating all L = 128 subcarriers, which are modulated through
an OFDM modulator and transmitted over the channel. The
receiver will apply the ML DSIM decoder to estimate the
considered permutation for each group and the transmitted
symbols on each active subcarrier. Estimated data are used

to retrieve original information bits considering an inverse
mapping procedure to that considered at the transmitter.

IV. SPECTRAL EFFICIENCY AND PERFORMANCE
ANALYSIS

A. Spectral Efficiency Analysis

The spectral efficiency in bits/s/Hz for SIM systems is given
by [10]

B
US IV L+C°
where C' is the length of the cyclic prefix added at the trans-

mitter. Consequently, the spectral efficiency of the proposed
DSIM is expressed as

(12)

~ GD
"IDSIM = N(IL+C)
where D is the number of bits per group for DSIM as given
in (2).

Aiming at quantifying the spectral efficiency loss, we define
A= 7sIM — 7IDSIM which is given by
NB —-GD
N(L+C)
By substituting the values of B and D given respectively in (1)

and (2) and canceling the identical terms, (14) can be rewritten
as

13)

A= (14)

G (Nlog, (V) — [logy(N1)])
N(L+C)
which can be simplified by ignoring the floor operator to
N
5 Cloes (%)
T N(IZ+O)

The value of N! can be further simplified using Stirling’s
formula [37] to N! =~ v2r NN~ e~ which when substituted
in (16) leads to

A= ; 15)

(16)

A e (vrer)

N(L+C)
—Glog, (me‘N)
N(L+C)
NGlog, (e) — Glog, ( 27TN)
N{L+0C)
_ Llogy(¢)  Hosa (VETN) -
NIL+C) N (L+C)

Hence, the spectral efficiency loss is upper bounded by
Llog, (e)
N(LngC)'

B. Performance analysis of the average BER

The BER performance of the proposed DSIM scheme is
evaluated hereinafter. The error probability for all groups is
identical. Hence, we focus on deriving the average error prob-
ability of a single group. The average BER can be computed
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through the well-known union-bound technique as [39]

BER<—Z Z

i=1 j= 1]761

where PEP; ; is the average pair-wise probability (PEP) of

X being detected given that X; is transmitted and e; ; is the

hamming distance corresponding to this pairwise error event.
From (9), PEP; ; can be expressed as

€i,j

PEP; ;, (18)

PEP;; = Pr{|[Y4 — Yo 1 Xill} > [ Yo — Y1 X553}
(19)
Using (10), the left hand side of (19) can be reduced to
PEP; ; =
Pr{HZw — Zy 1 Xi|% > DA+ Z,, — zw_1Xj||§} :
(20
where D = HS,, and A = X; — Xj;.
Expanding the norms reduces (20) to
PEP; ; =
Pr {||zw||2 | Zoy 1 X2 = 2R {Tr (272 1 X))} >

[DAJ? + 28 {Tx (DA)" (Z — Zui X)) ) | + 120

SR (2821 X5) } + 1 Z 1 X501 1)

where R{-} denotes the real part of a complex number, Tr(-)
is the matrix trace operator, and ()H denotes the Hermitian
operation. Notice that || Z,_1X;||> = ||Zw,1Xj||2 so they are
canceled to simplify (21) to

PEP; ; = Pr{—2R{Tr (2] Z,, 1A+

oA (Z,, — zw,lxj))} > HDAH2F} G5))

The term Z%Z,,_, is a product of two complex Gaussian
random matrices and the variance of the elements of the
resultant matrix approaches zero at high SNR values [39].
Accordingly, neglecting the term ZXZ,, ;A approximates
(22) to

PEP, ; ~Pr { {28 {1 (DA)" (2 - 2,1 X)) ) }
> HDAH?}}. (23)

For a given H, the left-hand side is actually a Gaussian ran-
dom variable with zero mean and a variance of 4 || DA/ o2
Therefore, the conditional PEP; ; on H can be expressed using
the Q-function as

DA|?
\/AN|DA|*02
~0 |DA|?
4No2

1 IDA|
/ <4NU2 sin 0 d9, 24

where the last expression is obtained by using the Craig’s
formula of the )-function [40].

Now, the unconditional PEP;; can be obtained by taking the
expectation of both sides as
2
DA

1 [2
PEP; ; ~ — E - | df|. 25
T o /0 [exp ( 4No?2 sin 9) 1 (2)

The integral in (25) represents the moment generation function
(MGF) of the random variable [DAJ? for the value of

(i.e, MGF( ). Thus, it can be rewritten

4N0 sin 6

~ L /EMGF ! do
T om ), 4No?2sinf '

According to [41], the MGF for the variable « is given by

4Nc7 sin 0
as

PEP; ; (26)

exp (aﬁH\II(INz - aCD\I')_lﬁ)

MGF (a) =
(@) det (Iyz — aCp¥) ’

27

where D and Cp are respectively the mean vector and
the covariance matrix of vec (D) with vec(-) denoting the
vectorization operator, ¥ = Iy ® AAT & is the Kronecker
product, and det(-) is the determinant operator.

By replacing o = Wlsme’ and substituting the result into
(26), the integral can be upper bounded by letting § = /2 as

L exp (m U(Iy2 + 6CpT)~ ﬁ)

PEPi; < 35 det (Inz + 6Cp¥) @
where § = z=. For Rayleigh fading, D is expressed as
follows "

D =E [vec (D")]
=E [vec (H”SH)]
=E [vec (HH)] E [vec (Sg)}

= Op2 (29)

where Opy2 is an N2 x N2 all-zero square matrix. The last
equality in (29) refers to the fact that Rayleigh fading has
zero mean in time and frequency domains. Using (29), the
upper bound derived in (28) can be further reduced to

1 1
PEP, . < = .
7= 2det(I,2 +6Cp V)

(30)

To compute the covariance matrix Cp, we consider the
correlation matrix of h’', which is given by

G= E{hF(hF)H}
=E{Fh"h"F#}
_ FE{hT(hF)H}FH
= FJF, (31)

where J is an L x L all-zero matrix except the first v elements
in its diagonal, which equal % Accordingly, Cp is defined as
an N? x N? matrix centered along the main diagonal of G.
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Fig. 3. The achievable spectral efficiency versus the number of subcarriers
per group for SIM and DSIM for different modulation orders. (L = 128,
v =10, C =16.).

V. SIMULATION RESULTS

An OFDM system with L = 128 subcarriers is assumed
to be operating over a frequency selective fading channel with
v = 10 taps and the length of the cyclic prefix is set to C' = 16.
The average SNR is defined as the ratio of the energy-per-bit

(Eb = GLE;/CN to the noise power in time domain ($o2)
[10].

NY%n

The spectral efficiency versus the number of subcarriers per
group, N, for both SIM and DSIM at two different modulation
orders is depicted in Fig. 3. Only a single subcarrier per
group is activated in SIM. As anticipated, the overall spectral
efficiency for both systems decreases as NN increases. This
can be explained by the fact that increasing IV, decreases the
number of groups, GG, which consequently decreases the length
of the transmitted block. In addition, it is noted that the spectral
efficiency loss between SIM and DSIM systems diminishes as
N increases, which can be clearly noted from (17). Also, the
spectral efficiency loss is independent of the modulation order
M, where using BPSK and 8PSK result in the same spectral
efficiency loss at a specific value of N. For example, assuming
BPSK or 8PSK, the spectral efficiency loss is 0.2222 bps/Hz
at N = 2 while it decreases to 0.0373 bps/Hz at N = 32.

The average BER versus the average SNR is plotted in Fig. 4
for SIM and DSIM at a spectral efficiency of 0.6667 bits/s/Hz.
The given spectral efficiency is achieved with N = 4 and a
single active subcarrier for SIM and with N = 2 for DSIM
while using BPSK modulation, (M = 2). It can be clearly seen
from Fig. 4 that differential modulation results in about 4 dB
loss as compared to coherent detection, which is acceptable
considering the simplicity of the DSIM receiver.

At a spectral efficiency of 0.4444 bits/s/Hz, Fig. 5 plots
the average BER versus the average SNR for both systems.
The target spectral efficiency is accomplished with N = §,
M =2 and N =4, M = 2 for SIM and DSIM, respectively.
Again, only a single subcarrier per group is activated in SIM.

10 T T T T T

~
V"v\ ~ — SIM, L =128, N =4, BPSK
; v ~M = =DSIM, L =128, N = 2, BPSK (Analy.)
al 4
10 v ~ ~ s DSIM, L =128, N =2, BPSK (Sim.)
107 3
=
=
m
%107 F J
8
>
=
107 F 3
10°F 3
P e s e A S
0 5 10 15 20 25 30 35 40 45 50
E,/N, [dB]
Fig. 4. The average BER versus Ej/Ng for SIM and DSIM at a spectral

efficiency of 0.6667 bps/Hz. (L = 128, v = 10, C = 16).

Similar to Fig. 4, a 4 dB degradation in SNR is reported
when comparing DSIM and SIM results. From Figs. 4-5, we
also observe that the provided analytical upper bounds become
considerable tight for higher SNR values.

Average BER

| [=——siM, L =128 N V.\
107 F | — aDSIM, L =128, N =4, BPSK (Analy.) LY E
«o@= DSIM, L = 128, N = 4, BPSK (Sim.) ‘
08 s A . ¥
0 5 10 15 20 25 30 35 40 45 50
Ey/N, [dB]
Fig. 5. The average BER versus Ej/N, for IM-OFDM and DIM-OFDM

at a spectral efficiency of 0.4444 bps/Hz. (L = 128, v = 10, C' = 16).

The results at a spectral efficiency of 2 bits/s/Hz for both
SIM and DSIM systems are shown in Fig. 6. For SIM, 2
bits/s/Hz can be achieved by N =4 and M = 128, while for
DSIM, the same spectral efficiency can be achieved by N = 2
and M = 16. Unlike Fig. 4 and Fig. 5, the SNR degradation is
reduced to about 2 dB. This due to adopting a high modulation
order (M = 128) in SIM, which causes a slight performance
degradation in average BER for IM systems [26].

The performance of conventional differential-PSK over
OFDM systems (DPSK-OFDM) compared to the proposed
DSIM is shown in Fig. 7. The spectral efficiency is set to
0.8889 bits/s/Hz, which can be obtained by N = 4 and 8-
PSK for DSIM scheme, and M = 2 for DPSK-OFDM scheme.
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Fig. 6. The average BER versus Ej /N, for IM-OFDM and DIM-OFDM
at a spectral efficiency of 2 bps/Hz. (L = 128, v = 10, C' = 16).

As clearly evident from the figure, both schemes demonstrate
almost identical performance. A closer look highlights that
DBPSK-OFDM system demonstrates a slight performance
enhancement over DSIM at low SNR range, while DSIM
achieves marginal gain at high SNR values. However, a
detailed comparison among different non-coherent OFDM
schemes is required to exploit the advantages of each scheme
over the others. For instance, the complexity of DPSK-OFDM
system is much lower than the proposed DSIM scheme. It
is important to note that the proposed DSIM scheme cannot
compete with DPSK-OFDM when increasing the modulation
orders. Also, increasing M for DSIM will induce a high
complexity due to the unitary constraint. However, SIM is
shown to have many advantages over conventional OFDM
schemes and witnessed tremendous research interest in the
past few years. One major advantage is that SIM activates
only a single subcarrier within each subgroup, whereas typical
OFDM system activates all subcarriers. To this end, under
specific scenarios, it has been proved in [42] that the PAPR
will be reduced for SIM as compared to conventional OFDM
system. However, the considered scenario in [42] has been
assumed unrealistic in [43]. Nevertheless, SIM still has a
major advantage against conventional OFDM represented by
the robustness against the inter-carrier interference.

VI. CONCLUSIONS

A novel OFDM-based differential IM scheme has been
presented in this paper. The achievable spectral efficiency
and the bit error rate of the proposed scheme have been
investigated and analyzed. An upper bound of the achievable
bit error rate has been derived as a closed form expression.
Compared to the coherent scheme, the performance loss, in
terms of the required SNR to reach a target BER, of the
proposed scheme is about 4 dB SNR. Simulation results have
been also shown to validate the analytical results.

Future works may investigate the complexity reduction at
the detection stage as proposed in [44] since ML detection

—% DBPSK-OFDM
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Fig. 7. The average BER versus the average SNR order for DBPSK-OFDM
and DSIM (NN = 4 and 8-PSK). (L = 128, v = 10, C = 16).

includes a high complexity load especially for large values of
N. Also, the permutation of the active subcarriers over time
can be addressed, where it can be optimized for improving the
error performance at the receiver.
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