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ABSTRACT Recent studies have proven the potential of orthogonal frequency division multiplexing
with index modulation in improving the bit error rate performance and the spectral efficiency, where its
performance is evaluated under the assumption of ideal conditions. In this paper, the implementation of
this novel transmission technique under realistic circumstances is thoroughly investigated. For this purpose,
a new generalized system model that incorporates both imperfect channel state information and hardware
impairments is employed and analytical pairwise error probability over correlated Rayleigh and Ricean
fading channel is developed. The derived expression is then adapted to determine a tight upper bound of
the average bit error probability. Furthermore, asymptotic expression analysis at high signal-to-noise ratio
is included. Finally, simulation results are provided to illustrate the accuracy of the proposed theoretical
analysis.

INDEX TERMS Orthogonal frequency division multiplexing, index modulation, non ideal channel
estimation, hardware impairments, error probability analysis.

I. INTRODUCTION

Notable attention has been directed to Orthogonal Frequency
Division Multiplexing with Index Modulation (OFDM-IM)
as a dominant proposed solution to meet the major require-
ments of 5G systems. In fact, OFDM modulation divides the
high serial data rate into parallel streams with low data rates,
leading to low-complexity equalization by converting the
frequency-selective channel into a set of parallel flat fading
subchannels.

To further boost the spectral efficiency, index modulation,
which is inspired by the concept of Spatial Modulation (SM),
is joined to OFDM systems [1], [2]. Indeed, SM was inher-
ently proposed for Multiple-Input Multiple-Output (MIMO)
systems [3], [4]. The innovative idea in SM was to exploit the
spatial dimension to enhance the data rate. In fact, the index
of active transmit antenna is utilized to transfer additional
data. By considering the subcarrier indices as antenna indices,
the same idea of SM was readjusted for OFDM systems.

A recent study in [5] announced a novel modulation tech-
nique called OFDM with index modulation (OFDM-IM)

as a robust key for wireless communication compared to
techniques in [1] and [2]. The proposed idea of OFDM-IM
systems in [5] is to implicitly employ the activated subcarrier
index in carrying information in order to reach higher spec-
tral efficiency use without increasing the modulation order.
Furthermore, OFDM-IM system enhances the performance
of traditional OFDM systems.

Similar to standard OFDM, the effects of channel esti-
mation error and hardware impairments are dominant in the
OFDM-IM performance degradation. However, for robust
configuration of OFDM-IM under practical conditions,
assuming the identical performance analysis when subject
to imperfect channel state information (CSI) and hardware
impairments, it will lead to inaccurate analysis.

For accurate detection in an OFDM-IM system, cor-
rect prediction of channel parameters is a crucial factor
to consider. On the opposite side, erroneous knowledge
of channel coefficients engenders performance degenera-
tion [6]. Furthermore, estimation errors, aging and quanti-
zation errors are major causes of imperfect channel state
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information [7], [8]. Therefore, it is paramount to analyze the
system behavior in the presence of imperfect channel state
information before selecting the convenient channel estima-
tion method [9], [10].

On the other hand, hardware can suffer from different kinds
of impairment. Indeed, impairments are a result of the princi-
ple drawbacks of OFDM. For example, phase noise leading
to orthogonality loss has a harmful effect on the system per-
formance as mentioned in [11] and [12]. Moreover, OFDM
signal presents high peak to average power ratio in time-
domain, which causes performance sensitivity to nonlinear-
ities, as described in [13] and [14]. Finally, I/Q imbalance
in the RF front-end, creating limited matching, was men-
tioned in [15] and [16] as the major cause of performance
deterioration.

To the best of the authors’ knowledge, the performance
evaluation of OFDM-IM under ideal conditions and in the
presence of CSI was investigated in [5] over the special case
of frequency selective Rayleigh fading channels. However,
behavior analysis in the joint presence of CSI and nonideal
hardware impairments over correlated Rayleigh and Rician
fading channel have not been explored in the context of SM
in general nor in OFDM-IM systems, specifically.

Motivated by the aforementioned limitations of the exist-
ing literature, this paper, based on optimum ML detector,
studies the impact of the joint presence of channel estimation
error and hardware impairments on OFDM-IM performance.
Accordingly, a novel analytical expression of the pairwise
error probability (PEP) under realistic conditions is pro-
posed. The mentioned analytical approach leads to an upper
bound on the average pairwise error probability and Aver-
age Bit Error Probability (ABEP) expressions over corre-
lated Rayleigh and Ricean fading channel. In addition, these
expressions are discussed to analyze the behavior of the
system under different scenarios. The effectiveness of the pro-
posed analytical approaches is confirmed through numerical
simulations.

In this study, the OFDM-IM system model is first intro-
duced. Subsequently, the analytical performances analysis
for OFDM-IM that incorporates both imperfect channel state
information and transceiver hardware impairments is devel-
oped in Section III. The efficiency of the suggested approach
is then exhibited in the simulation results in Section IV.
Finally, conclusions are given in Section V.

Il. SYSTEM MODEL

The OFDM-IM system model as described in [5] is depicted
in Fig. 1. Firstly, the M input data is turned into b bit par-
allel streams using G subblocks such as M = bG. Hence,
each subblock is handling with n = N /G subcarriers,
where N denotes the orthogonal subcarriers. For the classical
OFDM system, the total number of subcarriers are active and
used to convey the modulated symbols. On the other hand,
OFDM-IM uses only k out of n selected subcarriers that
are active and their indices are defined using b; bits, while
the sequence of b bits is mapped over M-ary modulation.
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FIGURE 1. OFDM with index Modulation transmitter model as in [5].

Where b = |_10g2((C(n,k))J, with C(n, k) denotes the
binomial coefficient and |.] is the integer floor operator,
by = klogy(M) and b = by + by. Thus, only k active
subcarriers are carrying the mapped information and even
their indices are used to transmit additional data, as shown
in Fig. 2. The inactive subcarriers are not used for transmis-
sion and are set to zero.

Subblock 1

‘Subblock2

Bits Indices
[00] {1,4}
[01] {2,3}
[10] {3,4}
[11] {1,2}

FIGURE 2. OFDM-IM modulator withn =4,k =2 and G = 2.

The indices of active subcarriers using the input sequence
by are determined from a look-up table known in the trans-
mitter and receiver sides. As illustrated in Fig. 2, a possible
set of selected indices are presented.

The indices of k active subcarriers defined by b bit for the
j‘hsubblock, are expressed as

F={IQ), - Pk, (1

where I(e) e [l,---,n] for j = 1,---,G and
€ = 1,---, k. Furthermore, the transmitted data defined by
b, input bit stream and mapped using M -ary modulation for
the jMsubblock is described as

=1, , Sk, 2)
wherej=1,---,G.
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Hence, the conveyed symbols over the selected active
subcarriers for each subblock j can be given as

i
v e 3)

o {Sfm, |
0 otherwise

Taking the example of the input bit sequence {1, 1, 0, 0}, for
the j subblock using n = 4, k = 2 and Binary Phase Shift
Keying (BPSK) modulation, Llogz(C(4, 2))J + 2log,(2)) =
4 bits can be transmitted per OFDM-IM subblock. Consider-
ing the look-up table in Fig. 2, the active subcarriers indices
can be selected as I/ = {1, 2} as well the transmitted sym-
bols vectors which are §/ = {—1, —1}. Thus, the resulting
transmitted sequence is X = {—1,-1,0,0}.

After collecting the data from the subblocks, the Inverse
Fast Fourier Transform (IFFT) is applied at the transmit-
ter side to generate N parallel data streams. By applying
IFFT, the symbol vectors are morphed into the time domain.
To combat the effects of the Inter-Symbol Interference (ISI)
conventional OFDM-IM based on FFT requires prepending a
copy of the last part of each symbol. The signal is thereby fed
through the channel vector h; which is assumed to be the L
multi-path complex Gaussian random vector. L is no higher
than the cyclic prefix length. The added CP is removed from
the signal vector at the receiver antenna and FFT is applied.

Without loss of generality, the received signal assuming
ideal conditions can be expressed in the frequency domain
for each subblock j as

y=~EXh+7, 4)

where y = [y/(1)---y/(n)]", E is the transmitted energy,
X = diag(xf (1)- - -x/(n)), is the transmitted data matrix and
h = [WQ)---W@)]T is the channel frequency response.
Considering the fact that the FFT operation has been applied
to the channel, A is also complex Gaussian vector, with mean
of hy and covariance matrix C, = E{(h — hg) (h — hg)"}.
Here, E{.} denotes the expectation and {.}*’ is the Hermitian
operation which is the complex-conjugate transpose. Finally,
n = [WQ)---p(n)]" is the distortion additive white
Gaussian noise with zero mean and N, rl, variance in the
frequency domain which is related to the noise variance in
the time domain N, 7 by N, r = (kG/N)N, 1 [5]-[17].

To elaborate more on the channel gain, when the channel
vector elements, &/ #),¢ = 1,---,n, have zero mean, due
to diffuse propagation, their absolute values, |#/(£)|, have
Rayleigh distribution. When the channel vector elements
have a nonzero mean, due to specular propagation, their abso-
lute values have Rician distribution. Propagation conditions
determine the specular, i.e., deterministic, component k; of
the channel gain vector and the correlation matrix of the
random component h,, i.e., h = hy + h,.

For Rician fading, the K-factor is the power ratio of the
deterministic (i.e., the mean) and random components of the
channel gain. Assuming equal K for all indices, the channel
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gain vector can be written as

K 1
h=h hr= —hn —hrn, 5
a+ ‘/K+ld+‘/K+1 (%)

where, without loss of generality, the elements of hg, and
h,, are assumed to be normalized, i.e., |h]dn(£)| = 1,
E{|/.(0)|?} = 1, respectively, so that E{|H(£)]?} = 1.
Therefore, the covariance matrix can be written as

Ch = E{(h —hy) (h —hy)"} =

Ch,, 6
K+1 hin ()

where Cp,, = E {h,,h!,}. Note that when K = 0 we have a
Rayleigh fading channel.

At that point, the signal will be processed by the equalizer
based on the optimal maximum likelihood (ML) detector for

data recovery.

Ill. SYSTEM PERFORMANCE ANALYSIS

In the purpose of robust real implementation of the
OFDM-IM system, a novel generalized system model is used
to incorporate the effects of the joint presence of channel esti-
mation error and hardware impairments. Hence, the received
signal for the jMsubblock can be presented as

y:[«/EX—i-wt]h-er-f-ﬂ, @)
where the effects of hardware impairments in the

transmitter and receiver sides are characterized respec-
tively by adding the following independent distortion

diag ([w;(l), . ,wi(n)])
diag ([w’;(l), e ()] )

noises @; = and o, =

Various exhaustive experiences have resulted that «/}(y) ~
CN(0, K2E) and (y) ~ CN(0, €2E |W(y)[*) [18, Ch. 7],
[19], [20]. The Gaussian distribution of the added distortion
noises can be interpreted by the residual impact of impair-
ments when using algorithms that eliminate all distinct types
of distortions [21], [22].

In fact, k2 and «? indicate the average of hardware impair-
ments in transmitter and receiver sides [19], [23] which have
typically small values in the range of [0, 0.03]. The above
parameters can be measured in practice using the definition of
the Error Vector Magnitude (EVM) as the ratio of the average
distortion magnitude to the average signal magnitude [24].
Several studies have demonstrated that a small range of
hardware impairments values is allowed to further boost the
spectral efficiency.

Assuming the imperfect observation of the channel
at the receiver, the estimated channel vector is defined
as [5], [6]

h=h+e, ®)

where ey, is the estimation error vector following a complex
Gaussian random variable with zero mean and covariance
Ce, = aezln and h is the channel estimator vector assumed
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to be complex Gaussian with mean h; and covariance
matrix as

Gy = E{G — ho)@ — o)}
=E {(h —hy +ep)h —hy +eh)H}

Chy, + 0. ©)

CK+1
Here it is assumed that the estimation error and estimated
channel gain vectors are independent. The quality of the chan-
nel estimation is given by oez value. In this model, pilot
channel estimation sequences are used, which reduce the esti-
mation errors linearly with increasing the number of pilots.
In the case of perfect channel estimation o> = 0.

In order to simplify the following derived expressions, and
without loss of generality, a simplified general model for
hardware impairments used in [25] and in [26] is adopted
in this subsection. By introducing an aggregate distortion

level kK = \/k? + k2, without seperatly defining the effects
of transmitter hardware «; and the receiver hardware «,, (7)
becomes

y=WEX +oh+n, (10)

where @ = diag([«/(1), - - - , @/ (n)]) is the independent dis-
tortion noise which diagonal elements follow the CN (0, x2E)
distribution and models the hardware impairments at both the
transmitter and the receiver. For ideal hardware case k% = 0.

Using (8) and (10), the received signal affected by the joint
presence of hardware impairments and channel estimation
error for each subblock j becomes

y=WEX +wh+n
=«/EXZ+x/EXeh+wz+weh+n. (11

A joint search for the active subcarriers and symbol
sequence for each subblock is concluded by ML detector.
In particular, a detector estimates the complex channel gains
as in equation (8) and uses the result in the same metric that
would be applied if the channel were perfectly known. Given
that the transmitted symbols are assumed equally likely,
the optimal detector can be expressed as

[XTy = arg min Hy - «/EX'}IH2 . (12)

A. CONDITIONAL PAIRWISE ERROR PROBABILITY
Assuming X is transmitted vector, the probability of deciding
in favor of X is given from (12) as

PEP

Pr(X — X|h)
(Ve[ - |y v

~ 2
=P, <”\/1?Xeh + wh + wey, +11H
—~ ~ 2
> H\/E(X —X)h+\/EXeh+wh+weh+nH >
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o~ ~]2
—p, (H VEX — X)hH
< - [(x/EXeh—i—wii—i-weh—i-n)H JE(X—)?)Z})
~~2
— P, (A > ”«/E(X —X)h” ) (13)
where 9i{z} denotes the real part of the complex number z and
A= 290 {EehHXH(X — R+ VER o (X = X)h
+VEel ot (X — X)h + VEn' (X — ?)Z}
=2R{¢+0+¢+Q}, (14)
where
¢ = Eel’ X" (X — X)h,
0 = VER o (X — X)h,

¢ = VEe}l o (X — X)h,

15)

Note that ¢ is not a Gaussian variable since it involves
multiplication of two Gaussian random variables. However,
taking the premise of small levels of estimation error and
hardware impairments in practice cases, a tight approxima-
tion such as e/ w ~ CN(0,k*Ec?l,) could be allowed
without losing the accuracy of the coming analysis.

Moreover, using the mutual independency among ¢,
0 and 2, A conditioned on A is considered a Gaussian random
variable and its expectation and variance are respectively
derived as

E{r} =2 (E{¢} +E{6} +E{o} +E{Q})=0. (16

(17)
where Var{.} denotes the variance operations.
To calculate (17), it can be proceeded by
E{¢c?) = B{E%ef X" (X — )bk (X — X)" Xep)
2 2| yH =72
= B2 | X" ox - X0R[ (18)
The second term in (15) can be computed as
E{00" ) = B{ER" ! (X — X)Bk (X — X)" wh)
~ |2
= E%? HhH(X - X)hH . (19)

To find the previous results, it is worth noting that
X—X)hh" (X-X)" isa dia%onal matrix with nxn dimension
and |¥/(y) —3c7(y)|2 |%/'(y)| are the diagonal elements.

On the other side, the variance of ¢ can be defined as

E{pp"} = E{Eefo" (X — X)hh" (X — X)" we; )

= E%202 || (x — X (20)

Finally, E{QQ" } can be calculated as
E{QQ”} = ENor ||(X — )R 1)
25345
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o E|x =Xk
Pr(X —X|h)=0 — T — — (23)
2E02 | xXH X =0R|*+2E2 [B X =0k | +2EK202 | 0¢ = 0K|*+2Nor | X~k
Using the above results, (17) can be written as Noting that
~~2 ~ ~~2 o~ ~ ~ ~ ~~
of ~ 2E%02 X 00 = R0h| " + 2% [ x - S0k | —|* =B x =Xy (x - Xk
+2E%%02 (X =Xk | +2ENor X=Xk (22) = (X - X0h)" (X — X)h)
=yy, (29)

Based on (22), the conditional PEP under the joint presence
of channel estimation error and hardware impairments is
determined in (23) on the top of this page, where Q(x) denotes
the Q-function defined as Q(x) = % xoo exp(=-)dx. It is
obviously seen that imperfect estimation and/or hardware
impairments degrades the system performance. Note that
when « = 0 and 082 = 0, the conditional PEP can be greatly
simplified to

Pr(X — X|h) = Q (24)

B. AVERAGE PAIRWISE ERROR PROBABILITY

In the attempt to provide a more adequate theoretical per-
formance description, tight approximations will be provided.
Recall that it has been assumed X is with a unitary energy,
the following inequality can be modified as

et [ o - 51
= Jlox = %R (25)

Furthermore, the following matrices simplification is used

2 i ox - )?)ZHZ = E%? Xn: () —sﬁ(y)(z
y=1

<[] |
< B2 |x —XR|>. @6)

Accordingly, the upper bound on the conditional PEP
under the above conditions can be simplified to

E|x —Xh|

Pr(X —X|h) <
( | )_Q 2Ecre2 +2Ek? + 2E/c20€2 + 2Nor

27)

Using the expression of signal-to-noise ratio in the frequency
domain SNRy = NLF, (27) can be rewritten as

Pr(X — X|h)

SNRy (X — X0k

<
=0 2(SNRpo2 + SNRyk2 + SNRyk202 + 1)

(28)
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where/l// =X -X )iiis a complex Gaussian vector with mean
(X — X)hy and covariance matrix defined using (9) as

Cy = E{[y — (X = X)hally — (X — X)hal")
=X -X)CyX —X)H

1 - -
— X =X)Ch. (X =X, 30
K+1( )Ch,,( ) (30)

Thus, the conditional pairwise error probability given in (28)
can be expressed as

Pr(X - X|h) <0 (,/2M¢H¢) =0 (\/@) 31
where

3 SNRp
~ 4(SNRpo2 + SNRgk? + SNRyk202 + 1)’

n

and ¢ = puyf . Since ¢ is in quadratic form as in [27], and
the Q-function can be alternatively expressed as [28]

_Lft =\ 4o 32
Q(x)—n/O exP(szZQ) . (32)

To calculate the unconditional pairwise error PEP, (31)
should be averaged over the Probability Density Func-
tion (PDF) of ¢. The PDF of ¢ can be depicted as [29]

7.[—)’!

1= qaicy)

exp (~[¥ — (X = Dha)
xCy'Y — (X — )?)hd]). (33)

Using (32) and (33), the average pairwise error probability
can be written as

PEP
1// (—m/f”vf) 7"
== exp —
T Jy Jo sin” 6 det(Cy)
xexp (¥ — X=Dha)" € @~ (X ~Dhy) dody.
(34)

Exploiting the property of Hermitian and using the
assumption that a proper complex Gaussian (PCG) joint pdf

VOLUME 5, 2017
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PEP < 1/75 [dt( ad 0.4 5(\)( ! Chn, + 21>(X ?)H+1>i|_l
— e - 4o -
7 Jo sin2 @ K +1 hrn e "

—-K —~

~ ~1 N
€Xp <_(K_fl)hgn(x -1 (_(KL)Chm + 0l + ,%In) X - X)hdn>

sin2 0

Chm + 062171 +

1 -1
K+D In) (X = X)ha | d0.  (36)

PEP ~ — — 37
2det (X = %) (5 Cn, + agln) X —X)H + 1,,)

integrates to one, the above expression can be calculated as rewritten as

— r N\ 1 z + 2

FEP _ Pp<YTI(1-2) [ (222 )ae. 9
1 (3 1Cy : - A 0 \sin?0+ur

< — |:det< —5 +In)] g=1i#g 8 g

T Jo sin“ 6

sin? 6

-1
exp |—hl (x —X)# <c¢+ 1,,) X —X)hy | do,

(35)

where I, refers to the n x n identity matrix. The above
expression is evaluated depending on h; value, hence the
channel model.

1) RICIAN FADING CHANNEL
In such case, hy # 0. Substituting Cy in (35) by (30),
the average pairwise error probability can be expressed as
in (36) on the top of this page.

Consequently, (36) cannot be further simplified and the
exponential polynomial can not be removed from the integra-
tion. However, it can be numerically evaluated for any given
K using the fact that (36) is a single finite-range integral, with
an integrand that is a ratio of polynomials of trigonometric
functions [29]. However, the above integration can be approx-
imated (by letting sin6® = 1) as noted on the top of the next
page.

Two interesting points can be observed from the above
expression. First, in high SNRp, the line-of-sight component
offers a fixed coding gain, but no diversity advantage. Second,
as K approached infinity, i.e., the channel approaches additive
white Gaussian noise channel (AWGN), the PEP approaches
the error in AWGN channel, which validates the provided
analysis.

2) RAYLEIGH FADING CHANNEL
For Rayleigh fading case, by = 0 (or K = 0) then (35) is
reduced to

— 1 [z 1Cy -1
PEP < — det( —— +1In de. (38)
7 Jo sin“ 6

By considering Ag o—1,..., as the distinct eigenvalues set of
the matrix matrix Cy of rank r, the expression in (38) can be
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A closed form expression for the above integral is given
in [31, Appendix B], hence, the expression in (39) can be
integrated as

— 1< L\ fhg
PEPNEZI_I(l—A—) e vl L
=1 i%g g A
C. ASYMPTOTIC PERFORMANCE ANALYSIS
To further evaluate the impact of channel estimation error and
the hardware impairments on the OFDM-IM system, first,
we consider the Rayleigh channel and later on we generalize
the analysis for Rician Channel.

The upper bound PEP in (37), as shown at the top of this
page, is thus approximated at high SNRF values for Rayleigh
fading channel as

— 1
PEP ~ zdet(M(X—i)(ﬁChr" +o,_,21n)(X—)?)H+I,,>~ 41)

X = 2 (g Chy +020) X = D
-, A, hence (41) can be

Supposing B =
has distinct eigenvalues Ap, - -
rewritten as

—1
r

PEP~ | 2] (1+nrg) | - (42)
g=1
Taking the assumption of high SNRy values, © >> 1,
equation (42) can be consequently approximated as

-1
,
PEP ~ | 2u" ]_[ | (43)
g=1
Note that the diversity gain is concluded by r values which is
in the range of [1, n]. For high SNRF values, correct detection
of the selected subcarrier indices and a single symbol error

detection is expected at the receiver side. In that case, r = 1
and terms with higher order can be eliminated from the
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above expression. Thus, the asymptotic PEP can be further
simplified at high SNRF to

(44)

To go deeper in the detail of the analysis, several scenar-
ios can be analysed taking into account the possible values
of o2 and k.

1) IDEAL HARDWARE IMPAIRMENTS AND PERFECT
CHANNEL ESTIMATION CASE

k = 0and o2 = 0: Consider ideal system where transceiver
has ideal hardware and the channel is perfectly known at the
receiver. The following conditional PEP is the well-known
expression investigated in [5]

Mo \/SNRF |x — X0k

Pr (X — X|h) 5 (45)
The asymptotic PEP in (44) can be greatly simplified to
PEP ~ 2 (46)
ASNRy

Conclusively, increasing SNRy enhances the performances
of the system.

2) THE PERFECT CHANNEL ESTIMATION CASE

%2 = 0 and x # 0: The conditional upper bound pairwise
error probability at perfect CSI case where channel coeffi-
cients are totaly predicted and the system is contaminated by
hardware impairments is expressed as

SNRy (X — Xk

Pr(X — X|h) < Q \/

47
2(SNRypx2 + 1) “7)
Using the above equation, (44) can be rewritten as
PEP ~ = | 2 + ! (48)
T LS T SNRg ]
The above expression can be simplified into two cases
2
———. SNRy < «?
PEP ~ { %1SNRp : (49)
—K2, SNRy > &>

Al

It can be seen that for SNRF value higher than hardware
impairment level, the PEP curves saturate to a constant value
and an irreducible error floor is manifested.

3) THE PERFECT HARDWARE IMPAIRMENTS CASE

k = 0and 62 # 0: We assume ideal hardware and that the
system is only affected by erroneous channel estimations as
narrated in [5]. Hence, (28) is described as

SNRy (X — Xk’

Pr(X — X|h) < 50
i k) < Q 2(SNRpo2 + 1) (50)
In such case, the asymptotic PEP is simplified to
PEP ~ = |02 + — (51)
~ —|O .
Al € SNRy

From the above equation two scenarios can hold attention:

1) In the first scenario, the estimation error is fixed and
independent of SNRF; hence, it can be seen that (51) is
not a function of SNRy and an error floor is expected

o . == 202
in this case, i.e., PEP — fle )

2) The estimation error is variable such as 02 o SNRy L
Under that assumption, the expression in (51) is
reduced to

4

PEP~ ———.
A1SNR

(52)
Hence, with increased value of SNRF the channel esti-
mation error is reduced and the performances of the
system is improved, i.e., there is no error floor.

The calculations in the Rician case follow the same general
procedure, except that the numerator of the expression in (37),
which is simplified to unity in the Rayleigh case, will be
more complicated in the Rician channel. However, in high
SNREF, the expression in (37) can be approximated as in (53),
as shown at the bottom of this page.

It can be noticed that the numerator does not depend on
SNRp; therefore, all the results that have been obtained for
Rayleigh case can be easily extended to the Rician case. It is
obvious now that the line-of-sight component offers a fixed
coding gain, but no diversity gain.

D. AVERAGE BIT ERROR PROBABILITY
Te ABEP can be computed using the previous PEP
expression as

G
1 > v
ABEP~ o Y33 PX - X)eX.X), (54
=1 X x

where e(X, X ) is the number bit errors related to the PEP
event for the j subblock when X was sent and X received.

PEP ~

. -1 ~
eXp <_ KLthn(X - X)H (K;—Hchm + 0821n> (X - X)ha’n)

2 det (M(x —X) (KLHC;,M + azln) X —X)H + In)
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FIGURE 3. Perfect OFDM-IM analytical and simulation average bit error
probability with n = 4, k = 2 using BPSK modulation over Rician (K = 2)
and Rayleigh fading channels.

“H = B - Perfect OFDM-IM, Rayleigh (Anal.)
—O— Perfect OFDM-IM, Rayleigh (Sim.)
= € - Perfect OFDM-IM, Rician (Anal.)
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FIGURE 4. Perfect OFDM-IM analytical and simulation average bit error
probability with n = 8, k = 6 using QAM-16 modulation over Rician
(K = 2) and Rayleigh fading channels.

IV. NUMERICAL RESULTS AND DISCUSSIONS

In this section, the depicted expressions of ABER perfor-
mance in function of SNRF highlighting the impacts of hard-
ware impairments and imperfect CSI on OFDM-IM system
are carried out over Rician and Rayleigh fading channels.
Further, to validate our analysis, the analytical results are
compared with Monte-Carlo simulations. The previously dis-
cussed scenarios based on « and o> values are adopted in
simulations. For clear vision, the case of both ideal hard-
ware and correct channel coefficients estimation over Rician
and Rayleigh fading channels, using Binary Phase Shift

VOLUME 5, 2017
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FIGURE 5. OFDM-IM analytical and simulation average bit error
probability with n = 4, k = 2 using BPSK modulation over Rayleigh fading
channel for 62 = [0.001, 0.005, 0.01] and « = 0.
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10 y
- - — OFDM-IM,6?=0.01 & k=0, Anal.
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FIGURE 6. OFDM-IM analytical and simulation average bit error
probability with n = 4, k = 2 using BPSK modulation over Rician fading
channel (K=5) for 62 = [0.001, 0.005, 0.01] and « = 0.

Keying (BPSK) modulation and n = 4, k = 2, where n is the
number of subcarriers and k is the number of active subcar-
riersis, is included in Fig. 3. Moreover, the OFDM-IM under
ideal conditions is operated for both types of channels over
QAM-16 with n = 8, k = 6 as illustrated in Fig.4. As shown,
the analytical result shows perfect match with simulation
results for medium to high SNR values and OFDM-IM sys-
tem over Rician channel enhances the Rayleigh fading chan-
nel performance.

Fig. 5 and Fig. 6 show the ABER performances of
OFDM-IM under ideal hardware and assuming fixed channel
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FIGURE 7. OFDM-IM analytical and simulation average bit error
probability with n = 4, k = 2 using BPSK modulation over Rayleigh and

. . H 1
Rician fading channels for 62 = SNRy andc =0.
B
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FIGURE 8. OFDM-IM analytical and simulation average bit error

probability with n = 4, k = 2 using QAM-64 modulation over Rayleigh and

Rician fading channels for 62 = SN‘TF and « = 0.

estimation error over respectively Rayleigh and Rician fading
channels. It is apparent that increasing the aez value from
0.001 to 0.01 harmfully affects the ABER performance of the
system for both types of channels. An irreducible error floor
comes into sight at high SNR due to the constant channel
error which is independent of SNR. Unlike traditional spatial
modulation and quadrature spatial modulation, as the Rician
factors increase the error probability decreases. Further, the
analytical analysis is very close to the simulation results,
which validates the proposed analysis.
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FIGURE 9. OFDM-IM analytical and simulation average bit error
probability with n = 4, k = 2 using BPSK modulation over Rayleigh fading
channel for 62 = 0 and « = [0.05, 0.07, 0.1].
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FIGURE 10. OFDM-IM analytical and simulation average bit error
probability with n = 4, k = 2 using BPSK modulation over Rician fading
channel for 62 = 0 and « = [0.05, 0.07, 0.1].

When the variance of the Gaussian estimation errors
decreases and the SNRF of the data symbols increases (the
pilot symbols have the same energy as the data symbols)
that is oez = ﬁ, we observe that no error floor exists
as shown in Fig. 7 using BPSK modulation and in Fig.8
using QAM-64. Finally, it should be noted that the tight-
ness of error performance improves as SNR increases; how-
ever, the proposed analysis slightly loses its tightness at low
SNR values.

In Fig. 9 and Fig. 10, the ABER performances of

OFDM-IM over Rayleigh and Rician fading channels
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FIGURE 11. OFDM-IM analytical and simulation average bit error
probability with n = 4, k = 2 using BPSK modulation over Rician fading
channel for 62 = 0.003 and « = 0.05 with varied K.
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FIGURE 12. OFDM-IM analytical and simulation average bit error
probability with n = 8, k = 6 using QAM-16 modulation over Rician
fading channel for aez = 0.003 and « = 0.05 with K = {0, 5}.

under hardware impairments and perfect channel estima-
tion are investigated. Simulation and numerical results were
concluded under different hardware impairments levels,
k = [0.05,0.07,0.1]. As observed here, the ABER perfor-
mance decays at a higher value of «. As expected, at high
SNR, an error floors appear due to the considered hardware
impairments level.

The impact of the Rician K factor on the performance
of OFDM-IM system is carried under fixed hardware
impairments level k = 0.05 and imperfect channel knowl-
edge channel with oez = 0.003. Different values for K

VOLUME 5, 2017

parameters from O to 5 are presented in Fig. 11 using BPSK
modulation with n = 4, k = 2 and in Fig.12 using QAM-16
modulation with n = 8, k = 6. The value of K = 0 presents
the Rayleigh fading channel case. Increasing the value of
K boost the performance of OFDM-IM system as depicted
in Fig. 11. This improvement affects the coding gain, not the
diversity gain.

Conclusively, the performance of OFDM-IM deteriorates
with the presence of imperfect hardware and/or channel
parameters estimation notably in high SNR regions. Accord-
ingly, assuming perfect cases does not allow any realistic
configuration.

V. CONCLUSION

This paper investigates the destructive effects of the joint
presence of hardware impairments and channel estimation
errors on OFDM-IM system over correlated fading chan-
nels. Simulation results coincide with the reported results for
both Rician and Rayleigh fading channels and hence confirm
the proposed analytical expressions for different scenarios.
Therefore, the announced generalized model is an adequate
platform for high data rate wireless communication system
implementation in the condition of using imperfect CSI and
hardware impairments mitigation techniques which will be
developed in future works.
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