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Abstract: In this work, subcarrier coordinate interleaving (CI) is implemented to orthogonal frequency division mul-
tiplexing (OFDM) systems with the aim of both enhancing the error performance and reducing the implementation
complexity. To this end, the modulated symbols are independently chosen from a modified M-ary amplitude-shift keying
signal constellation under a specific CI strategy. In addition to doubling the diversity level of the original OFDM scheme,
the adopted CI approach also drastically reduces the inverse fast Fourier transform (IFFT) size at the transmit side by
guaranteeing the first half of the input vector to be identical with the second half at the input to the IFFT block. It
is further demonstrated that the proposed system has the ability to enhance the robustness against common practical
impairments such as insufficient cyclic prefix and phase noise. The closed-form expression of symbol error probability of

the system is derived and confirmed with the simulation results.

Key words: Orthogonal frequency division multiplexing, signal space diversity, coordinate interleaving, intersymbol
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1. Introduction

Orthogonal frequency division multiplexing (OFDM) has been the keystone of modern communication standards
such as digital audio and video broadcasting (DAB/DVB), IEEE 802.11, IEEE 802.16, and long-term evolution
(LTE) [1-3]. Despite many strong waveform candidates like filter-bank multicarrier and generalized frequency
division multiplexing, OFDM with numerology has also been selected as the basis of the 5G New Radio (5G-NR)
technology. This interest can mainly be attributed to OFDM’s resilience against frequency-selective fading and
its ease of integration with multiple-input multiple-output systems, which is a valuable asset for the enhanced
Mobile Broadband (eMBB) services [4-6]. OFDM assigns each subcarrier a portion of the channel spectrum
that is narrower than the coherence bandwidth of the channel. This process is carried out such that subcarriers
overlap each other in an orthogonal and spectrally efficient fashion. Despite the aforementioned advantages,
OFDM is quite sensitive against any slight loss of orthogonality among the subcarriers such that symbol timing
offset (STO) and carrier frequency offset (CFO) may cause substantial error performance degradation [7—

14]. In [7], an analysis of OFDM systems under intercarrier interference (ICI) and intersymbol interference
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(ISI) is performed for time-invariant channels. Considering massive machine-type communications (mMTC),
OFDM with index modulation (IM) is suggested in [8] to mitigate the effects of ICI induced by asynchronous
transmission in uncoordinated mMTC networks. In [9], different types of OFDM frequency-domain IM strategies
are compared with respect to their performances under CFO and in-phase/quadrature (IQ) imbalance.

In the literature, various approaches have been discussed to control and mitigate the impact of time-
frequency constraints in OFDM-based systems. The most frequently used technique is adding a cyclic prefix
(CP) to each OFDM symbol, with a length longer than or equal to the delay spread of a multipath channel.
This CP helps eliminate ISI and transforms the relationship between the transmitted signal and the channel
impulse response into a circular convolution operation. However, in applications like high-definition television
broadcasting (HDTV) and satellite OFDM systems, where very long delay spreads may occur, the probability of
the channel length exceeding the CP length increases [10]. Furthermore, despite a sufficient CP length, STO can
induce IST along with ICI. In [11], a fully asynchronous spatially multiplexed OFDM system is analyzed under
different STO and CFO values. For over doubly dispersive channels, Taubock [12] proposed a low-complexity
ICI/ISI equalizer for multicarrier models. Wang [13] presented an iterative method to subtract pseudonoise
sequence padding for time-domain synchronous OFDM systems, mitigating ISI. An iterative algorithm, utilizing
comb-type pilot signals, was demonstrated to weaken ICI and estimate channel gains for an OFDM mobile
downlink communication system [14].

The instabilities within the transmitter/receiver oscillators lead to phase noise (PN) in a random time-
varying fashion and cause unwanted modulation of the carrier signal’s phase [15]. PN severely affects OFDM
systems by destroying the orthogonality between the subcarriers. Two main detrimental effects introduced by
PN on OFDM signals are common phase error (CPE) and ICI. The CPE component of PN causes all subcarriers
to experience phase rotation that remains constant within an OFDM symbol period. On the other hand, the
time-varying frequency-dependent part of PN causes ICI and acts like noise, bringing out different interference
terms to different subcarriers during the transmission of an OFDM symbol. In [16], the effect of PN on an
OFDM system is analyzed, and a mitigation method is proposed. A millimeter-wave OFDM experimental
system that uses an iterative scheme to combat the impact of PN is studied in [17]. The work in [18] introduces
a method that initially estimates the channel coefficients together with CPE and then cancels ICI. In [19], the
effects of STO, CFO, and PN in OFDM and generalized frequency division multiplexing systems are analyzed
in a comparative fashion under distinct scenarios. The joint PN, IQ imbalance, and frequency offset estimation
along with a low-complexity mitigation method are discussed in [20].

Diversity techniques generally require the consumption of additional resources reserved for statistically
independent copies of the transmitted signals. Conventional diversity approaches rely on the extra utilization of
time, frequency, code, and space dimensions. On the other hand, signal space diversity (SSD) is a low-complexity
diversity method that improves the error performance of a system by only exploiting the inherent orthogonality
within the signal space composed of the modulated symbols [21]. To increase diversity for a system based on
two-dimensional modulation, SSD initially introduces a rotation on the original constellation diagram so that
all the signal points have distinct I and Q components. The rotation angle is usually selected such that the
error probability is minimized [22, 23]. Subsequently, the T and Q components of a symbol are sent via different
channel realizations by virtue of coordinate interleaving (CI). The CI scheme is commonly arranged according

to a specific strategy that also optimizes error performance [24, 25].
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OFDM and SSD have been combined extensively in the literature. SSD is combined with bit-interleaved
coded OFDM (BICM) technique under frequency-selective fading channels in [26]. BICM is applied among
subcarriers in [27] where multiple transmit antennas are used for the transmission of symbols. A dynamic CI
pattern is performed over some OFDM subcarriers with channel phases larger than a threshold level defined
beforehand in [28]. To improve physical layer security, SSD is incorporated into a single-antenna OFDM system
in [29] and into an Alamouti multiple-input single-output system in [30]. OFDM is also used along with a
well-known SSD technique called constellation rotation and cyclic Q delay in [31].

In this study, we consider an application of SSD to OFDM systems and propose the utilization of a
modified M-ary amplitude-shift keying (M-ASK) modulation scheme under a particular subcarrier CI strategy
based on [24]. To exploit SSD, we first rotate the one-dimensional M-ASK scheme and enable the signal points to
have distinct I and Q components. Subsequently, the I and Q components of the chosen symbol are transmitted
from different subcarrier channels. It is demonstrated that this model introduces diversity gain into the system
and significantly improves the error performance under insufficient CP and PN. The proposed CI strategy also
substantially reduces the system complexity at the transmitter by decreasing the computational load involved in
the inverse fast Fourier transform (IFFT) operation to less than half of conventional OFDM-based systems. To
the best of our knowledge, fine-tuning the CI pattern as if both the error rate and IFFT complexity decline has
not been studied yet in the literature. Furthermore, the closed-form expression of the symbol error probability
for the proposed scheme is analytically derived and corroborated by the simulation results.

Throughout this work, the operators E{.}, |.|, (.)*, j, O(.), R{.}, S{.} stand for the expectation, mag-
nitude, complex conjugate, v/—1, big O notation, real and imaginary parts of a complex number, respectively.
The joint probability density function (PDF) of z and y is symbolized by f(z,y).

2. System model
In this section, the system model of the proposed OFDM scheme with smart coordinate interleaving (OFDM-

CI) is described. A scenario with no practical impairments is initially inspected. Following that, the system
model under practical imperfections such as insufficient CP and PN is investigated. It should be noted that the

OFDM symbol index ¢ is only depicted in subsection 2.2 for the sake of simplicity.

2.1. OFDM-CI system model

In this work, an OFDM-CI model that transmits N (a power of two) symbols via N subcarriers during an OFDM
frame period is considered. It is pretended that the channel characteristics do not change within the OFDM
symbol period and independently change between consecutive transmissions. The number of total resolvable
multipaths is shown with L (L << N). The channel state information only exists at the receive side. Figure 1
shows the block diagrams of the transmit and receive side schemes for the system model.

The modulated symbols {s1, s2,..,sx} are independently drawn from an M-ASK signal constellation
rotated by an angle of 7/4 counter-clockwise. We assume that the average symbol energy is constrained by
E,. We have s = sgpr + jskg for k € {1,2,..,N} where sg; and syg represent the I and Q components of
the k-th modulated symbol, respectively. CI is applied on the sequence {s1, s2,..,sn5} before the inverse FF'T
(IFFT) block to produce {X1,X2,..,Xn}. Here, Xy = sar+jspg for o, 8 € {1,2,..,N} such that o # 3. The
values of subcarrier indices o and S are fine-tuned according to a specific interleaving strategy. To optimize

error performance, the CI strategy in our work is chosen such that the correlation coefficient between any two
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Figure 1. Block diagram of reduced complexity OFDM with smart subcarrier CI.

distinct subcarrier channel gains affecting the I and Q components of a modulated symbol equal to zero. To
this end, one of the CI procedures introduced in [24] is adopted such that (o — ) is equal to N/2. This can

be expressed as follows

X, = ) +isany2yr  for 1<k < N/2, (1)
S(k—N/2)Q -‘r—jSkQ for N/2 +1<k<N.

Note that any modulated symbol has identical I and Q coordinates thanks to the employed rotation on the
original signal set. Thus, the first half of the {X;,Xs,..,Xn} equals the second half, i.e. a repetition
in the frequency domain exists. Assume that the sequence {x1,x9,x3,%4,..,2ny_1,2x} denotes the IFFT
of {X1,X5,.,Xn}. It is straightforward to show that the baseband time samples with even subcarrier
indices are equal to zero and the remaining samples can be obtained from the IFFT of the first (or second)
half of {Xi,Xs,..,Xn}. After applying an (N/2)-IFFT operation to {X1,Xs,..,Xn/2} which generates
{1, 23,5 7...,acN/g}7 a single zero is padded in between each signal sample to obtain the whole set of baseband
time samples of N size. Subsequently, a cyclic prefix of length G is inserted to the start of the baseband
time samples. After the digital-to-analog conversion (DAC) operation, time-domain signal x,, passes through
the multipath channel h,. The channel model is presumed to be a multipath frequency-selective Rayleigh
fading channel with taps of {hg, h1,..,hr_1}. Here, h; for I € {0,1,..,L — 1} are independent and identically
distributed (i.i.d) zero-mean complex Gaussian random variables with E{|h;|?} = 1/L. The received signal is
given by

Yn = hp ® Ty, + 2n, (2)

where ® denotes circular convolution. We first investigate the scenario with perfect synchronization and then
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consider the case with practical imperfections at the receiver. Let the symbol sequence obtained after analog-to-
digital conversion (ADC), CP removal, and N-FFT operations at the receive side be shown as {Y1,Ys,..,Yn}.
Then, we can write

Yy = Hp Xy + Zk, (3)

where the channel gains of the subcarriers Hy = Zf;ol hye=I2mRUN for | € {1,2,..,N} are zero-mean complex
Gaussian random variables with E{|Hy|?} = 1. Also, Zj, for k € {1,2,.., N} stands for i.i.d zero-mean complex
Gaussian noise terms each with a variance of Ny/2 per dimension. At the receiver, with the application of
zero-forcing equalization on Yy, we get Yy = (H}/|Hi|)Yi = |Hi| Xy + Zx where Zy = (H}/|Hy|)Zy for
ke {1,2,..,N}. After using coordinate deinterleaving (CD), the maximum likelihood (ML) detector forms the

decision variable for the k-th modulated symbol s; as
i = R{Yo} + jS{Ys} = [Halskr + j|Hglseq + Zi, (4)

where Zk shares the same statistics as Zp and represents the noise term after CD. In addition, we have

(.5} kk+N/2 for 1<k<N/2,
Q, =
k—N/2,k for NJ2+1<k<N,

which are utilized to detect the information carried by sy .

2.2. Interference formulation for insufficient CP length

An interference-free signal can be received for OFDM if the time spread of the channel does not exceed the
CP duration. Otherwise, if the CP length is shorter than the channel spread, IST and ICI appear, affecting the
received symbol corresponding to the k-th subcarrier within the i-th OFDM symbol as follows

Yig = H;w X + I+ I + 23, (6)

where I{gl and I{;jI represent the intercarrier interference and intersymbol interference, respectively. In

general, after discarding the CP, the n-th sample of the received time domain signal equals

L-1 L—1
Yin = Z hi i (n—1) y Un—14+G + Z hi—10%i-1,(n-1+G)x [L = Un—1+G] + Zin, (7)
1=0 =G

where (§)y is the residue & of modulo N and w, denotes the step function with u, = 1 if n > 0, else
u, = 0. The term x;_1, denotes the previous consecutive OFDM symbol regarding z;,. For simplicity,
Figure 2 illustrates the scenario of an OFDM signal with insufficient CP. After applying the FFT transform,
the mathematical representation of the received signal at k-th subcarrier is given as follows

Yir=Hi 1 Xir+ Zix

L—1 e N-1 R N1 oy 1611 -
—j2nvl j2mn(v—k j2mv — j2mn(v—
+ E hig E NXi,ve N E e N 4+ E hi—1, E NXi—l,ve N E e ¥, (8)
=D v=0,v#k n=Il-G =G v=0,v#k n=0
where the third and fourth terms of the equation determine IiI g[ and IiI 731 , respectively.
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Figure 2. ISI and ICI due to insufficient CP length.

2.3. Effect of phase noise on the received signal

The impact of PN can be modeled as a random noise term that acts upon the received signal as an exponential
multiplication. Therefore, the n-th sample of the received signal under PN can be shown in the time domain
as Jn = Yne’™ where 7, is the random PN term that rotates y,. To simplify the analysis, it is generally
pretended that the noise term is much smaller than 1, i.e., e/ ~ 1+ jn, [32]. As a result, the received symbol

corresponding to the k-th subcarrier under PN transforms into

N-1 N-1 N-1

~ 1 1 —j2mn(k—v)
Y. ~ H. X — 14+ 9m, — H,X, 14+ 9m, ..
& k anz::o( +Jn )+NU_OZ;# nz::o( + jnn)e N + 2 9)

Here, the first term is the CPE and causes an equal amount of rotation on each subcarrier. The second term
on the other hand is the ICI which arises because of the loss of orthogonality and shows the distorting effect of
Y, on Yy for v # k.

3. Theoretical analysis

In the following, a mathematical study that involves error probability, diversity, and complexity analyses of the

proposed scheme is presented.

3.1. Error probability analysis

Let v, = |H k|2 for ke {1,2,...,N}. Using a similar approach to that in [24], it is straightforward to conclude
that all the modulated symbols have the identical average symbol error probability (SEP). The proposed CI
strategy enables to have the same joint PDF for any subcarrier pair. Therefore, after some elaboration, the

unconditional (overall) SEP can be written as follows:

_2M-1) ( ( EuN (Y + 75) ))
o \ n ) 10)
() M No(N + G2 Zrimsas. ™2 (

where M represents the modulation level and Q (z) = \/% [ exp (—“72) du [33]. Note that both 7, and

kg are exponentially distributed random variables. Since the correlation coefficient between any subcarrier

pairs is equal to zero under our CI strategy, the joint PDF of ~, and 73 can be written as
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2 (M —1) [7/2 oo oo EsN (Vka + Yk
P(e) = ;7( i ) / / / exp | — > 22(:M B)mg exp (—Yka — 1k5) Pradyesded.  (12)
0 0 0 2NO (N + G) ( m:l],\i/’}ﬁ,... ) sin2 (¢)

F(Yra, Ye8) = eXP(—Vra — Vk8)s (11)

for Yka,vks > 0. Using Craig’s formula [33], we can convert (10) into (12) as given at the top of the page.

Evaluating the inner integrals, (12) can be written as:

C2(M-1) [ sin?(p) 2
PO =25 | Gty ) 19

M

2
where 1 = (Es;N)/ {2N0(N + G)(2’":1+m)} Using [33], an exact closed-form expression for the

preceding integral can be attained as follows:

v\ 2
2(M—1) (1= o ¥
P(e) = 2 —. 14
(©) M ( 2 T\ (14)
3.2. Diversity analysis
In the limit as Es/Ny — 00, it can be shown that
2(M—-1) [ 1 Eg\"23(M —1) N -2
Ple) ~ T M /0 W 7d9 ~ (Fo) 2M 2N + @) (2 nm=rss.. ™ ’ (15)
(sin(¢)2) ( + ) ( M )

which implies that a diversity order of two is achieved.

3.3. Complexity analysis

The FFT algorithm enables the computation of an N point DFT operation with significantly reduced complex-
ity. To calculate the N-DFT of a signal, N summation operations are applied for N output terms, resulting
in a complexity of O (NQ). In contrast, the FFT operation reduces the complexity to O (NlogN ). With a
radix-2 FFT algorithm, there are logN stages of computation, and for each stage, there exist N/2 complex
multiplication and N complex addition operations. A crucial aspect of our CI method is to reduce the required
IFFT size, thereby significantly lowering the overall complexity. This reduction is attributed to the employed
CI strategy, yielding a vector at the input to the IFFT block whose first half is identical to the second half.
Consequently, it is possible to employ an N/2 point IFFT together with zero-padding to obtain the same output
as in the original N-IFFT case. Ignoring the extra negligible complexity due to the zero-padding process, this
process changes the complexity of the IFFT block from O (NlogN ) to O (%log% ) . For instance, the IFFT
complexity scales down from O (896) to O (384) when N = 128. It is noteworthy that the achieved gain in

terms of complexity reduction increases as N gets larger.
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Figure 3. Error performance comparison under no synchronization imperfections for M = 2, 4, and 8.

4. Numerical results

In this section, Monte Carlo simulations are employed to evaluate the symbol error rate (SER) performance of
the proposed OFDM-CI under insufficient CP and PN conditions.

Figure 3 illustrates the SER performance of the OFDM-CI system under no synchronization imperfections
and a 10-tap frequency-selective fading channel, with N = 128 and G = 16. The results clearly indicate that
the proposed CI method, along with M-ASK modulation schemes, outperforms the conventional OFDM system.
It can be observed that for an SER of 10~#, the suggested CI technique provides an approximate 14.9 dB signal-
to-noise (SNR) gain with binary ASK (BASK) and roughly 15.3 dB extra SNR gains with 4ASK and 8ASK
over the traditional OFDM approach. The proposed technique excels compared to conventional OFDM due to
the CI strategy, eliminating the correlation between the gains of subcarrier channels transmitting the I and Q
components of a specific symbol separately. Consequently, it is possible to both reduce the complexity of the
transmit side and achieve a considerably lower SER simultaneously. As a reference point, the SER performance
of the recommended model is also compared against their corresponding phase-shift keying (PSK) counterparts
without CI, contributing approximately 14.9 dB, 12.2 dB, and 11.6 dB more SNR gains with BASK, 4ASK,
and 8ASK, respectively, for an SER of 10~%. Finally, the equivalent analytical and simulation results indicate
the accuracy of the theoretical analysis given in Subsection 3.1.

Figures 4 and 5 provide the error rate of OFDM-CI under IST and ICI induced by inadequate CP length,
with N =128 and M = 2, 4, 8. The proposed OFDM-CI offers better error performance than classical OFDM,
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Figure 4. Error performance of M-ASK OFDM-CI vs M-PSK OFDM for M = 2 under insufficient CP (G = 10).

owing to not only the CI strategy but also its sparse structure. In other words, the sparse representation of
the transmitted signal acts as guard time for z;,, and mitigates the channel effect. As shown in the figures, no
interference occurs when the number of channel taps exceeds the CP size by 2 taps (G = 10, L = 12). However,
the performance of classical OFDM saturates around 10~2 SER for M = 2 and (G = 10, L = 12). Although
the impact of interference becomes significant as the difference between the number of channel taps and CP
length increases, the effect of insufficient CP in OFDM-CI is less than that of OFDM due to zeros in z;,. In
the case of (G = 10, L = 14), the error performance of OFDM-CI and OFDM saturates around 40 dB SNR
and 35 dB SNR, respectively. On the other hand, OFDM-CI experiences the same saturation region (35 dB
SNR) with OFDM under significant interference impact, as shown in the case of (G = 10, L = 16). In such a
scenario, only the error performance gain introduced by the CI exists. The estimation of channel parameters is
a time and economically costly process, always associated with some error. Fortunately, the OFDM-CI scheme
can afford communication with reliability below 10~* SER until a 10-tap difference exists between the channel
length and the utilized CP size. On the other hand, no error is tolerated on the conventional OFDM side to
satisfy this reliability constraint. Therefore, OFDM-CI can be considered to be a possible solution for various
applications and use-cases with high subcarrier spacing (SCS) in 5G-NR. Since CP size linearly decreases with
the increase of SCS, the immunity of OFDM-CI against insufficient CP can be utilized in 5G and beyond wireless
systems.
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Figure 5. Error performance of M-ASK OFDM-CI vs M-PSK OFDM for M = 4, 8 under insufficient CP (G = 10).

Finally, the impact of PN on the error performance of the proposed model is analyzed for n = 5° in
Figure 6, with N = 128, G = 16, and L = 10. The OFDM-CI model is capable of substantially lowering
the inevitable error floor due to PN compared with the regular OFDM system. For 1 = 5°, the CI technique
reduces the error floor for all three modulation levels, e.g., from 1.1x1073 to 10~° for 4-ASK and from 5x10~3
to 2.8x10~* for 8-ASK, approximately. Similarly, the suggested OFDM-CI model provides significantly lower
error floors when compared with the conventional OFDM scheme with PSK for each of the three modulation
levels. This reduction ranges roughly from 5.5x10~% to 1075 for quadrature PSK (QPSK) and from 2x10~3
to 2.8x10™* for 8-PSK. Therefore, the suggested model can be considered a viable alternative to complex and

costly PN suppression methods.

5. Conclusion

This study proposes a novel application of CI in OFDM schemes to enhance the system against two common
practical impairments; PN and insufficient CP leading to IST and ICI effects. With the aid of a smart CI strategy
ensuring uncorrelated channel gains between the subcarriers carrying the I and Q components of a sent symbol,
it is demonstrated that the SER performance can be significantly improved. Additionally, the applied CI policy
reduces the overall complexity of the transmitter substantially by enabling a reduced-size IFFT operation. The
introduced method in this paper can be integrated into multiple-antenna schemes. Moreover, the complexity
reduction feature at the transmit side makes this method particularly attractive for future studies involving

multiple-user uplink scenarios with battery-limited power at the user terminals. The proposed system model
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Figure 6. Error performance comparison under n = 5° for M = 2, 4 and 8.

can also be employed with the recently introduced orthogonal time-frequency space modulation over high-

mobility channels. A complexity reduction can be obtained regarding the inverse symplectic finite Fourier

transform block at the transmit side, representing a promising avenue for future work.
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