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Abstract—Physical-layer Network Coding (PNC) has great
potential to improve the throughput and latency in wireless
networks. However, there are two main challenges in PNC
systems that do not exist in the conventional Point-to-Point (P2P)
communication systems: 1) time and frequency asynchrony of
the paired PNC users; and 2) ambiguity of the PNC mapping at
the relay node. To address these challenges and aiming at further
improvement of the spectral efficiency of the PNC-enabled
wireless networks using higher-order modulations, in this paper,
we apply precoding for power control and phase synchronization
of the paired PNC users. Furthermore, we employ modulo-vM
addition for the PNC mapping ambiguity removal in M-QAM
(Quadrature Amplitude Modulation) constellations. We evaluate
the performance of the system in the framework of the
Orthogonal Frequency Division Multiplexing (OFDM)-PNC
systems with cyclic prefix extension under both Additive White
Gaussian Noise (AWGN) channel and Rayleigh faded TDL-C
and TDL-D (Tapped Delay Line) channel models proposed by
the Third Generation Partnership Project (3GPP). The results
reveal that for the case of Binary Phase Shift Modulation
(BPSK), our proposed technique can achieve a significant Signal-
to-Noise Ratio (SNR) improvement of 12 dB over its
asynchronous OFDM-PNC counterpart (without precoding)
under a TDL-C faded channel. Moreover, the proposed solution
attains a Bit Error Rate of 10~ for 16-QAM at the SNR of around
13dB.

Keywords—Physical-layer Network Coding, PNC Mapping,
Ambiguity Removal, Synchronous PNC, Precoding, QAM.

I. INTRODUCTION

Physical layer Network Coding (PNC) was first proposed
by Zhang et. al., [1] and Popovski et. al. [2], independently in
2006, to efficiently exchange data between two paired users
over a two-way relay channel. The users transmit their data
simultaneously and the relay decodes and forwards the
received signal, which is the superposition of the transmitted
signals by the two paired users. However, in PNC systems, the
relay needs to identify the exact starting samples of the
packets of the two end nodes for the decoding purpose [3].
Moreover, the users need to unambiguously recover the data
of their paired partner based on the coded data that they
receive from the relay. This requires to accurately estimate
and compensate for the two channel responses from the paired
users to the relay. Thus, two major challenges emerge in PNC
systems that do not exist in conventional point-to-point (P2P)
communication systems [3], [4]: 1) time and frequency
synchronisation of the paired users; and 2) ambiguity removal
resulted from the PNC mapping and/or the channel fading.

Essentially, there are two types of asynchronies in PNC
systems: 1) time asynchrony: for which packets are sent
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simultaneously by the two paired users (UE, and UE,), but
they do not necessarily arrive at the relay at the same time; and
2) frequency asynchrony: where there is a relative phase and
frequency offset between the local oscillators of UE, and UE,
[4], [5]. To deal with these asynchronies, two main types of
PNC frameworks exist in the literature [4], [5]: 1)
synchronous PNC; and 2) asynchronous PNC. Synchronous
PNC employs pre-processing mechanisms such as time
advance transmission so as the symbols arrive at the relay with
symbol and phase alignment. In contrast, asynchronous PNC
does not perform any pre-processing, rather it employs
receiver-side postprocessing such as Belief Propagation (BP)
algorithm [6] or modifies the frame’s preamble in Orthogonal
Frequency Division Modulation (OFDM) systems to relax the
tight synchronization, allowing symbol misalignment within
Cyclic Prefix (CP) length [4], [7].

In the PNC mapping operation, ambiguity arises from two
main factors 1) mapping algorithm ambiguity, especially for
higher-order modulations (e.g, bitwise exclusive-or (XOR) in
16-QAM [8]); and 2) channel fading effects which cause
relative phase rotation of the two transmitted symbols at each
subcarrier, especially, in frequency selective channels, the so-
called singular fade state (SFS) causes distance shortening
problem in the signal constellation received at the relay [9].

This paper addressed the synchronization and ambiguity
removal challenge in PNC systems using higher-order QAM
modulations. In particular, the main contributions of this paper
can be summarized as follows:

*  Most of the existing studies on the OFDM-PNC adopt
an Additive White Gaussian Noise (AWGN) channel
or a simple two- or three-path Rayleigh fading channel
to keep the problem analytically tractable. However, in
this paper, we implement OFDM-PNC in the presence
of more realistic 5G channel models proposed by
3GPP [10]. In particular, we study UMi (Urban Micro-
cell) TDL-C (Rayleigh faded) and TDL-D (Rician
faded) channels and evaluate the performance of the
OFDM-PNC to characterize its attainable performance
limit under practical channel constraints.

* To improve the spectral efficiency of the OFDM-PNC
systems, we implement a generalizable PNC mapping
that is applicable not only to BPSK but also to higher-
order QAM modulations (16-QAM, 64-QAM, etc.)
and apply precoding for synchronization and channel
ambiguity removal. We assess the performance of the
system for BPSK, 4-QAM, and 16-QAM and compare
the results with a benchmark OFDM-PNC system
without using precoding. Since conventional XOR
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Fig. 1. Baseband block diagram of the considered OFDM-based PNC communication system with two UEs (UE, and UE,) and one relay, including the tranmitting
and receiving signal processing chains. S/P and P/S stands for serial to parallel and prallel to serial conversion operations, respectively.

operation for PNC mapping results in ambiguity for
M-QAM modulation with M > 4 [8], we adopt the
constellation-based mapping technique proposed in
[11] for higher-order QAM modulations, which
reduces to simple XOR mapping in the case of BPSK.

The rest of this paper is organized as follows. Section II
reviews the state-of-the-art. Section III presents the system
model, while the simulation setup and the evaluation results
are presented in section IV. Finally, Section V concludes this
paper and draws guidelines for the future work.

II. RELATED WORK

To overcome the ambiguity originated from the mapping
algorithm, [8] and [11] proposed a PNC mapping algorithm
for higher-order QAM modulations. However, their method
suited only for synchronous PNC systems where the channels
of the paired UEs are symmetric and have no relative phase
offsets, such as the case in AWGN channels. However, for
multipath fading channels, some preprocessing is required at
the paired UEs to synchronize and compensate for the channel
phase distortion effect. This is further elaborated and
implemented later on in our system model.

For the purpose of explanation, suppose that H; (H,) is the
frequency response of the channels between UE; (UE;) and
the relay. The ratio z:% =yp.¢? is called channel fade state,
which is usually used to characterize the channel-induced
ambiguity, resulting from its Singular Fade States (SFSs) [9].
To resolve the channel-induced ambiguity, two main
mechanisms have been proposed in the literature: 1)
transmitter-side policies, which includes space-time coding
[12], [13], precoding [14], [15], [16] and multiple antenna
techniques [9]; and ii) receiver-side policies, which includes
the Closest-Neighbor Clustering (CNC), the Nearest-
Neighbor Clustering (NNC) [17] and the Latin Square
technique [18]. Among these SFS removal techniques,
precoding is easy to implement and achieves higher spectral
efficiency for a given transmit power [13]. It also requires less
computational cost for the relay and ensures power control at
the paired PNC users, which is essential for the operation of
the PNC systems.

Two precoding schemes namely channel inversion and
blind subcarrier suppression (BSS) was proposed in [14] for
OFDM-PNC. In [12], the authors proposed a scheme called
Distributed Space-Time Coding (DSTC), which uses constant
precoding matrices, hence it does not need any channel state
information (CSI) knowledge at the transmitting nodes

(CSIT). Their proposed scheme attains a good performance in
higher SNRs. The drawback of the DSTC scheme is that it is
designed to handle multiple-access interference only, and it
does not work well when one or more channels from the
terminal nodes to the relay are in deep fade [13]. To overcome
this shortcoming, the authors of [13] proposed a general form
of DSTC algorithm called distributed linear constellation
precoding (DLCP), which uses OFDM signaling to achieve
multipath  diversity while handling multiple access
interference. The work in [15] implemented a precoding-
assisted PNC scheme using lattice network coding on
software-defined radios (SDR). It uses low-density lattice
codes decoder to deal with the channel misalignment and
supports higher-order modulations in static or low mobility
scenarios. However, its implementation requires high
dimensional lattice codes whose dimension increases
exponentially with the modulation order and it is highly
complex for resource constraint UEs. Denho et al. [16],
proposed a spatial precoding-based PNC with higher order M-
QAM in MIMO OFDM communications. However, their
proposed technique requires NV = 2 relay nodes in each PNC
transmission [16].

Different from aforementioned schemes, in this paper, we
combine both channel SFS removal and PNC ambiguity
resolving schemes to come up with a more robust solution for
multipath fading scenarios. The use of M-QAM modulation is
indispensable in wireless PNC to further improve the SE. For
removing channel-induced SFS effects, we use a precoding
mechanism that essentially transforms a multipath fading
channel to an effective AWGN channel (perceived by the
relay) to accommodate higher order M-QAM modulations. In
addition, to remove the PNC mapping ambiguity, we use the
constellation-based mapping technique proposed in [11] for
higher-order QAM modulations.

I11. SYSTEM MODEL

A. PNC Signaling

Fig. 1 depicts the overview of our system model. For the
PNC signaling, we adopt the method proposed in [1], where
the two-way packet exchange is executed in two phases: 1)
multiple access (MA) phase; and 2) broadcast (BC) phase. The
process flow of these two phases is as follows.

Phase 1: Multiple Access Phase

At the beginning of phase 1, the relay node begins with
time synchronization of the two paired UEs to ensure
synchronous arrival of their signals at the relay. We use the



signaling proposed in [4], which allows the two signals to be
slightly misaligned (within CP duration). As shown in Fig. 1,
the baseband signal processing is as follow. Both the paired
UEs (UE, and UE,) use the same M-ary QAM modulation to
modulate their binary data drawn from two independent and
identically distributed Gaussian codebooks, i.e.

X;=Modulate (b)), j€{1,2}, €))

where b; is the binary data message of the j-th user,
j€{1,2}. To compensate for the channel time offset, which
results in phase rotation of the two transmitted constellations
of UEI and UE2, precoding mechanism that is presented in
subsection III.A is performed in this stage. We use IEEE
802.11 frame format, with 64 subcarriers, including 48 data
subcarriers along with four BPSK pilot signals inserted into
subcarriers 1, 16, 31 and 46 of each frame to track the channels
between the two UEs and the relay [4].

Performing precoding, the two paired UEs send their
(time-domain) signals x; (j=1,2) with a certain time advance
such that they can arrive at the relay aligned within the CP
duration time. That is, their misalignment is not larger than the
CP duration. Assuming frequency flat fading channels and
single antenna transceivers for the UEs and relay, the received
signal at the relay is the superposition of the Electromagnetic
(EM) signals emitted by the J=2 active UEs, i.e.:

ye[n]= X7 hy*x; +n,. 2

where n, is the AWGN with mean zero and variance o2,
and h;, j=1,2 is the channel impulse response between UE;
and the relay, modelled as a Time Delay Line (TDL) [4]:

hi[n]= ¥k, hi.8[n-t]]. ©)

where  h= [/, h/

7 by, hFj-I] represent the fading
coefficients of the channel with L; taps, {“zllhjl-l2 =1, and

r} (=0, 1, ...L;; rjl -rJQ:rl) is the normalized path delay.

The channel gains h]l- can be expressed as follows [19].

h}:gj. B; (4)

We assume that the channels are reciprocal (i.e.,
h; uplink=h; downlink), with mean square fade coefficient

|hj|2:l (j=1,2) that is assumed to be slow and flat fading. In
other words, the transmission time (two slots/frames) is
limited within the channel coherence time. Furthermore, for
the /™ user, g; represents a small-scale fading model, which is
drawn from a Rayleigh/Rician distribution. The parameter Bj

depicts the large-scale fading coefficients that represents both
path loss (PL;) and shadowing effects (Xj)-

At the relay, as shown in Fig. 1, the receiver first performs
the serial to parallel conversion and then takes an N-point
FFT. As proved in [4], in OFDM-PNC, if the length of the CP
is larger than the maximum channel delay spread of the two
paired UEs denoted as L=max{L,, L,} (i.e., if CP> L), the
symbols are still aligned in the frequency domain (i.e., the

symbol misalignment in the time domain is translated to phase
offset in the frequency domain that can be compensated by the
precoder). Hence, after removing CP and performing the N-
point FFT, the received signal at the relay in the frequency
domain becomes [4]:

J
Yrlkl= Z H; [k].X;[k] =H, [k]. X, [k]+Hj [k]. X5 [K]+Ng [k],

k=0,1,...,N-1. )

Phase 2: Broadcast Phase

As can be seen from Fig 1, phase 2 starts by channel
estimation process using block-type and comb-type pilots
inserted into the preamble and data parts of the frame,
respectively [4], which is followed by joint channel decoding
and PNC mapping as described below in Subsection III.B.
After these operations, a symbol-wise modulo-M" addition
(where, M'=YM ) of the paired users’ data frames is
performed, as the PNC mapping operation, which is generally
denoted as Z=f(x,, X,). The outcome is then modulated at the
relay on the OFDM waveform, and the modulated signal (Xg)
is broadcast toward the paired UEs. At the UEs, as shown in
Fig. 1, each UE detects Z=f(x;, x,)=x,@x, using channel
estimation and equalization as explained in [4]. Then, with the
knowledge of its own transmit symbol x; (X,), and by
performing the XOR operation of x;@x, and x; (x,), UE,
(UE,) obtains the symbol transmitted by its peer. It should be
noted that for higher order modulations, instead of XOR
operation, modulo- M* =+/M operation is performed, as
elaborated in the following in Subsection I1I.B.

A. Precoding

Precoding mechanism is based on channel inversion [14]
and has the following stages.

1. Both paired UEs (UE, and UE,) send their packets
which include time orthogonal pilot sequence (Xp(k),
k=1,...,64) to the relay.

2. Relay performs channel estimation for each of the UEs
and feed backs the separated channel estimates of H;
and H, to the transmitting UEs. Assuming that the
channel is reciprocal, which is typically the case for the
systems operating in the time-division duplex (TDD)
mode (which is the case for our PNC system), the
estimated channel can be used for both MA and BC
communications in our PNC system.

3. Each of the paired UEs performs channel inversion-

based precoding, i.e., UE, (UE,) sends Xl[k].H;[k]
1

(X, [K]. ﬁ ) to the relay. Through this precoding, the

equation (5) is simplified as:
Yr[k]=X, [k]+X, [k]+Ng [k]. (6)

Hence, employing precoding, the received signal at the
relay becomes simply the sum of the two transmitted signals
(in the frequency domain) impaired by an AWGN channel,
thus neutralising the channel fading artefacts. As such, the
same detector used in an AWGN channel can be used for
detecting the signal affected by a fading channel. We discuss
this further in the following subsection.



B. PNC Mapping

For BPSK modulation, we use PNC mapping operation
presented in [4], while there is no precoding operation. For M-
QAM modulations, the precoding mechanism is employed
such that the PNC mapping presented in [11] can be used, and
since the in-phase and quadrature components of the (square-
shaped) M-QAM signal is a vVM-ary PAM signal, we perform
the PNC mapping operation on each of these VM—ary PAM
signals.

1) PNC Mapping for 4-QAM modulation
4-QAM signal is essentially composed of two M=y M=2-
ary PAM signals; therefore, we first derive the In-Phases (I)
and Quadrature (Q) components of the received signal at the
relay and then perform the detection and PNC mapping
operations on each of these components separately.

Using the precoding mechanism explained above in
subsection III.A, an effective AWGN channel is established
for fading channels, and hence the real part of the composite
received signal at the relay becomes:

Y, i[k]=X; ([k]+X;, ([k]. (N

To focus on the PNC mapping operations, we ignore the
noise contribution temporarily, later we will add its effects to
our calculations. In the case of M'=vVM=2 (2-PAM modulated
data), as shown in Fig. 2a, the Euclidian distance between
neighboring constellations is d:\/E_b [20], where d is voltage
level assigned to each level of PAM pulses, and E}, represents
the energy of each bit level. In Fig. 2a, CjE{O,l,...,\/M-l}
represents the constellation point indices for the transmitted
symbols of UE; , j€{1,2}, which create the superposed signal
Yg; and similarly, Ygq Furthermore, d¢, denotes the
corresponding symbols in the constellation. As shown in Fig.
2b, the constellation of the I and Q components of the
superposed received signal at the relay becomes a 3-PAM
constellation (-2d, 0, 2d). Finally, Fig. 2b also shows the
decision boundaries y; and y, for signal detection at relay.

X1 and XZ 1
1 .
der: O : 1
UEs: — ; > X
-d d

a) In-phase component of the 4QAM signal transmitted by UE (X) and UE; (Xz)

i XR=X1+X2

Relay: > X
-2d Y1 0 Y2 2d

b) In-phase component of the received signal constellation at the relay (Xg=X1+Xz)

Fig. 2. Constellation and decision boundaries for PNC mapping using 4-
QAM modulation at both paired UEs (d=\/fb)

As discussed in [11], the PNC mapping for the I
component can be summarized as shown in Table I, where the
resulted mapped data is X, ;. Likewise, the PNC mapping for
the Q component is summarized in Table II.

Combining I and Q components, the PNC mapped data
corresponding to the original 4-QAM symbols can be obtained
as follows.

Xr:Xr,I-i-j X, 9 ®)

TABLE L DECISION AND MAPPING RULES FOR IN-PHASE COMPONENT
OF 4-QAM SUPERPOSED SIGNALS AT THE RELAY

Xy lk] + X5, [k] -2d 0 2d
0,1
(C1,C3) (0,0) (1,0) (LD
Sp; = (Cy + C)mod M’ 0 1 0
Xrp -d d -d

TABLE II. DECISION AND MAPPING RULE FOR QUADRATURE
COMPONENT OF QAM SUPERPOSED SIGNALS AT THE RELAY
Xy, o[kl + X, o[K] 2d 0 -2d
. (0,1)
(€1,C7) ©0) | (g | 4D
S,y = (C’y + C’,)mod M’ 0 1 0
Xro d -d d

Now, the transmitted signal by the relay, X, is broadcast
toward the receiving end nodes (UE; and UE,). Next, as
shown in Table III and in Fig. 1, each UE detects its peer’s
data. For instance, if UE, wants to detect UE,’s data, using its
own transmit symbol constellation indices (i.e., C’,), and by
performing (§LQ-C'2) mod M’ operation, as summarized in
Table I1, the indices of the received symbol constellation C",
is estimated, and UE,’s data symbols are obtained at UE,.

TABLE III. DECISION AND MAPPING RULE FOR IN-PHASE COMPONENT
OF QAM SIGNALS AT THE RECEIVING NODES
Vo lk] = X, -d d -d
Sy 0 1 0
¢y = (8., — Cy)mod M’ ? ? ?
TABLE IV. DECISION AND MAPPING RULE FOR QUADRATURE
COMPONENT OF QAM SIGNALS AT THE RECEIVING NODES
Voolkl = X,q d -d d
Sro 0 1 0
¢y =(8.—Cy)mod M’ ? ? ?

For PNC mapping in BPSK (2-PAM) modulation, only the
I-component of the abovementioned algorithm is applied.

2) PNC Mapping for 16-QAM modulations

16-QAM signal constellation is composed of two
M’'=VM= 4-PAM signals, therefore through procedures
similar to the 4-QAM modulation, the superposed I and Q
components are calculated, and the corresponding PNC-
mapping operation is performed on each component. In the
case of M=4 (4-PAM modulated data), the Euclidian distance
between neighboring constellations is d=,/2E./5 [20];

furthermore, assuming d=1, the E,=v5/2.

Xj and X,
N I IR
E1&UE2: % ‘ ’ : X
UET&U 34 d 0 4 3d !
(a) In-phase component of the16-QAM signal transmitted by UE; and UE;
Xe=Xi+ X
Relay: : : i i : : »X
Y"6d v. 4d v. 2d v; 0 vi 20 Vs 4d Yo 6d

(b) In-phase component of the received signal constellation at the relay

Fig. 3. Constellation and decision boundaries for PNC mapping using 16-
QAM modulation at both paired UEs (d=,/2E,/5)



The PNC mapping calculations for 4-QAM modulation
explained above is generalizable by the same logic to any
higher order M-QAM modulation (e.g., 16-QAM, 64-QAM).
For brevity, we excluded the mapping tables for 16-QAM.

Iv. PERFORMANCE EVALUATION RESULTS

Since the BER of PNC systems is dominated by the uplink
phase, due to synchronization and PNC mapping errors, we
study only the BER contribution of the uplink phase in our
simulations. For example, assuming UE, wants to detect UE,’s
data, the overall system performance is evaluated using PNC
mapping output at the relay and performing modulo- M’
addition of this output symbols with UE,’s own transmit
symbol constellation indices (i.e., C",). As shown in Table III,
the indices of the received symbol constellation C’; are
estimated and UE, s data symbols are obtained at UE,.

We consider design parameters according to IEEE802.11p
standard [20] as summarized in Table V. To have a
symmetrical channel between UE,-Relay and UE,-Relay in
terms of pathloss, for the case of without precoding scenario,
channel pathloss inversion-based power control is performed

. . 1 .
(i.e., for the k-th subcarrier p, = /PLJ- for j=1,2).

For channel model, we consider a realistic 5G channel
model in Urban Micro (UMi) Street-canyon scenario.
Specifically, we use the TDL-C and TDL-D models presented
in [10], which represent Rayleigh and Rician fading channels,
respectively. To add pathloss effects, in the UMi scenario
[10], the following parameters are used in our simulations.
The antenna height of the relay and UEs are hy = 10 m,
hyr = 1.5 m, respectively. The street width is W = 100 m, the
building height is h = 5 m, and the carrier frequency is fc=4
GHz. We also benchmark the results for our considered TDL-
C and TDL-D channels against an AWGN channel.

Fig. 4 illustrates the BER performance of BPSK
modulation under TDL-C, TDL-D and AWGN channels. As
can be seen from the figure, the BER performance of a
precoding-based system in a TDL-C or TDL-D channel is
similar to the performance of the system without precoding
under an AWGN channel. Indeed, the precoding mechanism
resolves the multipath fading channels effects regardless of
the multipath fading scenario (TDL-C or TDL-D), and the
same BER performances are achieved through using
precoding mechanism in both symmetric and asymmetric
multipath fading channels.

In addition, as can be seen from Fig. 4, for the system
without precoding, the BER is very sensitive to the noise level.
In particular, to achieve a BER of 10-* under a TDL-C channel,
the system without precoding requires around 22 dB SNR,
while a precoding-based system requires only 10 dB (i.e.
precoding can improve the SNR by 12 dB at the relay).
However, the situation is different in a TDL-D scenario, the
penalty is only around 1dB. The reason for higher
performance in TDL-D scenario, in comparison to TDL-C
scenario is that the TDL-D channel is dominated by the line
of sight (LoS) path and has fewer multipath components
leading to the SFSs of the channel.

Fig. 5 depicts the BER performance of our proposed
synchronous PNC system for 4-QAM and 16-QAM
modulations in the presence of TDL-C (Rayleigh) channel.
For 16-QAM modulation, the higher spectral efficiency comes
at the cost of slightly more required SNR. In particular, for a
BER of 1073, there is a 3 dB penalty, in comparison to the 4-
QAM-based PNC.

TABLE V. SIMULATION PARAMETERS
Parameters Value
Bandwidth 10 MHz for OFDM

At relay 1
No of antennas Por UE 1
No of UEs (J) 2

Channel model, h;

TDL-C (Max Delay spread
Dmax=1.58 pus(<CP))

TDL-D (Max Delay spread
Dmax=1.56 ps(<CP)). The first
tap follows the Rician distribution
with K-factor of 13.3 dB and a
mean power of 0 dB.

AWGN
Distance (space) between
subcarriers (Af=B/Nfft) 136.25 KHz
Tm =4*TC|’ =Tsvmbol'TCP 64 6.4 Us
Cyclic prefix (Tcp=1/(4*Af)) 16 1.6 us
Symbeol length
(Tsymbo=T st Tcp=5*Tcp) 80 Bus
Number of data Subcarriers 48
Number of pilot subcarriers 4
Total Number of subcarriers 64
Modulation BPSK, 4-QAM, 16-QAM
OFDM symbols per super- 4
frame
Baseband (FFT) sampling
rate (which is equal to 10M samples/s (10 MHz)
channel sample rate)
Up-sampling factor (USF) 10

Data Rate

6 Mbps (BPSK), 12 Mbps (4-
QAM), 24 Mbps (16-QAM)

0
10 =3-BPSK w/o precoding in TDL-C channel
______ -A-BPSK w/o precoding in TDL-D channel
== -4)+'BPSK with precoding in TDL-C channel
2 -©-BPSK w/o precoding in AWGN channel
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Fig. 4. BER comparison of BPSK modulation with and without precoding in
TDL-C and AWGN channels
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Fig. 5. BER comparison of 4-QAM and 16-QAM modulations with and
without precoding in TDL-C and AWGN channels



V. CONCLUSION AND FUTURE WORK

In this paper, we addressed the phase offset compensation
in OFDM-PNC systems by employing precoding for higher
order QAM modulations. The results suggest that for higher-
order M-QAM modulations (M>=4), apart from using proper
CP length (CP>=L), transmitter-side precoding and power
control are also crucial to avoid the ambiguities stemming
from the phase distortions of the MA channels and enable the
relay to detect higher-order M-QAM signals with a low BER.

Exploiting our proposed precoding mechanism, the system
attains the same BER performance for both multipath fading
and AWGN channels. This is due to the fact that using
precoding operation, the channels’ phase offset, attenuation,
and pathloss effects are fully compensated, hence the mutual
interference of the paired transmitted signals (X; and X») in
the composite signal at the relay becomes constructive. In
particular, using 16-QAM modulation, the precoding assisted
OFDM-PNC system attains a BER performance of 10 at an
SNR of around 13 dB. Furthermore, for a BPSK modulation,
the precoding-based OFDM-PNC system shows an SNR
improvement of 12 dB at the BER level of 107 in comparison
to its asynchronous counterpart. However, this performance
comes at the cost of the availability of perfect CSI knowledge
and the precoding operation at the transmitters.

For future work, this work can be extended to MIMO-PNC
and mobile scenarios for vehicular communications.
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