
Provided by the author(s) and University College Dublin Library in accordance with publisher 

policies. Please cite the published version when available.

Title Physical-layer network coding with multiple antennas: An enabling technology for smart 

cities

Authors(s) Kumar, Vaibhav; Cardiff, Barry; Flanagan, Mark F.

Publication date 2018-10-13

Publication information 2017 IEEE 28th Annual International Symposium on Personal, Indoor and Mobile Radio 

Communications (PIMRC)

Conference details The 28th Annual IEEE International Symposium on Personal, Indoor and Mobile Radio 

Communications (IEEE PIMRC 2017), Montreal, Canada, 8-13 October 2017

Publisher IEEE

Link to online version http://pimrc2017.ieee-pimrc.org/

Item record/more information http://hdl.handle.net/10197/11114

Publisher's statement © 2017 IEEE. Personal use of this material is permitted. Permission from IEEE must be 

obtained for all other uses, in any current or future media, including reprinting/republishing 

this material for advertising or promotional purposes, creating new collective works, for 

resale or redistribution to servers or lists, or reuse of any copyrighted component of this 

work in other works.

Publisher's version (DOI) 10.1109/PIMRC.2017.8292785

Downloaded 2022-08-28T03:17:16Z

The UCD community has made this article openly available. Please share how this access 

benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information, please see the item record link above.

https://twitter.com/intent/tweet?via=ucd_oa&text=DOI%3A10.1109%2FPIMRC.2017.8292785&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F11114


Physical-Layer Network Coding with Multiple
Antennas: An Enabling Technology for Smart

Cities

Vaibhav Kumar∗, Barry Cardiff†, and Mark F. Flanagan‡

School of Electrical and Electronic Engineering, University College Dublin, Belfield, Dublin 4, Ireland

Email: ∗vaibhav.kumar@ucdconnect.ie, †barry.cardiff@ucd.ie, ‡mark.flanagan@ieee.org

Abstract—Efficient heterogeneous communication tech-
nologies are critical components to provide flawless con-
nectivity in smart cities. The proliferation of wireless tech-
nologies, services and communication devices has created
the need for green and spectrally efficient communication
technologies. Physical-layer network coding (PNC) is now
well-known as a potential candidate for delay-sensitive and
spectrally efficient communication applications, especially
in bidirectional relaying, and is therefore well-suited for
smart city applications. In this paper, we provide a brief
introduction to PNC and the associated distance shortening
phenomenon which occurs at the relay. We discuss the
issues with existing schemes that mitigate the deleterious
effect of distance shortening, and we propose simple and
effective solutions based on the use of multiple antenna
systems. Simulation results confirm that full diversity order
can be achieved in a PNC system by using antenna selection
schemes based on the Euclidean distance metric.

I. INTRODUCTION

The objective of a smart city is to develop the in-

frastructure in the city in such a manner that it gives a

high-quality standard of living to residents, a sustainable

environment, and smart solutions to existing problems

[1]. The essential infrastructure components in the smart

city would consist of an adequate electricity and water

supply, a smart waste management system, an ultra-

modern and efficient public transport system, affordable

housing, robust and state-of-the-art communication con-

nectivity, safety and security to all citizens especially

during natural and man-made disasters, and high-quality

health and educational facilities.

With the rising rural-to-urban demographic shift, more

people are migrating to cities; 70% of the world’s

total population will be living in cities by 2050, ac-

cording to an estimate by the United Nations. This

surge in the number of inhabitants will give rise to

new challenges for communication infrastructure design

in these cities, as these communication networks will

enable interoperable access and interconnection among

heterogeneous smart city objects [2]. Examples of the

involved communication technologies for efficient ser-

vice delivery in these high-tech cities include wireless

sensor networks (WSN), device-to-device (D2D) com-

munication, vehicle-to-vehicle (V2V) communication,

software defined networks (SDN), mm-wave commu-

nications, internet-of-things (IoT) [3], spectrum sharing

systems, energy harvesting systems [4] and backscatter

communications [5].

It has been forecasted that the total number of con-

nected devices by the end of 2020 will reach the 50

billion mark, and mobile data traffic will reach 49 EB

per month (1 EB = 1018 bytes) by 2021 [6]. This growth

in data traffic associated with a plethora of data-intensive

applications puts an enormous demand on the available

licensed as well as unlicensed frequency bands. The lim-

ited available bandwidth, together with the inefficiencies

of current spectrum allocation strategies, necessitates

new communication paradigms to exploit the available

spectrum. Wireless PNC [7] is a potential candidate

to enable efficient spectrum usage, possessing desirable

properties such as delay reduction and throughput en-

hancement in a bidirectional relaying scenario. These

inherent properties make PNC an excellent candidate for

many of the applications in a smart city such as in a

WSN where access points exchange information via a

mobile relay, D2D communications where a relay helps

two smart devices to communicate with each other, and

two earth-stations in different cities communicating via

a satellite.

Different aspects of PNC relating to communication

theory, information theory, wireless networking, and

finite and infinite field PNC, as well as synchronization

issues and the use of PNC for passive optical networks

were discussed in [8]–[10]. The first software radio

based implementation of PNC was reported in [11],

together with a discussion on related problems and

solutions. A comprehensive discussion and performance

comparison in terms of rates in bits per channel use

(bpcu) of lattice-code-based PNC, analog PNC, wireless

broadcast network coding and routing-based bidirec-

tional relaying has been presented in [12]; it was shown

therein that PNC systems based on lattice coding can

achieve the upper bound on rate per channel use for

higher transmit power levels in an interference-limited

scenario. Building on [12], an algebraic approach to978-1-5386-3531-5/17/$31.00 c© 2017 IEEE



PNC was presented in [13] via the use of a nested

lattice. PNC-based random access has been discussed

in [14] for a two-user network: here, in each round,

transmitters choose a random state of being either active

or idle, and the corresponding receivers decode a linear

combination of messages in each round; a sequence

of linear combinations is thus obtained, leading to the

eventual recovery of all of the original data packets. A

Gaussian integer based formulation for complex linear

PNC was discussed in [15] for a bidirectional relaying

scenario, where the symbols transmitted from users and

the corresponding network-coded symbol at the relay are

the elements of a finite field of Gaussian integers.

A general framework for the symbol-error-rate (SER)

performance analysis of PNC systems in AWGN channel

has been presented in [16]. The phenomenon of distance

shortening, which will be explained in detail later in this

paper, is one of the major bottlenecks in wireless PNC

in the context of bidirectional relaying. To solve this

problem, a number of adaptive physical-layer network

coding (ANC) schemes have been proposed [17]–[19],

where the relay adaptively selects the network map

that offers the best performance based on the channel

conditions. A detailed introduction to wireless multi-

way relaying using ANC was presented in [20]. It has

been shown in [21] that every valid network map can be

represented by a Latin square and this relationship can be

used to obtain network maps with optimized intercluster

distance profiles. Although ANC alleviates the problem

of distance shortening in an efficient way, the related

system complexity increases significantly due to the re-

quired clustering algorithm and the use of non-standard

modulation. In [22], a simple antenna selection based

solution to mitigate the distance shortening problem was

proposed and analyzed, applicable to the case where the

users are equipped with multiple antennas and the relay

has a single antenna.

In this paper, we present a brief introduction to

wireless PNC, and we explain the distance shortening

phenomenon. We propose an antenna selection scheme

capable of mitigating this problem, which generalizes the

antenna selection aided PNC scheme of [22] to the case

of multiple relay antennas. We also propose a new joint

user and relay antenna selection scheme. Finally, we

provide an error rate performance comparison between

the proposed schemes and an existing strongest-channel-

based antenna selection scheme for PNC.

II. PNC IN TWO-WAY RELAY CHANNEL

The broadcast nature of the wireless channel makes

it difficult for multiple transmitters to access the radio

channel simultaneously, since it can be a difficult task

for the intended receiver to distinguish between the

useful information and the interference. This destructive

multiple-access interference (MAI) is one of the ma-

jor bottlenecks when designing medium access control

(MAC) protocols. PNC is a way to exploit this MAI

in a constructive manner. To understand the advantage

of PNC, consider a scenario where bidirectional infor-

mation exchange takes place between two users A and

B. Suppose that there is no line-of-sight (LOS) path

available between the users (this assumption can hold

due to the nature of the terrain around the users, or due

to the presence of severe fading, shadowing and path-

loss in the LOS path). The communication between the

users take place with the assistance of a relay R. We

further assume that all three nodes are operating in half-

duplex mode. This type of communication channel is

popularly known as the two-way relay channel (TWRC).

Below we consider two different approaches for the data

transfer between the users:
a) Conventional approach: This approach avoids

any kind of MAI, and thus a total of four time slots

will be required to exchange two packets (one from

each user). In the first time slot, user A will transmit its

packet to R, and in the second slot R will forward (after

processing) the packet received from user A to user B.

In the third time slot, user B will transmit its packet to

the relay R, and in the fourth time slot R will forward

the packet received from user B to user A. The end-to-

end performance will depend on the signal processing

performed at the relay. In Fig. 1, sm ∈ ZM denotes the

user message with m ∈ {A,B}, M is the modulation

order, ZM = {0, 1, . . . ,M−1} denotes the set of integer

residues modulo M , F(·) is the constellation mapper,

xm ∈ X is the complex modulated symbol (X is the

constellation), s̃m ∈ ZM is the message at the relay

after processing and x̃m = F(s̃m) ∈ X is the complex

symbol transmitted from the relay after processing.

time slot 1

time slot 4

xA = F(sA)

x̃B = F(s̃B)

time slot 2

x̃A = F(s̃A)

xB = F(sB)

A R B
time slot 3

Fig. 1. Information exchange between users A and B through the
conventional approach.

b) PNC assisted communication: The wireless

communication system assisted with PNC can help

to reduce the number of time slots required for the

information exchange to two and hence can improve

the system throughput by 100%. In the first time slot,

also termed the multiple-access (MA) phase, both users

transmit their information to the relay simultaneously.

The relay receives a superposition of the users’ signals

and performs maximum-likelihood (ML) detection in

order to obtain a joint estimate (s̃A, s̃B) ∈ Z
2
M . Af-

ter obtaining the joint estimate, the relay generates a

network coded symbol (NCS). An example of this NCS

can be a simple bitwise exclusive-or (XOR) operation

between the symbol estimates, i.e., s̃A⊕ s̃B = sR ∈ ZM

where ⊕ denotes bitwise XOR in ZM . The relay then



modulates sR to a complex symbol xR = F(sR)
and broadcasts it to both users in the next time slot,

called the broadcast (BC) phase. Using its own message

transmitted in the previous MA phase, A can decode the

message transmitted from B and vice versa. Fig. 2 shows

the signals in both MA and BC phases, where M(·, ·)
denotes the network map used at the relay (also called

the denoising map). For successful decoding, this map

time slot 1

time slot 2

xA = F(sA)
time slot 1

A R B
time slot 2

xB = F(sB)

xR = F(M(s̃A, s̃B))xR = F(M(s̃A, s̃B))

Fig. 2. Information exchange between users A and B through the
PNC approach.

must follow the exclusive law [17]:

M(s1, s2) 6= M(s′1, s2); ∀s1 6= s′1 ∈ ZM , s2 ∈ ZM

M(s1, s2) 6= M(s1, s
′
2); ∀s1 ∈ ZM , s2 6= s′2 ∈ ZM

(1)

III. SIGNAL TRANSMISSION AND RECEPTION IN

PNC

In this section, we will elaborate on the signal trans-

mission and reception schemes for the PNC-assisted

communication approach.

A. MA phase

The signal received at the relay R in the MA phase

is given by

yR =
√

EshAxA +
√

EshBxB + nR (2)

where Es is the energy of the transmitted signal, hm ∼
CN (0, 1) is the complex channel coefficient between

user m ∈ {A,B} and relay R, and nR ∼ CN (0, N0) is

the circularly symmetric complex additive white Gaus-

sian noise at the relay. Furthermore, we assume a slow

block fading channel between the users and the relay and

we also assume that perfect channel state information

(CSI) of the m → R link is available at the relay

only. The ML estimate of the transmitted symbol pair

(xA, xB) ∈ X 2 is given by

(x̃A, x̃B) = argmin
(xA,xB)∈X 2

∣

∣

∣
y −

√

Es(hAxA + hBxB)
∣

∣

∣
.

(3)

Having this joint estimate (x̃A, x̃B) ∈ X 2, the relay

calculates (s̃A, s̃B) =
(

F−1(x̃A),F−1(x̃B)
)

and then

maps this to the network coded symbol xR ∈ X using

the mapping M : Z2
M → ZM . Table I shows the map-

ping for QPSK modulation, where sR = s̃A ⊕ s̃B ∈ Z4

and ⊕ denotes the bitwise XOR operation in Z4.

TABLE I
EXAMPLE PNC MAPPING AT THE RELAY FOR QPSK

CONSTELLATION.

(s̃A, s̃B) (x̃A, x̃B) sR xR
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B. BC phase

After mapping the joint estimate of the received sym-

bol to the network coded symbol, the relay modulates

the network coded symbol and broadcasts to both users.

The signal received at nodes A and B can be respectively

written as
yA =

√

Esh
′
AxR + nA

yB =
√

Esh
′
BxR + nB

(4)

where h′
m ∼ CN (0, 1) is the complex channel fading

coefficient between the relay and user m ∈ {A,B}
and nm ∼ CN (0, N0) is the noise at the user node.

Assuming user m has perfect knowledge of the CSI of

the R → m link, A can estimate the desired information

sB with the help of (1) and the information it has

transmitted in the MA phase via

ŝB = argmin
s∈ZM

∣

∣

∣
yA −

√

Esh
′
AF(M(sA, s))

∣

∣

∣
. (5)

User B can decode the message sent by A in a similar

fashion. It is interesting to note that the end-to-end error-

rate performance of a PNC-assisted communication sys-

tem is dominated by the error-rate performance in the

MA phase, since in the BC phase the communication

is similar to a traditional point-to-point communication

system; therefore, in the rest of the paper we will focus

on the error rate performance in the MA phase.

IV. CLUSTERING AND DISTANCE SHORTENING

User constellation symbol pairs which are mapped

to the same complex number in the network-coded

constellation at the relay are said to form a cluster.

The error performance in the MA phase will depend on

the minimum distance between signal points in different

clusters, defined as

dmin(hA, hB) = min
(sA,sB) 6=(s′

A
,s′

B
)∈Z

2

M

M(sA,sB) 6=M(s′
A
,s′

B
)

{

√

Es

∣

∣hA[F(sA)−F(s′A)] + hB [F(sB)−F(s′B)]
∣

∣

}

.

(6)



It is clear from (6) that the value of dmin depends on

the channels between the users and the relay. It can also

be deduced from (6) that there exist values of the ratio

hA/hB for which the minimum distance between the

clusters becomes zero; such channel states are known as

singular fade states [21]. In general, when the values

of the channel coefficients are close to those of the

singular fade states, the distance between the clusters is

significantly reduced; this phenomenon is called distance

shortening.

-3 -2 -1 0 1 2 3
-3

-2

-1

0

1

2

3

(0, 1)

(1, 1)

(1, 0)

(3, 2)

(0, 3)

(2, 1)

(0, 0)

(3, 1)

(3, 0)

(1, 2)

(1, 3)

(2, 2)

(2, 3)

(2, 0) (3, 3)

(0, 2)

distance shortening

Fig. 3. Network coded symbols at the relay for QPSK constellation.

To understand the distance shortening phenomenon,

we consider a simple example of one transmission slot

where the users transmit their messages using QPSK

modulation and the channel coefficients are hA = (1 +
i)/

√
2 and hB = (1−0.8i)/

√
2. With this combination,

the minimum distance between the clusters at the relay

becomes very small, which can lead to an incorrect ML

estimate at the relay. In Fig. 3, we show the noise-free

received signal at the relay, i.e., hAxA+hBxB (assuming

Es = 1), together with the network-coded symbols,

where each 2-tuple in the figure represents (sA, sB).

In order to overcome this distance shortening phe-

nomenon, a closest-neighbor clustering (CNC) algo-

rithm was proposed in [17], which works by successively

placing the closest pair of network-coded symbols in the

same cluster provided that the pair satisfies the exclusive

law. The CNC algorithm results in a network map having

the largest intercluster distance profile for the considered

value of hA/hB . It has been shown in [17] that for a

4-ary modulation scheme in MA phase, CNC may result

in a 5-ary network map, and therefore a non-standard 5-

ary modulation scheme will be required for the BC phase

under certain channel conditions. Also, the use of such

an adaptive network coding scheme increases the system

complexity significantly, due to the adaptive selection

of the relay mapping based on channel conditions; this

method can also incur a sacrifice in the reliability at the

BC stage due to the increased cardinality of the relay’s

transmit constellation.

V. MITIGATING DISTANCE SHORTENING IN PNC

USING MULTIPLE-ANTENNA TECHNIQUES

The system model for PNC with multiple user an-

tennas and multiple relay antennas is shown in Fig

4; users A and B are equipped with NA (> 1) and

NB (> 1) antennas respectively, while the relay is

equipped with NR ≥ 1 antennas. During every trans-

ML Detector

Antenna
Selector

Antenna
Selector

User A User B

Relay

Feedback Feedback

Signal Signal

. . .

.
.
.

.
.
.

1

NA

1

NR1

NB

Fig. 4. System model for PNC with multiple user and multiple relay
antennas.

mission, only one of the antennas from each user is

used for transmission, and the choice of antennas is

based on feedback received from the relay. The channel

hm,i,j ,m ∈ {A,B} between the ith antenna of user

m and the jth antenna of relay R is modeled as slow

Rayleigh fading where perfect CSI is available at R only,

with 1 ≤ i ≤ Nm and 1 ≤ j ≤ NR. This system model

has been analyzed in [23] assuming BPSK modulation

and the implementation of a strongest-channel-based

transmit antenna selection (TAS) scheme at each user. In

the following subsections, we will discuss this antenna

selection scheme, and propose new methods for antenna

selection based on the Euclidean distance (ED) metric.

A. TAS based on strongest channel (TAS1)

In this scheme [23], the index of the selected antenna

at each user is the one having the highest received signal

power at the relay; this may be defined as

i∗m = argmax
1≤i≤Nm

NR
∑

j=1

|hm,i,j |2. (7)

It was shown in [23] that a PNC system with the

aforementioned TAS scheme achieves a diversity order

of min(NA, NB) × NR in the MA phase, and closed-

form expressions for tight upper and lower bounds on the

average bit error rate (BER) were provided. However,

in [22] it was shown analytically and by simulation

that for the case when NR = 1, TAS1 fails to exploit

the advantage of multiple antennas at the user end

to leverage diversity gain for non-binary modulations

(M > 2).



B. TAS based on Euclidean distance (TAS2)

In order to overcome the shortcoming of TAS1, an

ED based TAS scheme was proposed in [22] for the case

when NR = 1. In this paper, we describe a more general

version of this scheme, applicable to the case when

NR ≥ 1. In TAS2, the transmit antenna of each user is

selected such that the minimum ED between the clusters

at the relay is maximized. Let I = {(i, j) : 1 ≤ i ≤
NA, 1 ≤ j ≤ NB} be the set which enumerates all of

the possible n = NA×NB combinations of selecting one

antenna from each user. Among these n combinations,

the set of transmit antennas that maximizes the minimum

ED between the clusters at the relay is obtained as

IED = argmax
I∈I











min
s,s

′∈Z
2

M

M(s) 6=M(s′)

∥

∥

∥

∥

HI

([

F(sA)
F(sB)

]

−
[

F(s′A)
F(s′B)

])
∥

∥

∥

∥

2
}

(8)

where HI = [hA,i hB,j ] ∈ C
NR×2,

hA,i = [hA,i,1 hA,i,2 . . . hA,i,NR
]T ∈ C

NR×1,

hB,j = [hB,j,1 hB,j,2 . . . hB,i,NR
]T ∈ C

NR×1,

s = (sA, sB), s
′ = (s′A, s

′
B) and

HIED
= [hA,i∗ hB,j∗ ] ∈ C

NR×2 is the optimal

channel matrix.

C. Joint User and Relay Antenna Selection (JAS) based

on ED

The number of RF chains required for a PNC system

with TAS2 is NR+2. In order to reduce the complexity

of the PNC system, we here propose a joint user and

relay antenna selection scheme which achieves the same

diversity order as of TAS2 with only 3 RF chains. In

this scheme, antenna selection is performed at the users

as well as at the relay, and in such a manner that

the minimum ED between the clusters at the relay is

maximized. Let J = {(i, j, k) : 1 ≤ i ≤ NA, 1 ≤ j ≤
NB , 1 ≤ k ≤ NR} be the set which enumerates all of the

possible p = NA ×NR ×NB combinations of selecting

one antenna at from each user and the relay. Among

these p combinations, the set of antennas that maximizes

the minimum ED between the clusters is obtained as

JED = argmax
J∈J











min
s,s

′∈Z
2

M

M(s) 6=M(s′)

∥

∥

∥

∥

HJ

([

F(sA)
F(sB)

]

−
[

F(s′A)
F(s′B)

])∥

∥

∥

∥

2
}

(9)

where HJ = [hA,i,k hB,j,k] ∈ C
1×2 and

HJED
= [hA,i∗,k∗ hB,j∗,k∗ ] ∈ C

1×2 is the optimal

channel vector.

VI. RESULTS AND DISCUSSION

In this section, we present the performance compari-

son in the MA phase among the three antenna selection

schemes discussed in the previous section. We consider

the case where both users transmit to the relay using

a unit-energy QPSK constellation. We first consider the

case when NR = 1. In this case the performance of both

TAS2 and JAS will be the same and hence we present

the symbol error rate (SER) performance comparison

between TAS1 and TAS2. It is clear from Fig. 5 that the

PNC system with TAS1 achieves a diversity order equal

to 1 irrespective of the number of antennas at the users

(as was proved analytically in [22]), as for large Es/N0

the SER curve becomes parallel to (Es/N0)
−1. On the

other hand, the PNC system with TAS2 outperforms the

one with TAS1 while achieving a higher diversity order,

and for large Es/N0 the SER curve becomes parallel to

(Es/N0)
−min(NA,NB).
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Fig. 5. Performance comparison of SER for TAS1 and TAS2 in the
MA phase for the PNC system.

Next, we present the performance comparison among

TAS1, TAS2 and JAS for the case of NR > 1 and QPSK

transmission at each user. It is clear from Fig. 6 that

for this case, the PNC system with TAS1 achieves a

diversity order equal to NR as the SER curve becomes

parallel to (Es/N0)
−NR for large values of Es/N0, and

the number of transmit antennas at the user has no

effect on the diversity order. On the other hand, the

PNC system with TAS2 achieves a diversity order of

min(NA, NB)×NR and the SER curve becomes parallel

to (Es/N0)
−min(NA,NB)×NR for large Es/N0. On the

other hand, the PNC system with the JAS scheme also

achieves the same diversity order as that of TAS2 with a

smaller number of RF chains and results in performance

superiority compared to TAS1 for large Es/N0 values.

VII. CONCLUSIONS

The coexistence of a large number of intelligent de-

vices, spectrum scarcity and data-intensive applications



-5 0 5 10 15 20 25
10

-8

10
-6

10
-4

10
-2

10
0

10
2

S
E

R

Fig. 6. Performance comparison of SER for TAS1 and TAS2 in the
MA phase for the PNC system.

in smart cities has attracted the attention of researchers

toward new and efficient communication technologies.

In this paper, we provide a brief introduction to PNC

for bidirectional relaying that has a direct application in

WSNs, D2D communications and satellite communica-

tions in the context of smart cities. We discussed the

distance shortening phenomenon in PNC and suggested

simple solutions to mitigate its deleterious effect. In

particular, we proposed an ED-based transmit antenna

selection scheme as well as a joint user and relay antenna

selection scheme, both tailored to the PNC context. With

the help of simulations, it was shown that a PNC system

with TAS based on the ED metric can achieve the full

diversity order of min(NA, NB)×NR without any need

for adaptive network codes and nonstandard modulation

schemes, thereby reducing the overall system complex-

ity. Furthermore, simulation results show that the PNC

system with JAS can also achieves full diversity order

with a smaller number of RF chains compared to ED

based TAS.
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