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Abstract: In this article, a low-cost electromagnetic structure emulating
photonic nanojets is utilized to improve the efficiency of wireless relay networks. The spectral element method, due to its high accuracy, is used to
verify the efficiency of the proposed structure by solving the associate field
distribution. The application of optimal single-relay selection method shows
that full diversity gain with low complexity can be achieved. In this paper,
the proposed technique using smart relays combines the aforementioned two
methods to attain the benefits of both methods by achieving the highest coding
and diversity gain and enhances the overall network performance in terms
of bit error rate (BER). Moreover, we analytically prove the advantage of
using the proposed technique. In our simulations, it can be shown that the
proposed technique outperforms the best known state-of-the-art single relay
selection technique. Furthermore, the BER expressions obtained from the theoretical analysis are perfectly matched to those obtained from the conducted
simulations.
Keywords: Wireless relay networks; cooperative diversity techniques; relay
selection; network beamforming techniques

1 Introduction
In wireless communication systems, several techniques have recently been suggested to improve
the overall system performance in terms of bit error rate (BER) or achievable data rate [1–9].
Some of them are based on increasing or optimizing the transmitted power or based on using
efficient error detection and correction to improve the overall coding gain of the BER curves.
Recent techniques are implemented based on improving diversity gain by applying time diversity,
frequency, special diversity or a combination of them. Time diversity can improve the BER curve
by sending the same information symbols several times in different time slots. Frequency diversity
enhances the BER performance by transmitting the same information symbols several times in
different frequency slots.
Spatial diversity techniques also known as multiple-input multiple-output (MIMO) techniques
can improve the BER performance by sending the same information symbols several times using
This work is licensed under a Creative Commons Attribution 4.0 International License,
which permits unrestricted use, distribution, and reproduction in any medium, provided
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different transmitted antennas at the same time and frequency slots. The latter techniques are
considered as being the most efficient ones since they do not require additional time or frequency
slots [3–9]. To improve both diversity and coding gain, many recent techniques that combine some
of the diversity techniques have been proposed such as space-frequency coding (SFC) techniques
and space-time coding (STC) techniques [2,8].
Other special diversity techniques based on beamforming schemes [4–6] which multiplies the
transmitted antennas by certain factors to enable beam steering in the direction of the receiving
antennas have been suggested to improve the overall performance in terms of BER and the
achievable data rate. This is because MIMO communication systems are greatly affected by the
multiuser interference and channel impairments such as the time varying fading caused by multi
path propagation [1–9].
In many applications, it is difficult, due to several limitations, to have many antennas on the
mobile station. To solve this problem, a cooperative communication system can be performed
instead of applying the conventional MIMO systems by using relay nodes distributed randomly
between the transmitted antennas. These relays are used either to just amplify-and-forward (AF)
the received signals or they can decode the information signals before broadcasting them to
the received antenna. Therefore, in cooperative communication networks, relay-nodes will jointly
process the received data messages before broadcasting them using their antennas toward the
receiving entities, which will combine all the received copies from different paths to improve
the spatial diversity gain. Such techniques are called the multi-antenna diversity techniques that
incorporate the use of one-way or two-way relaying schemes [1–7].
Recently, many efficient relaying techniques are proposed to achieve the full diversity gain and
the highest coding gain such as distributed space time coding techniques which allow the relays
to apply space time coding technique to improve the overall system performance [2,3], distributed
beamforming techniques which allow the relay to form a beam in the direction of the receiver to
improve the overall received signal-to-noise-ration (SNR) thus offering higher coding gain [4–6].
The previous two techniques use all relay nodes between the communicating terminals. To
improve the previous techniques and achieve the full diversity gain with low decoding complexity
in non-orthogonal relay-node networks and without using all relay nodes between the communicating terminals, relay selection techniques have been proposed [10–19]. In the latter techniques,
a single relay [10–12] or two relays [13,14] among several relay nodes between the communicating
terminals are selected to amplify and forward the received signal to decode and forward it to
the destination. These techniques enjoy full diversity gain and low overall complexity by using
only one or two relays. In [10–12] a single relay-node is selected among a set of relay nodes to
maximize either the SNR or the achievable data rate. In [11,12], a criterion is proposed to select
the optimal relay node using the max-min scheme.
In the conventional wireless relay networks, each relay node is equipped with a single antenna
or several antennas to receive the signal before amplifying and forwarding it. In this paper, the
received signal is improved prior to processing it by focusing the beam to the relay antenna using
a specific element designed and simulated by the spectral element method (SEM) which is recently
applied in electromagnetic radiation to improve the channel gain of each relay node.
In order to achieve accurate results, SEM has been utilized in this study for the computation of transmitted and scattered fields. In fact, this method has been recently applied in
electromagnetic radiation and/or scattering problems due to its accuracy and the relatively lower
computational requirements [20–26]. For accuracy demonstration, the authors in [24] compared
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the computational relative error among SEM, finite element method and finite difference method
in several one- and two-dimensional problems and reported exceptional accuracy for the case of
SEM with much less computational cost.
In this work, both beamforming technique emulating photonic nanojet behavior [26–30] and
the optimal single-relay selection method have been combined in this proposed technique to obtain
the benefits of both methods. An electromagnetic structure is proposed to enhance the efficiency
of the relay nodes while the relay selection method is improved to achieve the full diversity gain
with low decoding complexity. By combining both methods, the proposed technique using smart
relay enjoys the highest coding and diversity gain and improves the overall system performance
in terms of BER. In this article, we prove that the performance of the suggested strategy is
better than the performance of the best known state-of-the-art single relay selection technique.
Furthermore, we prove that the BER mathematical expression of our theoretical analysis is
perfectly match those obtained from the conducted simulations.
2 Materials and Methods
For our system model, we consider a one-way relay network consisting of a singleantenna transmitter T1 , a single-antenna receiver T2 , and R single-antenna smart-relay nodes
(R1 , . . . , RR ) distributed randomly between the transmitter and receiver. In the first phase, the
transmitter T1 sends its information symbol to all smart-relay nodes. This intermediate relay-node
is selected from a group of R single-antenna relay-nodes (R1 , . . . , RR ) that are located between
the transmitter and the receiver as shown in Fig. 1. In this work, the best relay is selected based
on max-min criterion. In case of the AF protocol is used, the selected relay is going to amplify
and forward the received signal to the destination terminal T2 while if the decode-and-forward
(DF) protocol is used, then the selected relay decodes the information symbols received from the
transmitter before amplifying and forwarding the decoded information symbol to the destination
terminal T2 . Note that the transmitter T1 , receiver T2 , and the selected relay-node Rs have limited
average transmit powers PT1 , PT2 , PRs , respectively. Furthermore it is assumed that the channel
gains, from the relay-nodes to the terminals and vice versa, are reciprocal for transmissions, and
we denote them as fr (from T1 to Rr ) and gr (from T2 to Rr ). Furthermore, the following
notations |.|, . , . and E(.) are used to denote the absolute value, the floor function which
rounds toward zero, the Frobenius norm, and the statistical expectation, respectively.

Figure 1: System model
3 The Proposed Relay Selection Technique
In this proposed technique, one intermediate relay node will be chosen from the R relay nodes
where the optimal single relay node Rs is chosen among the R available intermediate relay nodes
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according to the max-min selection technique [10–14] based on the below equation:
Rs = args max min (|fs | , |gs |) ;

s = 1, . . . , R

(1)

After selecting the optimal relay node among all R available relay nodes and during the first
time slot, the transmitter T1 sends its information symbol sT1 , such that the selected relay node
Rs receives the following signal

(2)
yRs = PT1 fs sT1 + nR1 , s
where nR1 , s denotes the noise signal received at the sth relay-node Rs in the first time slots, fs is
the channel gain between the transmitter and the selected relay Rs, and PT1 is the total power
of the transmitter. Now, the sth relay node Rs applies AF transmission protocol to reduce the
overall complexity at the relay node where the sth relay node Rs amplifies the information symbol
received from the first Terminal T1 , i.e., the transmitter, and sends it to the destination terminal
T2 , i.e., the receiver. The received signals at the destination terminal T2 is



(3)
yT2 = |E| Ps gs yR1 , s + nT2 = Ps PT1 fs ĝs sT1 + Ps ĝs nR1 , s + nT2
where nT2 denotes the noise signal received at the destination terminal T2 in the second time slots,
gs is the channel gain between the selected relay and the receiver, Ps is the total transmitted power
of the selected relay Rs, and |E| is a scaling factor, with a value between one and two, that
improves the channel gain gs by using a lossy dielectric hemi-cylinders attached to the relay nodes
as explained in Section 4. At the receiver side, the destination terminal T2 decodes the information
symbols using the maximum likelihood (ML) decoder as shown below





s̃T1 = args min yT2 − PT1 Ps fs ĝs sT1  ,
(4)
Note here that the decoding complexity is very low, as a symbol-wise decoder which enjoys
a linear decoding complexity is utilized to detect the received data messages. In DF protocol,
the selected relay Rs decodes the information symbol received from the transmitter T1 using the
following ML decoder





s̃R,s = args min yRs − PT1 fs sT1  .
(5)
The selected relay node Rs amplifies the decoded information symbol s̃R,s and sends it to
the destination terminal T2 , i.e., the receiver. The received signals at the destination terminal T2
is given by


(6)
yT2 = |E| Ps gs
sR,s + nT2 = Ps ĝs
sR,s + nT2
where nT2 denotes the noise signal received at the destination terminal T2 in the second time slots,
gs is the channel gain between the selected relay Rs and the receiver, Ps is the total transmitted
power of the selected relay Rs, and |E| is a scaling factor, with a value lies between one and
two, that improves the channel gain gs by using a lossy dielectric hemi-cylinders attached to the
relay nodes as explained in Section 4. At the receiver side, the destination terminal T2 decodes
the information symbols using the maximum likelihood (ML) decoder as shown below





s̃T1 = args min yT2 − Ps ĝs sT1  ,
(7)
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Note here that the decoding complexity is very low, as a symbol-wise decoder which enjoys
a linear decoding complexity is being used to detect the received data messages.
4 Definition of the Computational Problem
The computational domain consists of a lossy dielectric hemi-cylinder (whose radius is Ri
and complex permittivity is ) existing in air whose refractive index is unity. Since the domain
is unbounded in nature, the perfectly matched layer (PML) whose mathematical formulation is
introduced in [22] is utilized for domain truncation. Fig. 2 presents the schematic of the targeted
electromagnetic structure in Cartesian coordinates in which the incident wave E inc propagates in
x-direction and polarized along z-axis. In this work, the wave source (Green’s function is assumed
for clarity) is governed by the Helmholtz equation:
→ 
∇ 2 E inc + k2 E inc = −δ r
(8)
→
in which; k denotes the wave number, and δ r is the Dirac function. The exact solution to (8)
can be expressed in terms of Hankel function of the second kind zeroth order

 →
(2)
E inc r = (j/4) H0 k| r |

(9)

The field governed by the above equation decays rapidly as it propagates from the source
location. That is; the assumption of such a radiating source is put in order to imitate the real
situation of transmitting antenna in GHz ranges. The following frequency-domain Helmholtz
equation must be satisfied inside the computational domain (except the PML):
∇ 2 E sca + εk2 E sca = k2 (1 − ε) E inc

(10)

where
stands for the scattered/transmitted field. Since  = 1 is assumed around the hemicylinder, (9) reduces to the source-free homogenous Helmholtz equation. Discretizing the electromagnetics domain by SEM into elements requires more care than that in the case of finite
difference or finite element method. This is due to the fact that irregular domains can be discretized by only deformed quadrilateral elements. A special type of meshing grid is deployed in
the SEM in order to solve the field inside the computational domain. Gauss–Legendre–Lobatto
(GLL) grids are used in the current work. In order to achieve the best accuracy offered by the
SEM, Mahariq et al. [22] provided the optimum values of the attenuation factor associated to
the number of nodes in GLLs. For the SEM formulation and SEM meshing, the reader may
respectively refer to [22–26] for further details. A typical photonic nanojet at optical frequencies
generated by illuminating a lossless dielectric micro-cylinder is shown in Fig. 3 which is borrowed
from [30]. It is important to distinguish between lossy dielectric object at low frequencies and
lossless cylinders at optical frequencies. For the latter case, for instance, extreme strong field
localization is observed as reported in [31], however such a strong field can’t be realized in lossy
cylinders at low frequencies.
E sca

Measurements of complex permittivity for several types of materials at wide range of frequencies have been performed in many studies [32–36]. For instance, determination of permittivity
for glass with planner and convex surfaces over a range of 75 MHz to 6 GHz is presented in [32],
while the permittivity determination of polytetrafluorethylene, polyvinylchloride (PVC), and acrylic
glass is performed at much higher frequencies and presented in Reference [33]. In this work, the
permittivity of polyoxymethylene is considered at 25 GHz. For this material, the real part of
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permittivity is   = 3.13 and tan (δ) = 0.015. At these parameters, the radius of the cylinder is
chosen as 2.85λ in which λ denotes the wavelength of the incident field. It should be mentioned
that at this radius, strong field is realized behind the hemicylinder.

Figure 2: Schematic representation of the electromagnetic structure which includes a lossy dielectric hemi-cylinder excited by a z-polarized wave

Figure 3: A typical photonic nanojet at optical frequencies generated from a lossless dielectric
micro-cylinder (Source [30])
In Fig. 4, the solution of the electromagnetic structure as obtained by SEM is presented;
(a) the colormapping of the total field magnitude is shown, (b) the 3D view of part (a), (c) the
colormapping of the intensity, and in part (d) the corresponding field magnitude at y = 0 is
plotted. The incident field is adjusted so that it takes a unit magnitude when it reaches the
cylinder. In other words, the field plotted in Fig. 3 is normalized with the incident one in order
to realize the effect of the hemi-cylinder.
As it can be clearly seen from the Fig. 4, the wave is focused and a beam of magnitude |E|
of around 2.5 times the incident wave is formed behind the lossy dielectric cylinder, hence; the
associate intensity is around 6 times the incident one. As one can observe, instead of having a
scattering object that causes a significant disturbance to the incident wave, such a structure acts
as a passive amplifier to the incident wave. Note that the scaling factor |E| is used in Section 3,
Eqs. (3) and (6), to improve the overall system performance in terms of BER. It is worthy to
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note that the focused power is calculated from the beam intensity which is proportional to |E| |E|*
and is an associated characteristic to jet-like focusing [26–30]. Therefore, the field magnitude, |E|,
is the important quantity that is used in Eqs. (3) and (6). In the current proposed work, it is
important to note that the reported measured complex permittivity values for the selected range
of frequencies result in preferring hemi-cylindrical objects over full cylinders or spheres due to
two facts; the first is associated in obtaining less transmission loss, and the second is to have the
field focused and localized in areas where the relays can be placed.

Figure 4: The solution of the electromagnetic structure as obtained by SEM; (a) the colormapping
of the total field magnitude, (b) the 3D view of part (a), (c) the colormapping of the field
intensity, (d) the corresponding field magnitude at y = 0
As explained in the manuscript, we propose the addition of a hemi-cylindrical object (with a
realistic complex permittivity values) that focuses the incident wave and hence amplifies the signal
before it is just received by the wireless relay at communication frequency ranges. This focusing
technique is emulated from photonic nanojets at optical frequencies. In order to verify the design,
electromagnetic simulation is required to show that the field magnitudes are increased due to this
proposed structure. The field magnitude is then used to prove that BER is decreased.
For this structure to be well utilized, the antenna of the receiver must be placed in the region
where the wave focusing takes place. Fortunately, the focal point has almost stationary position
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and is dependent on material permittivity. Another important fact is that, if the transmitting
source change its location over a range of around 30 degrees, the corresponding the focal point
stays within the axis where the receiving antenna exists. The last two points in addition to others
reported for photonic jets [37,38] are considered by the authors as a future work. In addition,
other properties of photonic jets [39–41] may be emulated for the purpose of utilizing them in
wireless relay networks.
5 BER Performance Analysis
In this section, the mathematical BER expression of the proposed smart relay selection
strategy is discussed. Let us first consider the assumptions discussed in Section 2 and assume
that the information symbols are drawn from binary phase shift keying (BPSK) constellation.
Similar to [10–14], we consider the case of ideal relays in which the selected relay Rs decodes
the information symbols correctly. In addition, all noise signals are assumed to be drawn from an
independent Gaussian distributed random function with zero mean and σ 2 IT covariance. Now, let
T

us assume that the SNR of the channel between Rr and T1 is denoted by γr 1 = γ |fr |2 , the SNR
 2
T
of the channel between Rr and T2 is denoted by γr 2 = γ ĝr  , and γ = PR /σ 2 is the average SNR
Tt
Tt
Tt
t
at the rth relay Rr . Let us rearrange γT
r , r = 1, . . . , R increasingly such that γ1 ≤ γ2 ≤ . . . ≤ γR
T

T

Tt
Tt
t
1
and denote w1 1 = γT
1 and wl = γ1 −γ(l−1) for l = 2, . . . , R. Remark that the independent factors,
wl for l = 1, . . . , R, are following a probability distribution function expressed as [13,14,20]:

R−l −1
R−l −1
exp −
wl .
fwl (wl ) =
(11)
γ
γ

In our suggested strategy, the proposed relay selection technique based on the max-min
criteria explained in (1) is applied to select the best relay node Rs , i.e., the sth relay node, having
Ps = PR , among R available relay nodes given that fs is the link between Rs and T1 with
T

T

1
γu11 = γ R
, and ĝs is the link between
2
R
, i.e., u2 =
be any uth greater than
2
selection technique can be expressed as:
⎛
⎞

2
1 ⎝
Tj
P1 (γ ) = E
Q
2γuj ⎠
2
j=1
 

1
T1
T
2γu1 + Q
2γu22
= E Q
2
⎞
⎛ ⎛


1 ⎝ ⎝
T1  ⎠
T

= E Q
+Q
2γ R
2γu22
2
2

=

1
(L1 + L2 ) ,
2

T

T

Rs and T2 with γu22 , where γu22 ≥ γ

T1

R
2

and u2 could

R
+ 1, . . . , R. The average BER for the proposed relay
2

⎞
⎠

(12)
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R
,
2
⎞⎞

 

 
2
√ 
R
γ
1
T
2
L1 = E ⎝Q ⎝ 2γ R1  ⎠⎠ =
(−1)P √
2
P+γ
P
2


R

(13)

p=0

 
T
2γu22
L2 = E Q

√ 
u 
γ 2 u2
1
=
(−1)P √
P
2
P+γ

(14)

p=0

6 Results and Discussion
In this section, we introduce the simulation results as well as the analytical results proposed
in Section 5. Fig. 5 shows the BER vs. the SNR of a wireless relay network composed of a
transmitter T1, a receiver T2, with no direct link between them, and two relay nodes (R = 2)
where the AF protocol is performed using 4-PSK, 8-PSK and 16-PSK constellations. In this
scenario, the proposed single-relay selection technique is compared with the best know single-relay
selection technique [11,12] using two relay nodes (R = 2). More specifically, this figure shows the
performance results of single relay selection strategies using the AF protocol with 4-PSK, 8-PSK
and 16-PSK modulation in the presence of two relay-nodes.

Figure 5: BER vs. SNR for single relay selection strategies using the AF protocol with 4-PSK,
8-PSK, and 16-PSK modulations and R = {2}
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Figure 6: BER vs. SNR for single relay selection strategies using the AF protocol with 4-PSK,
8-PSK, and 16-PSK modulations and R = {3}

Figure 7: BER vs. SNR for single relay selection strategies using the AF protocol with 4-PSK,
8-PSK, and 16-PSK modulations and R = {4}
Fig. 5 shows the BER vs. the SNR of a wireless relay network composed of a transmitter
T1, a receiver T2, with no direct link between them, and three relay nodes (R = 3) where the
AF protocol is performed using 4-PSK, 8-PSK and 16-PSK constellations. In this scenario, the
proposed single-relay selection technique is compared with the best know single-relay selection
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technique [11,12] using three relay nodes (R = 3). Fig. 7 shows the BER vs. the SNR of a wireless
relay network composed of a transmitter T1, a receiver T2, with no direct link between them, and
four relay nodes (R = 4) where the AF protocol is performed using 4-PSK, 8-PSK and 16-PSK
constellations. In this scenario, the proposed single-relay selection technique is compared with the
best know single-relay selection technique [11,12] using four relay nodes (R = 4). Fig. 7 shows the
BER vs. the SNR of a wireless relay network composed of a transmitter T1, a receiver T2, with
no direct link between them, and three and four relay nodes (R = {3, 4}) where the DF protocol
is performed using BPSK constellations.
From Figs. 5–7, we can clearly observe that our proposed single-relay-node selection technique
outperforms the best-known single-relay selection technique [11,12] under all scenarios. Moreover,
Fig. 8 clearly shows that our simulation results match with our theoretical results given by (9) in
Section 5.

Figure 8: Theoretical and simulated BER performance vs. SNR for the suggested strategy with
R = 3 and R = 4
7 Conclusions
In this article, generation of photonic nanojet at optical frequencies resulted from illumination
of lossless dielectric micro-cylinders is emulated for wireless networks frequencies. That is; we
merged both, beamforming approach, and the optimal single-relay selection approach that is
applied in wireless relay network, in the proposed strategy to get the benefits of both approaches.
The beamforming approach calculated by SEM is modified to calculate the efficiency of the relay
nodes while the relay selection method is improved to achieve the full diversity gain. Therefore,
in this paper, an enhanced single relay selection strategy is introduced to be used for wireless
relay networks using smart relays that offer higher coding gain and enjoy full diversity gain
to improve the overall network performance in terms of BER. Furthermore, we proved the
advantage of the proposed strategy analytically and through simulations. In our simulations, we
show that our proposed strategy outperforms the best known state-of-the-art single relay selection
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technique. Furthermore, we proved that the BER results obtained from our conducted simulations
are perfectly match those obtained from the theoretical analysis.
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