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Abstract  Radio propagation in the millimeter wave and sub-
terahertz domain is heavily affected by shadowing conditions.
The communication link is blocked without any additional tech-
nical means being used. Coverage improvements can be provided
by using reflectors, RIS arrays, and repeaters to direct radio
waves around corners or obstacles. These concepts show differ-
ent performance and complexity levels affecting their network
deployment. This paper investigates the achievable radio range
or the received power to compare specific deployment concepts
under realistic propagation conditions. Overall, the repeater
solution provides either the largest radio range or the lowest
necessary total transmit power compared to reflectors or RIS
arrays and, thereby, is the most sustainable approach. A RIS
array requires an additional centralized signal processing ca-
pacity for calculating optimized RIS settings and results in the
highest level of network deployment complexity.

Keywords  multipath propagation, radio range, received power,
reconfigurable intelligent surface (RIS), shadowing

1. Introduction

Sub-terahertz (sub-THz) mobile communication systems are
currently discussed within the research community and in-
dustry as one of the technical components required for the
development of sixth generation mobile networks (6G), with
a view of enabling very wideband radio systems and high
aggregated carrier throughput rates in the order of sever-
al hundred gigabits per second or up to a terabit per second
(e.g., [1]). The wide carrier bandwidth can only be provided at
very high frequencies in the sub-THz domain. However, with
the increasing carrier frequency of the radio system, the prop-
agation conditions are affected by additional atmospheric, as
well as rain- and foliage-generated attenuation [2] compared
with lower frequency bands. Distant-dependent pathloss and
multipath propagation are encountered as well, resulting in
fading (e.g., Rayleigh or Rice) and shadowing. Pathloss is par-
ticularly high in the millimeter wave (mmWave) and sub-THz
domains, and the communication link is interrupted by obsta-
cles or shadowing conditions created, for instance, by walls
and buildings [2]–[5]. Therefore, technical means are needed
to improve coverage and enable communication around cor-
ners in urban environments or indoor scenarios.
This paper investigates and compares the concepts of sim-
ple metallic reflectors (mirrors), reconfigurable intelligent
surfaces (RIS), and repeaters to understand the performance,
complexity, benefits and drawbacks for a practical network

deployment. Section 2 describes the shadowing scenario;
Section 3 deals with the received power required by these
technical means in order to overcome shadowing, while Sec-
tion 4 compares the performance of the different concepts.
Results are summarized in Section 5.

2. Shadowing Propagation Scenario

In [2], terahertz systems are investigated under idealized line-
of-sight (LOS) conditions to obtain a basic understanding of
the achievable range and channel capacity with the additional
condition of legal radiation limits to avoid health effects.
Depending on the propagation conditions, and with addi-
tional atmospheric pathloss as well as potential rain- and/or
foliage-generated attenuation taken into consideration, the
range is significantly limited as the frequency increases, and
channel capacity is decreasing at a rapid pace [2]. These addi-
tional attenuations need to be taken into account in the higher
frequency bands. Furthermore, the intended much wider sys-
tem carrier bandwidths or throughput rates achieved in the
sub-THz domain contribute to reducing the achievable range
even further.
The transmit power or EIRP is fixed in the following sce-
nario to meet the radiation limit of 10 W/m2 (at a reference
distance), so as to ensure compliance with legal radiation lim-
its [6], [7]. Radio range limitations resulting from radiation
limits may be overcome by higher locations at which access
point or base station antennas are installed [2]. However, this
does not overcome the very high pathloss encountered due to
shadowing.

2.1. Propagation Measurements and Models

Pathloss measurements and models existing in the sub-THz
domain are investigated, for instance, in [8], [9], and [10].
In [8], the LOS model including additional attenuation for
atmospheric pathloss is confirmed for the terahertz domain.
Reflections from rough surfaces, such as buildings, are also
considered, as they result in additional losses. Scattering
increases along with the roughness of the reflecting surface. In
the sub-THz domain, the roughness of surfaces existing in the
environment, such as walls, is in the order of the wavelength
([3] p. H6 and [5] pp. 26). Paper [9] confirms basically the
LOS model with a slightly higher pathloss decay factor of
n > 2. Fading statistics are investigated in [10]. For different
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indoor scenarios the fading statistics are modelled by α− µ,
Rice, Nakagami-m and log-normal distributions. The best
fit was achieved with the use of the α− µ distribution. The
Rice distribution, which is considered in this paper, is another
reasonable approach.

2.2. Shadowing Propagation Scenario

Shadowing results in very high pathloss preventing data trans-
mission in the mmWave and sub-THz domains. In addition,
compared to low frequency ranges, additional attenuation
components have to be considered, such as atmospheric
pathloss, rain- and foliage-generated attenuation, as well as
reflections and scattering depending on the propagation sce-
nario [2]. Shadowing results in statistical fluctuations of the
received power (according to a log-normal distribution) and,
therefore, in a significantly higher pathloss Lln compared
to free space propagation [2], [4] p. 104. These fluctuations
correspond to slow fading along the propagation path with
a correlation length of several carrier wavelengths λ at low fre-
quencies and many wavelengths in the mmWave and sub-THz
domains.
Lln(r) = Lln(r0) + 10 n log

r

r0
+Xσ

+
Lr(f, r0 = 1 km)

1 km
r

+
Lat(f, r0 = 1 km)

1 km
r + Lfol(f, r) [dB]

(1)

where:
Lln – propagation loss for log-normal fading [dB],
r – distance [m],
r0 – reference distance [m],
Lln(r0) – average pathloss at reference distance [dB],
n – pathloss coefficient depending on the environment,
Xσ – zero mean Gaussian process [dB] with a standard
deviation of σ = 4 to 10 dB, describing random shadowing
depending on the environment,
Lr – rain attenuation [11] pp. 91, [12]–[14] pp. 2–68, [15],
Lat – atmospheric attenuation [3] p. H12, [11], [15],
Lfol – foliage attenuation [16].
Equation (1) is valid for a constant carrier frequency. However,
in the sub-THz domain, radio propagation under shadowing
conditions results in much higher pathloss than for free space
propagation depending on the radio environment and, thereby,
in a blocked communication link. Therefore, technical system
deployment means are needed which provide quasi-LOS
conditions to increase the range under shadowing conditions
while simultaneously complying with legal radiation limits.

3. Pathloss with a Single Reflection and
Potential Secondary Reflections Around

the Receiver

The technical means deployed between the transmitter and
the receiver include artificial metallic reflectors, RIS or re-
peaters. Additional reflections and scattering caused by the
environment, e.g., building or obstacles, are also taken into
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Fig. 1. Propagation scenario for indoor environments or street
canyons, with the receiver not being visible from the transmitter and
a reflector being used to ensure coverage.

consideration, as these direct electromagnetic waves around
corners. In the following sections, these three technical means
are investigated. For simplification purposes, only free space
propagation is taken into consideration, without any atmo-
spheric, rain- and foliage-generated attenuation.

3.1. Reflector Much Bigger Than the Wavelength

A metallic reflector with good conductivity and a physical size
of≫ λ is assumed to mitigate shadowing effects. The high
conductivity of the reflector ensures that the field resistance
of the metal is much lower than the field resistance of the free
space. Therefore, the reflection coefficient complies with [17]
pp. 134 for horizontal and vertical polarization:

ϱm → −1 . (2)
The angle of the outgoing wave αout is the same as that of the
incoming wave αin. Figure 1 shows the propagation scenario
with a corner, as experienced in indoor environments or street
canyons. The receiver is obstructed and is not directly visible
from the transmitter. Secondary reflections from walls around
the receiver are experienced as well, where |ϱ| ≪ 1 may
be assumed. Therefore, the path reflected by the reflector is
much stronger than the secondary reflections (similarly as
in a Rice channel). The direct path R1,m is obstructed, for
instance by buildings, and the effective length of the reflected
propagation path at the reflector (as shown in Fig. 1) is given
by:

R2m = R2a,m +R2b,m , (3)
where the reflected path is mirrored at the reflector. Com-
munication at mmWave or sub-THz frequency ranges is only
feasible in such scenarios via the reflected path.
If the incoming wave at the reflector is a plane wave, the re-
flected wave is a plane wave as well – see [5] pp. 24, [17]
pp. 134. Radiation density at reflector S2a and field strength
E2a are given by the Friis formula with the field resistance
of Z0 = 120Ω [5] p. 18, where EIRPT = PT GT is limited
by applicable legal radiation limits (e.g., [2]):

S2a = PT GT
1

4πR 2
2a,m

= EIRP T
1

4πR 2
2a,m

=
E 2
2a

Z0
. (4)
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The reflected field strength E′2a and radiation density S′2a
result from the reflection coefficient used in Eq. (2):

E′2a = ϱm e−j∆φ E2a , (5)

S′2a =
∣∣ϱm e–j∆φ

∣∣2 PT GT 1
4πR 2

2a,m

=
E′ 22a
Z0
=

∣∣∣∣ϱm e–j∆φ

∣∣∣∣2 E22aZ0 .
(6)

For ϱm < |–1|, the reflector may add attenuation to the
propagation loss. This results in a specific relation between
the received and transmitted powers, such as:

PR
PT

∣∣∣∣
reflector

=
∣∣ϱm e−j∆φ

∣∣2 GT 1
4πR 2

2,m
AR

=
∣∣ϱm e−j∆φ

∣∣2 GT 1
4π(R2a,m +R2b,m)2

AR

=
∣∣ϱm e−j∆φ

∣∣2 GT GR ( λ

4πR2,m

)2
α

1
(R2a,m +R2b,m)2

.

(7)

or with Eq. (2):

P
R

∣∣
reflector

≈ EIRPT GR
(

λ

4π (R2a,m +R2b,m)

)2
. (8)

The received power depends on the square of the path length
R2m = R2a,m + R2b,m, the absolute value of the reflec-
tion coefficient ϱm, and the transmitter and receiver antenna
gain. In the case of a metallic reflector, ϱm= |1|, is a realistic
estimate. Figure 1 also indicates that secondary reflections
around the receiver provide additional multipath propagation.
A metallic reflector is characterized by the following
implementation-critical features:
– it is passive device,
– no power supply or data connections are needed,
– it is only mounted at buildings, towers or lamp posts,
– it is a low complexity solution,
– the reflector may have the form of a plane, may be concave

or convex, with a fixed, static beam shaped to suit the area
to be covered,

– the reflector improves coverage, especially in shaded areas,
– no latency is added to the signal’s propagation,
– for high conductivity of the reflector ϱm≈ |1|, nearly no

insertion loss is added,
– the propagation corresponds to quasi-LOS propagation

conditions around corners,
– it ensures a much longer range compared with direct prop-

agation with high shadowing pathloss,
– LOS propagation provides a strong direct component and

thereby establishes a Rice channel at the receiver,
– without the reflector, the received power would be much

lower and the channel would correspond to a Rayleigh
channel,

– at the receiver, delay spread is generated via secondary
reflections around the receiver or from other reflecting
obstacles present in the deployment area, with smaller
reflection coefficients.

3.2. Reflector Smaller or in the Same Order as Wavelength
and RIS Arrays

A RIS array comprises many small RIS elements with spacing
between them equaling approx. λ/2 of the medium carrier
frequency of the frequency range in use. As in the antenna
theory for array antennas with a group of antenna elements,
it is assumed that the diagrams of the different elements are
independent from each other ([18] pp. 254) to apply the super-
position principle.
The radar cross section σ of an RIS element is modeled in
this paper by a metallic sphere with a radius r as an idealized
approach [19]–[22]:

σ

πr2
=
1
k r

∞∑
n=1

(−1)n (2n+ 1)

·
[(

k rJn(k r)− nJn(k r)
k rHn−1(k r)− nH1n(k r)

)
−
(
Jn(k r)
H1n(k r)

)]
,

(9)

where: r is the radius of the sphere, k = 2πλ , λ is the wave-
length, Jn is the spherical Bessel function of the first kind of
order n,H1n is the Hankel function of order n, described by
H1n(k r) = Jn(k r) + j Yn(k r), and Yn is spherical Bessel
function of the second kind of order n.
A RIS inherent insertion loss [23] is not considered here.
Paper [24] indicates that a signal that is reflected or scattered
in other directions than the incoming wave has a lower field
strength than the reflection back to the source. Therefore, the
radar cross section used below is an optimistic approach to
reflections in other directions than that of the incoming wave.
For a spacing of λ/2 between RIS elements, radius r of the
metallic sphere and its normalized size equal:

r =
λ

4
,
2π r
λ
=
2π λ4
λ
=
π

2
> 1 (10)

Based on Eqs. (9) and (10), the normalized radar cross section
is approximately:

σ

π r2
= 1 (11)

Reflections from or scattering caused by small objects with
a size <λ result in spherical waves. For a single sphere, the
ratio between the received and transmitted power is given
in [3], p. S1 as well as Eqs. (10) and (11) from the radar
equation:

PR
PT

∣∣∣∣
scatter,sphere

=
GT

4π R 2
2a,s

σ
Ae

4π R 2
2b,s

= GT GR π

(
λ

4

)2
1
(4π)3

λ2

(R2a,s R2b,s)2

(12)

or by considering the limited EIRPT = PT GT at the base
station with respect to the legal radiation limits (e.g., [2]):

PR
∣∣
scatter,sphere

= EIRPT GR π

(
λ

4

)2
1
(4π)3

λ2

(R2a,s ·R2b,s)2
α

1
(R2a,s ·R2b,s)2

.

(13)

The pathloss is proportional to the product of the square of
the two partial distances R2a,s and R2b,s.
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Fig. 2. RIS array made up ofM ·N RIS elements.
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Fig. 3. Propagation scenario for indoor environments or street
canyons, with the receiver not being visible from the transmitter and
a sphere or an RIS array being used to ensure coverage.

A RIS array comprises many small reflectors (M ·N) shown
in Fig. 2. For simplicity, it is assumed that the different RIS
elements do not influence each other. Then, the solution may
be regarded as a phased array antenna which is illuminated
by the base station or a user equipment antenna. The radar
cross section of a single sphere is extended by the physical
size of the RIS array (M ·N)(λ2 )

2. A RIS array can be used
for beamforming with the additional beamforming gain of
(M ·N), where compared to Subsection 2.1, the outgoing
angle αout is not necessarily the same as the incoming angle
αin. A propagation scenario similar to that shown in Fig. 1 is
considered in Fig. 3. In the scenario in which phase shifts of
the different RIS elements are random, the sum of the powers
of the different reflected signals per RIS element is received.
Then Eq. (12) is extended as in Eq. (14):

PR
PT

∣∣∣∣
RIS

=
GT

4πR 2
2a,RIS

M ·N σ Ae
4πR 2

2b,RIS

= GT GR M ·N π
(
λ

4

)2
1
(4π)3

λ2

(R2a,RIS R2b,RIS)2
. (14)

By relying on appropriate phase shifts, each element in the
RIS array may be used for beamforming. The constructive
superposition of each reflected signal provides a main lobe of
the resulting beam from the RIS array towards the receiver

antenna. Under ideal conditions, the receiver antenna is sum-
ming up the field strength of each signal. This corresponds to
a group of antennas with many individual elements ([18] pp.
254). With the multiplicative approach, where the directiv-
ity of an individual antenna element is multiplied with the
characteristic of the array and all antenna elements have the
same characteristic and same distance λ/2 between the an-
tenna elements like in Fig. 2, the maximum ratio between PR
and PT follows with the array gainM ·N :

PR
PT

∣∣∣∣
RIS,max

=
GT

4π R 2
2a,RIS

(M ·N)2 σ Ae
4π R 2

2b,RIS

= GT GR (M ·N)2 π
(
λ

4

)2
1
(4π)3

λ2

(R2a,RIS R2b,RIS)2
(15)

or

PR
∣∣
RIS,max

= EIRPT GR (M ·N)2 π
(
λ

4

)2
1
(4π)3

· λ2

(R2a,RIS R2b,RIS)2
α

1
(R2a,RIS R2b,RIS)2

. (16)

The received power PR is growing with the square of the RIS
array sizeM ·N . With a growing number of RIS elements,
the received power is increasing.
Pathloss is proportional to the product of the square of the
two partial distances R2a,RIS and R2b,RIS . EIRPT is lim-
ited by applicable radiation limits. PR in Eqs. (13) or (16)
corresponds to the direct reflected path. Figure 3 also indi-
cates that secondary reflections around the receiver provide
additional multipath propagation, where a reflection coeffi-
cient |ϱ| ≪ 1 can be assumed.
A RIS array is characterized by the following technical im-
plementation features:
– it is basically a passive device without amplification and

without signal regeneration capabilities,
– by using appropriate phase shifters for different RIS ele-

ments, some beamforming is possible,
– this requires that signal processing performed by user

equipment, the base station and the RIS array be centralized
[25]. In this sense, it is an active system,

– a power supply is needed,
– a data connection from/to the central signal processing

unit at the base station and the RIS feedback to the base
station/signal processing unit is required [25],

– it is mounted on buildings, towers or lamp posts,
– with the power supply and an additional data connection,

this is a very complex solution,
– no latency is added to the signal’s propagation, because

RIS elements only provide a phase shift,
– RIS improves coverage, especially in shaded areas,
– propagation corresponds to quasi-LOS propagation condi-

tions around corners,
– it offers a longer range compared to direct propagation with

the high shadowing pathloss,
– LOS propagation provides a strong direct component and

thereby a Rice channel is established at the receiver,
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Fig. 4. Operation principle of a repeater-based or multi hop solution:
a) single hop approach, b) multi hop or repeater-based approach.

– without a RIS array, the received power would be much
lower and the channel would correspond to a Rayleigh
channel,

– the delay spread is generated, at the receiver, via secondary
reflections around the receiver or from other reflecting
obstacles present in the deployment area and characterized
by smaller reflection coefficients,

– for a specific user location, the radio channel can be in-
fluenced or adjusted. However, RIS settings are strongly
dependent on the receiver’s location,

– if RIS is used for beamforming, it operates in a manner
that is similar to a directive antenna,

– with an increased number of RIS elementsM ·N the RIS
array gain and its physical size increase as well, in practice,
the received power will be lower due to the inherent RIS
insertion loss.

3.3. Repeater

In a solution with a repeater, the entire propagation path R
is subdivided into shorter propagation paths (Fig. 4). In this
simplified example, all transmit powers and antenna gains
as well as the N radio path lengths are the same per hop.
This means that the transmit power at the base station can be
reduced for the same effective path length, as described in
Subsection 3.1 and 3.2, and/or such an approach allows to
transmit around corners under shadowing conditions, while
achieving longer range. In the following, free space propaga-
tion per hop is assumed. In the single hop case, the received
power PR follows from the link budget in Eq. (17) and the
necessary transmit power PT,BS,single from Eq. (18):

PR = PT,BS,single GT,BS GR,MS

(
λ

4πR

)2
, (17)

PT,BS,single =
PR

GT,BS GR,MS

(
4πR
λ

)2
. (18)

In the multi hop or repeater-based case, it is assumed that the
received power PR at the destination is the same as in the
single hop case. Then, the necessary base station and repeater
transmit powers PT,BS,multi hop and PT,MS,N are assumed
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Fig. 5. Propagation scenario for indoor environments or street
canyons with the receiver not visible from the transmitter’s location
and a repeater used to ensure coverage.

to be the same:

PT,total = N PT = N
PR
GT GR

(
4πR
λ N

)2
=
1
N

PR
GT GR

(
4πR
λ

)2
=
PT,BS,single
N

. (19)

It follows from Eq. (19) that in the multi hop approach, the to-
tal needed transmit power is lower than that in the single hop
scenario, and for the same distance R needs to be covered.
It is more challenging, especially at very high frequencies,
to generate high RF power levels. Therefore, the multi-hop
solution makes millimeter wave and terahertz systems more
suitable and allows to transmit around corners with lower en-
ergy consumption.
In the repeater-based solution, a propagation solution compa-
rable with that shown in Fig. 1 and Fig. 3 is assumed (and
shown Fig. 5). The repeater has an antenna looking towards
the base station/access point and a second antenna pointing
towards the intended coverage area which is shaded from the
base station. In addition, the repeater provides an amplifica-
tion from the received to the transmit signal and may perform
signal regeneration and beamforming or MIMO transmission.
The outgoing angle αout is not necessarily the same as the
incoming angle αin. The link between the base station/access
point and the repeater as well as the link between the repeater
and the user equipment is given by the Friis formula [5], p.
18 and the repeater power amplification V , such as:

PR,repeater
PT,base station

=

GT,base station GR,repeater

(
λ

4π R2a,rep

)2
PR,user equipment
PT,repeater

=
PR,user equipment
V · PR,repeater

= GT,repeater GR,user equipment

(
λ

4π R2b,rep

)2
. (20)

In the repeater-based solution, it is assumed that the base
station and the repeater can generate the maximum EIRPT
values allowed under applicable radiation limits. It can also be

JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY 3/2023 5



Werner Mohr

assumed that the minimum necessary received power PR or
receiver sensitivity are the same for the base station, repeater
and user equipment. Due to the amplification performed in
the repeater, the received power at the user equipment de-
pends solely on the EIRPT of the repeater and the distance
R2b,rep.
The amplification V of the repeater is limited, so that the max-
imum allowed EIRPT based on radiation limits is complied
with:

PT,repeater GT,repeater

= V PR,repeater GT,repeater = EIRPT , (21)

V =
PT,repeater
PR,repeater

=
EIRPT

PR,repeater GT,repeater
, (22)

which provides the received power at the user equipment:

PR,user equipment

= EIRPT GR,user equipment

(
λ

4π R2b,rep

)2
. (23)

Equation (23) provides the received power at the user equip-
ment. The total maximum transmit power necessary to cover
the entire path length R2,rep = R2a,rep + R2b,rep is given
as:

PT,base station + PT,repeater

=
EIRPT

GT,base station
+
EIRPT
GT,repeater

. (24)

Each of the two hops can cover, with the same EIRPT , the
same distance as achieved in the reflector-based solution from
Subsection 2.1. Therefore, either twice the effective distance
is feasible or the transmit power used at the base station and
the repeater can be reduced.
The received power PR from Eq. (23) corresponds to the
direct reflected path. Figure 5 also indicates that secondary
reflections around the receiver provide additional multipath
propagation.
The repeater-based approach is characterized by the following
technical implementation-related features:
– it is an active device with amplification and potentially

with signal regeneration and beamforming or a MIMO
transmission,

– there are basically two repeater options available.
In the first scenario an RF repeater is used only, and in the
other the repeater regenerates the received signal by means of
signal processing and beamforming or a MIMO transmission.
In the first case RF amplification is applied only to achieve
the maximum allowed EIRPT , potentially with a shift to
a different carrier frequency to avoid oscillation of the re-
peater due to positive feedback from the repeater’s output,
affecting its input. Repeater amplification and antenna gain
can either increase the covered range compared to a reflector
or a RIS, or may allow to reduce the overall RF power need-
ed. This approach adds almost no latency, if analogue signal
processing or amplification is applied only. The solution of-
fers a medium complexity level.
In the second case, the repeater amplifies the signal to the

maximum allowedEIRPT . Advanced antenna systems, such
as those relying on beamforming or MIMO concepts, can be
used and the repeater’s amplification and the antenna gain
may either increase the covered range compared to a reflector
or a RIS or allow to reduce the overall RF power required.
No additional feedback from the user equipment or the base
station to the repeater is needed, as is the case on the RIS
approach. The channel estimation capabilities of the radio in-
terface are sufficient to implement such antenna concepts.
However, signal processing for signal regeneration and anten-
na algorithms is adding latency. It is a solution with a medium
level of complexity, since the same microelectronic compo-
nents as those used in base stations or user equipment may be
applied:
– only a power supply is needed,
– it is mounted on buildings, towers or lamp posts,
– overall, its complexity level is between that of a metallic

reflector and a RIS system,
– a repeater is more flexible than a metallic reflector in direct-

ing energy at specific users and a RIS by using advanced
antenna concepts,

– a repeater is improving coverage significantly, especially
in shaded areas,

– the propagation pattern corresponds to LOS propagation
conditions between the base station and the repeater and
a second LOS propagation between the repeater and user
equipment to direct the signal around corners,

– this allows a bigger range compared to direct propagation
with a high shadowing pathloss,

– LOS propagation provides a strong direct component and
thereby a Rice channel is established at the receiver,

– without a repeater, the received power would be much lower
and the channel would correspond to a Rayleigh channel,

– delay spread is generated via secondary reflections around
the receiver or other reflecting obstacles in the deployment
area characterized by smaller reflection coefficients.

4. Comparison of reflector, RIS array and
repeater

The different solutions are compared under the same condi-
tions. All concepts are using:
– the same maximum EIRPT at the base station and also at

the repeater,
– equal receiver antenna gains at user equipment,
– the same necessary received power at user equipment and

at the repeater and
– the same carrier frequency or wavelength.
The size of the RIS arrayM ·N is variable.
Based on the formulas for the received power at user equip-
ment for the three system concepts involving a reflector Eq.
(8), a RIS array for optimal beamforming Eq. (16) and a re-
peater Eq. (23) the achievable received power for the same
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radio path length is investigated. For comparison, the re-
sults are normalized to the reflector case. This results in the
following normalized functions:

PR
∣∣
RIS,max

PR
∣∣
reflector

=
(M ·N)2 π

(
λ
4

)2 1
(4π)3

λ2

(R2a,RISR2b,RIS)2(
λ

4π(R2a,m+R2b,m)

)2
= (M ·N)2 1

43
λ4

(R2a,RIS R2b,RIS)2
(R2a,m +R2b,m)2

λ2
.(25)

PR
∣∣
repeater

PR
∣∣
reflector

=

(
λ

4πR2b,rep

)2(
λ

4π(R2a,m+R2b,m)

)2
=
(R2a,m +R2b,m)2

R2b,rep2
. (26)

If the same geometry and distances are assumed with:

R2a,m = R2a,RIS = R2a,rep = R2a , (27)

R2b,m = R2b,RIS = R2b,rep = R2b . (28)
Eqs. (25) and (26) result in:

PR
∣∣
RIS,max

PR
∣∣
reflector

= (M ·N)2 1
43

λ4

(R2aR2b)2
(R2a +R2b)2

λ2
, (29)

PR|repeater
PR|reflector

=
(R2a +R2b)2

R22b
=
R22
R22b
. (30)

4.1. Received Power Ratio for the RIS Array vs. Reflector
Approach

With the normalized distant-dependent terms R2a/λ, R2b/λ
and the total path length R2/λ = R2a/λ+R2b/λ it follows
for Eq. (29):

PR
∣∣
RIS,max

PR
∣∣
reflector

= (M ·N)2 1
43
λ2

R22

1

(R2b
R2
)2(1− R2b

R2
)2
, (31)

with 0 ¬ R2b/R2 ¬ 1. As the RIS array will not be placed
directly at the base station location (R2b/R2 = 1) or at the
location of user equipment (R2b/R2 = 0) with poles in Eq.
(31), a reasonable assumption for the RIS array location is
somewhere in the middle of the overall propagation path
within the following limits

0.2 ¬ R2b
R2
¬ 0.8 . (32)

The minimum size of the RIS arrayM ·N |min for the same
received power as for the reflector follows from Eq. (31):

PR
∣∣
RIS,max

PR
∣∣
reflector

= 1 , (33)

M ·N
∣∣
min
= 8
R2
λ

R2b
R2

(
1− R2b
R2

)
. (34)

Due to the huge variation versus carrier frequency f (1, 3,
10, 30, 100, and 300 GHz) and entire path length R2 (1, 10,
100, and 200 m) the evaluation of Eq. (34) is presented loga-
rithmically as log (M ·N |min) in Fig. 6 versus the relative
location R2b/R2 of the reflector or the RIS array. The mini-
mum RIS array size increases significantly with the carrier

R2b

R2

.log(M N )min

0.2 0.3 0.4 0.5 0.6 0.7 0.8
0

1

2

3

4

5

6

f=300 GHz, R =200 m2

f=300 GHz, R =100 m2
f=100 GHz, R =200 m2
f=100 GHz, R =100 m2
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f=10 GHz, R =200 m2
f=10 GHz, R =100 m 2 and f=100 GHz, R =10 m2
f=3 GHz, R =200 m2

f=3 GHz, R =1 m2

f=1 GHz, R =1 m2

f=1 GHz, R =200 m2
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f=3 GHz, R =10 m2  and f=30 GHz, R =1 m2

f=1 GHz, R =10 m2  and f=10 GHz, R =1 m2

f=1 GHz, R =100 m,2  ,f=10 GHz, R =10 m2   f=100 GHz, R =1 m2

f=30 GHz, R =200 m2  and f=300 GHz, R =10 m2

Fig. 6. Summary diagram of the minimum size of the RIS array
M · N |min Eq. (34) for optimum phase shifts per RIS element
versus carrier frequency f , entire path length R2 versus the relative
location R2b/R2 of the reflector or RIS array.

frequency and the entire path length. Especially, in the mil-
limeter or sub-Terahertz frequency range, the number of RIS
elements is in the order of several tens of thousands and more.
Here, it is assumed that the maximum gainM ·N of the RIS
array is available with appropriate phase shifts of the RIS el-
ements.
If there is no RIS gain =M ·N = 1 in the case of random
phase shifts per RIS element, the minimum number of RIS
elements needs to grow by the square ofM ·N |min in Eq.
(34):

PR
∣∣
RIS,no RIS gain

PR
∣∣
reflector

=M ·N 1
43
λ2

R22

1

(R2b
R2
)2 (1− R2b

R2
)2
, (35)

M ·N
∣∣
min,no RIS gain

=

[
8
R2
λ

R2b
R2

(
1− R2b
R2

)]2
. (36)

In practice, the necessary RIS size will be within the limits
of Eqs. (34) and (36):

log(M ·N |min) ¬ log(M ·N)
¬ log(M ·N |min,no RIS gain) = 2 log(M ·N |min) . (37)

The signal processing capacity required to adjust the different
RIS elements will be very complex. For smaller RIS sizes,
the received power at the user equipment will be lower than
for a reflector.

4.2. Received Power Ratio for the Repeater vs. Reflector
Approach

In the scenario involving a repeater, the ratio of the received
power between the repeater and reflector concepts depends
solely on the ratio of the entire path lengthR2 and the relative
location of the reflector or repeater R2b, as long as the path
lengthR2b is short enough to ensure sufficient received power
at the repeater (Fig. 7):

PR|repeater
PR|reflector

=
(R2a +R2b)2

R22b
=
R22
R22b
. (38)
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Fig. 7. Ratio of the power received by the repeater, normalized
to a reflector solution, and the relative location of the reflector or
repeater R2b.

Equation (38) is valid under the condition that all transmit-
ters have a radiated equivalent power EIRPT . The repeater
solution always provides a higher received power at the user
equipment than the reflector. This gain is decreasing if the re-
peater is located closer to the base station. In that case, the
length of the path of the second hop R2b is similar to that of
the entire path R2 in the reflector scenario. If the repeater is
located in the middle of the entire radio path R2, the transmit
power necessary at the base station and at the repeater can
be reduced for two hops N = 2 by a factor of N2 = 4 – see
Subsection 2.1.

5. Conclusions

In the millimeter wave and sub-terahertz frequency domains,
pathloss is very high compared to lower frequency ranges
(Section 1). Especially, under shadowing conditions, radio
communication is basically blocked and without deploying
special means, reflected multipath signals excessively lower
the received power, since the roughness of surfaces character-
ized by a low reflection coefficient (e.g. walls walls) is in the
order of the wavelength. Therefore, for practical applications,
shadowing needs to be overcome by technical means which
are directing radio signals around corners. The following
options are considered:
– reflector or metallic mirror (Subsection 3.1),
– RIS array (Subsection 3.2),
– repeater (Subsection 3.3).
These technical means create a strong component in the
channel impulse response at the receiver and thereby result in
the establishment of a Rice channel.
From the comparison presented in Section 4 and Tables 1–2,
it can be concluded that:
– A repeater is the best overall solution with a medium degree

of complexity. The same electronic components as those
used in base stations/access points and user equipment may
be relied upon and only a power supply is needed. The
overall transmit power is lower than for the other means.
Therefore, this is the most sustainable solution;

– A reflector or a metallic mirror is a cheap alternative with
low complexity. It does not require a power supply or an
additional data connection;

– A RIS array requires a huge number of RIS elements and
is the most complex solution in terms of signal processing.
It also requires an additional power supply and a data
connection to ensure centralized signal processing for RIS
settings and to enable fast updates for moving users.

Especially for very wideband systems and in the millime-
ter wave and sub-terahertz domains, such as like 6G a Rice
channel provides a significantly increased coherence band-
width or reduced frequency dependency of the radio channel
and increased received power compared to Rayleigh chan-
nels under shadowing conditions. This results in reduced
effective intersymbol-interference (significantly more open
eye-diagram), which reduces or avoids the need for time-
domain equalization of the received signal.
In the scenarios involving a repeater or a reflector, coverage
at high frequency ranges required by 6G systems may be im-
proved significantly while maintaining reasonable complexity
levels.
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Tab. 1. Comparison of features

Topic Reflector RIS array Repeater

Mounting at Buildings, towers or lamp posts
Power supply No power supply Power supply needed

Data connection
to the network

No additional data
connection

Additional data connection,
deployment difficult and

expensive
No additional data connection

Active/passive
device Passive Active due to signal processing

for beamforming

Active: amplification, potential
signal processing for signal

regeneration and beamforming

Overall transmit
power

Transmit power needed to
cover full range

Transmit power needed to cover
full range

Overall transmit power lower than
in other solutions for same range
and therefore more sustainable

Beamforming
Plane, concave or convex
reflector, some fixed static

beamforming feasible

Beamforming by settings phase
shifters of RIS elements; RIS gain

(similar to antenna array gain)
Directive and/or MIMO antennas

Update vs.
receiver location

Not needed, because
reflector is covering an area

around the receiver

For a specific user location, the
radio channel can be influenced or

adjusted by RIS settings.
However, RIS settings are

sensitively linked to the receiver
location, depending on

beamwidth, and require fast
updates due to receiver

movements

Needed, because beamforming or
MIMO antenna concepts

applicable

Amplification No amplification Amplification

Signal
regeneration No

RF repeater only: no, for analogue
repeater (amplifier); Repeater

including signal processing: yes,
for repeater including signal

processing by means of available
information from radio interface

Signal processing No additional signal
processing

Additional centralized signal
processing between user

equipment, base station and RIS

No additional signal processing in
addition to the needs of the radio

interface

Latency No latency added to signal propagation

RF repeater only: nearly no
latency added; Repeater including

signal regeneration: signal
processing for signal regeneration

and antenna algorithms adds
latency to signal propagation

Shadowing
mitigation Yes, allows to look around corners

Coverage
improvement Yes, shaded areas can be covered even in millimeter wave and sub-THz domains

LOS like
propagation
conditions

Propagation corresponds to
LOS propagation between

base station and reflector and
a second LOS propagation
between reflector and user

equipment

Propagation corresponds to LOS
propagation between base station
and RIS array and a second LOS
propagation between RIS array

and user equipment

Propagation corresponds to LOS
propagation between base station
and repeater and a second LOS

propagation between repeater and
user equipment
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Tab. 2. Comparison of features – continued

Topic Reflector RIS array Repeater

Range extension
compared to

propagation under
shadowing
conditions

Yes, based on quasi-LOS
propagation around corners

Yes, based on quasi-LOS
propagation around corners, only
for huge number of RIS elements

better than reflector

Yes, based on amplification and
directive antennas in repeater and

quasi-LOS propagation around
corners provides in maximum
twice the range as for repeater

Strong
component in

channel impulse
response

Yes, reflector, RIS array or repeater ensures a strong in channel impulse response
compared to other secondary reflections around user equipment

Type of radio
channel at
receiver

Rice channel due to strong component
Without reflector, RIS array or repeater received power much lower

and radio channel corresponds to Rayleigh channel

Delay spread at
receiver

Delay spread generated via secondary reflections around the receiver
or other reflecting obstacles with smaller reflection coefficients in the deployment area.

Rice channel – low delay spread, Rayleigh channel – higher delay spread
Coherence
bandwidth Enforced Rice channel at receiver provides very high coherence bandwidth

Intersymbol
interference

With high coherence bandwidth little effective intersymbol interference,
which reduces equalization effort

Coherence time With increasing Rice factor of radio channel, coherence time is increasing.
Reduced requirements on equalizer update rate of channel estimation

Flexibility Static, no flexibility Some beamforming due to RIS
settings

Very flexible by MIMO and
signal regeneration

Overall
complexity Low High Medium
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Abstract  This paper presents a comprehensive study that ex-
amines the fundamental concept of the non-orthogonal multiple
access (NOMA) scheme and provides its detailed comparison
with the orthogonal multiple access (OMA) technique. Fur-
thermore, the paper explores the application of the generalized
singular value decomposition (GSVD) method in conjunction
with NOMA, accompanied by a detailed review of GSVD-based
NOMA systems. This study also introduces the concept of mobile
edge computing (MEC) and extensively discusses its key param-
eters. Furthermore, a comprehensive analysis of NOMA MEC is
presented, shedding light on its potential advantages and chal-
lenges. The aims of this study are to provide a comprehensive
understanding of the aforementioned topics and contribute to
the advancement of MIMO-NOMA systems.

Keywords  generalized singular value decomposition, MIMO,
mobile edge computing, non-orthogonal multiple-access

1. Non-orthogonal Multiple Access

Non-orthogonal multiple access (NOMA) is a multiple ac-
cess technique that allows multiple users to simultaneously
share the same frequency, time, or code resources to commu-
nicate with a base station or an access point. Several NOMA
schemes are distinguished in the literature [1]. Some of their
well-known varieties are summarized below. The sparse code
multiple access (SCMA) technique enables multiple users to
communicate with a base station simultaneously by utilizing
separate sparse codes assigned to each user based on a multi-
dimensional codebook [2]. In the pattern division multiple
access (PDMA) approach, the available bandwidth is divid-
ed into multiple non-overlapping frequency patterns or slots.
Thus, the users rely on a unique pattern or slot to modulate
their signals [3]. Resource spread multiple access (RSMA)
employs a distinct spreading sequence for users to disperse
their data over the frequency band. The receiver then revers-
es the spreading process by applying the identical spreading
sequence to recover the user’s information [4]. Multi-user
shared access (MUSA) is based on code domain multiplex-
ing, where symbols are multiplexed using the same spreading
code. These symbols are transmitted over an orthogonal chan-
nel, such as a sub-carrier, as in OFDMA. At the receiver end,
SIC decodes the received symbols [5]. Interleave-grid mul-
tiple access (IGMA) is another technique in which the user

data is segmented and interleaved based on a specific pat-
tern, creating a grid-like structure that helps minimize user
interference and improves the overall spectral efficiency of
the system [6]. Rate-splitting multiple access is also evok-
ing significant interest within the research community. In
rate-splitting multiple access, users partition their data into
shared and exclusive components [7]. The shared components
of each user are aggregated and modulated jointly, while the
unique components of each user are modulated separately.
This results in a transmitted signal containing shared and
unique components for all users. Both users initially decode
the shared component at the receiver, treating any interfer-
ence from the unique signals as noise. Both users use SIC to
decode their exclusive signals in the subsequent stage.
In 3GPP Release 13, the standardization of power domain
NOMA (PD-NOMA), known as multi-user superposition
transmission (MUST), has been introduced for a broadcast
channel. In PD-NOMA, multiple users use different power
levels to share the same time and frequency resources. At the
transmitter, superposition coding is employed to multiplex
the users, while the receiver uses successive interference can-
cellation to decode the superposed signals [8]. PD-NOMA is
considered a promising technique for 5G and beyond wire-
less communication systems, as it is capable of significantly
increasing spectral efficiency and supporting multiple users
with diverse communication requirements. PD-NOMA can
also improve user fairness and energy efficiency, enabling
users with weaker channel conditions to share the same re-
sources with stronger users, without sacrificing their quality
of service [9].

1.1. Overview of Power-domain NOMA

This section introduces the basic concepts of PD-NOMA for
downlink and uplink networks. Additionally, we analyze and
compare the sum rate and signal-to-interference-plus-noise
ratio (SINR) of NOMA and OMA.

1.2. Downlink NOMA Network

Figure 1 illustrates a downlink NOMA scheme consisting
of a base station or an access point andK receivers, where
the BS broadcasts a superposed signal to all the receivers.
The BS combines complex-valued symbols with superpo-
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Fig. 1. Basic concept of a downlink NOMA [9].

sition coding (SC), and the receivers employ the successive
interference cancellation (SIC) technique to decode their re-
spective signals. Each receiver, except for the weakest one or
receivers without SIC capabilities, performs the SIC process
at the receiver. Even though there is a tendency for the SIC
process as follows: the users first extract the strongest signal
from the combined signal and then subtract it to eliminate in-
terference from the remaining signals, and the SIC process is
repeated until the receiver’s signal is decoded. This strategy
may not be optimal. Ding et al. showed that dynamic decod-
ing orders relying on users’ QoS and CSI-based SIC orders
might improve the system’s performance [10]. To simplify
the analysis, we consider a downlink NOMA system with
a base station and two users to derive the SINRs and sum
rates. Additionally, we assume that the base station and users
are equipped with a single antenna and the system bandwidth
B is one. The information-bearing signals, xN for the near
user UE1 and xF for the far user UE2, are superimposed at
the transmitter as follows:

x =
√
PNxN +

√
PFxF , (1)

where PN and PF denote the transmission power allocation
coefficients for the near and far users, respectively. Ptot rep-
resents the total transmit power which equals the sum of PN
and PF . The received signal at the receivers are:

yi = hix+ ni, i ∈ {N,F} , (2)

where hi denotes the channel coefficient between the BS and
user UEi and ni represents the additive white Gaussian noise
(AWGN) with zero mean and σ2i variance for UEi. Let’s
assume the users are ordered using the CSI-based method at
the receiver and the near user has a strong signal than of the
far user, i.e., |hN |

2

σ2
N

­ |hF |
2

σ2
F

. Therefore, the SINR expression
of the near user and far user are given by:

SNRN =
PN |hN |2

σ2N
, (3)

SINRF =
PF |hF |2

PN |hN |2 + σ2F
. (4)

Accordingly, the data rate for the near user and far user can
be written as follows:

RN = log2

(
1 +
PN |hN |2

σ2N

)
, (5)

RF = log2

(
1 +

PF |hF |2

PN |hN |2 + σ2F

)
. (6)

UE1 UE1

UE2 UE2

UEK UEK

Base
station

SIC of 
UE , 1
UE ,2
... ,

 UEK-1

+
..

Fig. 2. Basic concept of uplink NOMA [9].

1.3. Uplink NOMA Network

As illustrated in Fig. 2, an uplink NOMA system allows
K users to simultaneously transmit their data to the BS
using the same spectrum. The base station employs SIC to
decode the signals from different users. We again assume that
the near user has better channel gain than the far user, i.e.
|hN |2
σ2
N

­ |hF |
2

σ2
F

. The received signal at the receiver is:

y = hNxN + hFxF + nB , (7)

where nB is an AWGN with zero mean and σ2N variance at the
receiver. If the BS decodes the received signal in descending
order, the data rate for the near and far users are:

RN = log2

(
1 +

PN |hN |2

PF |hF |2 + σ2B

)
, (8)

RF = log2

(
1 +
PF |hF |2

σ2B

)
. (9)

On the other hand, if the BS decodes the received signal
in ascending order, the data rate for the near and far users
becomes:

RN = log2

(
1 +
PN |hN |2

σ2B

)
, (10)

RF = log2

(
1 +

PF |hF |2

PN |hN |2 + σ2B

)
. (11)

It is worth mentioning that in each case, the sum rate for the
users is the same as given in:

RN +RF = log2

(
PN |hN |2 + PF |hF |2 + σ2B

σ2B

)
. (12)

In other words, the sum rate in the uplink NOMA does not
depend on the order of SIC, assuming no error propagation
occurs in the SIC process. However, according to Benjebbour
[8], it is more practical to perform SIC in the descending
order of channel quality levels.
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1.4. Sum Rate Comparison Between NOMA, TDMA, and
FDMA Networks

This section compares NOMA with TDMA and FDMA
schemes for an uplink scenario, as illustrated in Fig. 3. The
data rates of the near and far users in the NOMA, FDMA,
and TDMA systems are given as follows [11]:

NOMA =


RNOMAN = B log2(1 +

PN |hN |2
Bσ2
B

)

RNOMAF = B log2(1 +
PF |hF |2

PN |hN |2+Bσ2B
)

0 ¬ PN , PF ¬ P

TDMA =


RTDMAN = B(1− τ) log2(1 +

PN |hN |2
Bσ2
B

)

RTDMAF = Bτ log2(1 +
PF |hF |2
Bσ2
B

)

0 ¬ τ ¬ 1

FDMA =


RFDMAN = B(1− ω) log2(1 +

PN |hN |2
B(1−ω)σ2

B

)

RFDMAF = Bω log2(1 +
PF |hF |2
Bωσ2

B

)

0 ¬ ω ¬ 1.
(13)

Assuming two uplink users UEN and UEF with channel
gains of hN

σ2
B

= 18 dB and hF
σ2
B

= 0 dB, respectively, the total
power is the same in all schemes such that PN + PF =
P , where P is the maximum transmit power [8]. In the
TDMA scheme, the users are allocated equal time slots,
i.e., τ = 0.5. The data rates for the near and far users are
RTDMAN = 3.0011 bps andRTDMAF = 0.5 bps, respectively.
In the FDMA scheme, the bandwidth is split equally between
the users, i.e., ω = 0.5, and the resulting data rates are
RFDMAN = 3.0011 bps and RFDMAF = 0.5 bps for the
near and far users, respectively. In the NOMA case, the
power is split between the users by δ, with two out of five for
the near user and three out of five for the far user. Thus,

the data rates for the near and far users are RNOMAN =
4.0682 bps and RNOMAF = 0.6781 bps. The total sum rates
achieved by the TDMA, FDMA, and NOMA schemes are
3.5011 bps, 3.5011 bps, and 4.7463 bps, respectively. Based
on this example, it can be concluded that NOMA offers a
significant advantage over OMA schemes in terms of spectral
efficiency, resulting in 35.57% higher sum data rates. Figure 4
emphasizes the influence of the power allocation coefficient on
the sum rate performance. In Fig. 5, a comparison is presented
between the sum rates of NOMA, TDMA, and FDMA, with
the power allocation coefficient δ, the bandwidth allocation
coefficient ω, and the time allocation coefficient τ set to
0.3. As the channel gain difference increases, it is observed
that NOMA outperforms OMA schemes, exhibiting greater
improvement in performance.

2. Enhancing MIMO-NOMA Systems
Through GSVD

Generalized singular value decomposition (GSVD) is a pow-
erful matrix factorization technique that extends the standard
singular value decomposition (SVD) to accommodate rectan-
gular matrices of potentially different dimensions. This tech-
nique encompasses two primary types: real-valued GSVD and
complex-valued GSVD. Real GSVD is utilized for real-valued
matrices, while complex GSVD is tailored for complex-valued
matrices. Various algorithms, such as Van Loan’s, which was
first introduced in 1976, as well as Paige and Sounders’ algo-
rithms [12], facilitate the computation of GSVD. By decom-
posing matrices into their singular components, GSVD finds
a widespread application across diverse domains. It is em-
ployed in signal processing tasks, such as adaptive filtering,
blind source separation, and channel estimation, as well as
in analyzing biological data in bioinformatics [13], [14]. In
wireless communication, GSVD decomposes MIMO chan-
nels into orthogonal SISO channels. In other words, the main
use case of the GSVD is beamforming design. Table 1 lists
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Fig. 4. Sum data rate comparison for different resource ratios for the
near user.
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some studies that employ GSVD to solve some problems in
wireless communication.
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Fig. 5. Sum data rate comparison under different SNR rates.

2.1. Definition of GSVD

Let us consider two matrices, H1 ∈ Cm×n and H2 ∈
Cm×n. By applying the GSVD method, we can decompose
these matrices into three components: a unitary matrix, a
non-singular matrix, and a non-negative singular matrix. The
decomposition can be expressed as follows [15]:

Σ1 = UH1Q and Σ2 = VH2Q, (14)

where the matrices U ∈ Cm×m and V ∈ Cm×m are
unitary, whileQ ∈ Cn×n is non-singular, and Σ1 ∈ Cm×n
and Σ2 ∈ Cm×n are diagonal matrices with non-negative
elements. The dimension of the matrices form Σ1 and Σ2 as
follows:

– Ifm ­ n, then Σ1 =

(
0(m−n)×n
S1

)

and Σ2 =

(
S2

0(m−n)×n

)
.

– Ifm ¬ n ¬ 2m, r = n−m and q = 2m− n, then

Σ1 =

(
Ir Or×q Or×r
Oq×r S1 Oq×r

)

and Σ2 =

(
Oq×r S2 Oq×r
Or×r Or×q Ir

)
.

– If 2m ­ n, then Σ1 =
(
Im Om×(n−m)

)
and Σ2 =

(
Om×(n−m) Im

)
,

where O and I represent the zero and identity matrices,
respectively. Moreover, S1 and S2 are non-negative diagonal
matrices, with elements between zero and one. Notably, the
elements of S1 are sorted in descending order, while those of
S2 are sorted in ascending order.

2.2. Application of GSVD in MIMO-NOMA

We consider a base station (BS) with n antennas communicat-
ing with two downlink users, each equipped withm antennas.
The channels between the BS and the users can be represent-
ed byGi = Hi√

dτ
i

, whereHi denotes the small-scale fading

coefficients. The near user, denoted as UEN , and the far user,
denoted as UEF , are sorted based on their large-scale fading
element

√
dτi . Here, d represents the distance of the i-th us-

er, and τ represents their path loss component. The received
signals at the receivers are:

yN =
HNx√
dτN
+ nN , (15)

yF =
HFx√
dτF
+ nF . (16)

The noise at the i-th receiver, ni, i ∈ N,F , modeled by the
additive white Gaussian noise, is given by mutually indepen-
dent and identically distributed elements with zero mean and
variance σi. The transmitted signal, denoted as x ∈ Cn×1, is
subject to interference mitigation techniques using precod-
ing and decoding matrices Pb ∈ Cn×n and Di ∈ Cm×m,
respectively. The decomposition of channels, as described in
Eq. (14), leads to the selection of detection matricesDi asU
and V for the near and far users. Additionally, the precod-
ing matrix Pb is modified to Q

√
P/t, where P represents

the maximum transmission power and t is a power normal-
ization coefficient [15]. Consequently, the MIMO receivers
obtain the transmitted signal as follows:

UyN = UHNPbx+UnN =
P

t
√
dτN
ΣN +UnN

VyF = VHFPbx+VnF =
P

t
√
dτF
ΣF +VnF . (17)

Please note thatU andV are the unitary matrices. Therefore,
the unitary matricesU andV preserve the variance of noise
after multiplication with therewith.
Example: In this example, we analyze a basic setup com-
prising a BS with four transmitter antennas. The near user is
equipped with three receiver antennas, while the distant users
have two receiver antennas. The near, which small-scale chan-
nel coefficient denoted asHN ∈ C3×4, is located dN = 40
meters away from the base station. On the other hand, the far
user, represented by HF ∈ C2×4, is located dF = 75 me-
ters away from the base station. The value of the path loss
component, denoted as α, is 3.2.

HN =


0.629 + 0.735i 0.066 + 0.931i

0.210 + 0.772i 0.260 + 0.013i

0.752 + 0.907i 0.804 + 0.234i

0.193 + 0.616i 0.924 + 0.556i

0.639 + 0.949i 0.263 + 0.915i

0.524 + 0.950i 0.065 + 0.641i

 .
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HF =


0.390 + 0.173i 0.604 + 0.135i

0.485 + 0.126i 0.549 + 0.505i

0.926 + 0.021i 0.394 + 0.827i

0.918 + 0.947i 0.963 + 0.015i

 .
Decoding matricesU ∈ C3×3 andV ∈ C2×2 can be found
as follows:

U =


0.5886 + 0.0000i 0.0000 + 0.0000i

0.2571− 0.6199i 0.4855 + 0.2742i

−0.2400 + 0.3816i 0.6442 + 0.5235i

0.8084 + 0.0000i

−0.1872 + 0.4513i

0.1747− 0.2778i

 .

V =

[
−0.5294 + 0.7844i 0.3201 + 0.0453i
−0.2029− 0.2517i 0.4024− 0.8565i

]
,

and the precoding matrixQ becomes:

Q =



−0.2004 + 0.3013i 0.2468− 0.5664i

−0.4527 + 0.5098i −0.0139− 0.7738i

−0.8984 + 0.6990i −0.1623− 1.2709i

0.2405 + 0.5082i 0.6040− 1.2088i

1.2740− 0.5080i 0.6976− 0.7226i

0.7713 + 0.3349i 0.0869− 0.8978i

1.4061− 0.6229i 0.2928− 0.3442i

0.7572− 0.7511i 0.9449− 0.2902i


.

Let’s rearrange the super-positioned transmitted signal x ∈
C4×1 with power allocation such that x = Ps, where P ∈
C4×4 is the diagonal non-negative power allocation matrix
and s ∈ C4×1 contains the coded signals for both users as
follows:

x =


p1,1 0 0 0

0 p2,2 0 0

0 0 p3,3 0

0 0 0 p4,4


︸ ︷︷ ︸

P

×


l1s1,1 +

√
(1− l21)s1,2

l2s2,1 +
√
(1− l22)s2,2

l3s3,1 +
√
(1− l23)s3,2

l4s4,1 +
√
(1− l24)s4,2


︸ ︷︷ ︸

s

=


p1,1(l1s1,1 +

√
(1− l21)s1,2)

p2,2(l2s2,1 +
√
(1− l22)s2,2)

p3,3(l3s3,1 +
√
(1− l23)s3,2)

p4,4(l4s4,1 +
√
(1− l24)s4,2)

 ,
where si,1 and si,2 represent the corresponding message, and
li,1 and li,2 are the power allocation coefficients for the near
and far users, respectively. Also, we assume that s encoded
with unit power i.e, ∥si∥2 = 1, i ∈ {1, 2, 3, 4}. After the
GSVD is applied to the downlink channels, the channels
become:

ΣN =


0 0.4526 0 0

0 0 1 0

0 0 0 1


and

ΣF =

[
1.0000 0 0 0

0 0.8917 0 0

]
.

Observations at the near user are equal to yN = ΣNx√
dα
N

+ nN

that can be written as follows:

yN =


0 0.4526 0 0

0 0 1 0

0 0 0 1

×

p1,1(l1s1,1 +

√
(1− l21)s1,2)

p2,2(l2s2,1 +
√
(1− l22)s2,2)

p3,3(l3s3,1 +
√
(1− l23)s3,2)

p4,4(l4s4,1 +
√
(1− l24)s4,2)



× 1√
dαN
+


nN,1

nN,2

nN,3



=


0.4526× (l2s2,1 +

√
(1− l22)s2,2)

√
d−αN + nN,1

1× (l3s3,1 +
√
(1− l23)s3,2)

√
d−αN + nN,2

1× (l4s4,1 +
√
(1− l24)s4,2)

√
d−αN + nN,3

 .
Similarly, observations at the far user yF are equal to yF =
ΣFx√
dα
F

+ nF and can be given as follows:

yF =

[
1 0 0 0

0 0.8917 0 0

]
×


p1,1(l1s1,1 +

√
(1− l21)s1,2)

p2,2(l2s2,1 +
√
(1− l22)s2,2)

p3,3(l3s3,1 +
√
(1− l23)s3,2)

p4,4(l4s4,1 +
√
(1− l24)s4,2)



× 1√
dαF
+

[
nF,1

nF,2

]

=

 1× (l1s1,1 +
√
(1− l21)s1,2)

√
d−αF + nF,1

0.8917× (l2s2,1 +
√
(1− l22)s2,2)

√
d−αF + nF,2

 .
We can consider each sub-channel an individual SISO chan-
nel. Therefore, they may require different SIC ordering regard-
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ing their effective channel gains. Furthermore, by examining
the expressions for yN and yF , we can deduce that s1 corre-
sponds to a private stream intended for the far user. On the
other hand, s3 and s4 represent private streams dedicated to
the near user, while s2 serves as the common stream shared
by both users. The OMA transmission strategy can be em-
ployed for private streams. For example, the first steam may
equal s1 = s1,2.
Now, let us have a look at the decoding of the common stream.
It can be calculated that the near user has a stronger channel
gain than the far user, given by 0.4525√

403.2
­ 0.8917√

753.2
. Therefore,

the near and far users decode their signals as follows:

RN,2 = log2

(
1 +
p2,2 × l22 0.4525403.2

Var(nN,2)

)
,

RF,2 = log2

(
1 +

p2,2 × (1− l22)× 0.8917753.2

p2,2 × l22 0.4525403.2 + Var(nF,2)

)
.

Likewise, data rate expressions can be derived for private
channels by eliminating inter-user interference. Additionally,
the transmitted power from each antenna, denoted asP, holds
a specific physical interpretation, such as maximum transmit
power from each antenna element. Hence, the opportunity
for further exploration emerges from optimizing the elements
within P, encompassing enhancing secrecy, improving data
rate, ensuring fairness, and selecting optimal antennas.

3. Mobile Edge Computing

Mobile edge computing, also known as multi-access edge
computing, brings the processing of traffic and services from
centralized cloud servers to the edge of the network, closer to
the end-users, as illustrated in Fig. 6. Instead of transmitting
all the data to the cloud for analysis, MEC devices are respon-
sible for the processing, storage, and analysis of the data [24].
This approach minimizes latency, thus improving perfor-
mance of high-bandwidth applications in real-time [25]. The
combination of NOMA and MEC holds immense potential,
as it not only enhances the spectral efficiency of MEC users,
but also empowers IoT devices at the edge to handle com-
putationally intensive tasks. Combining NOMA and MEC
requires an optimal approach to resource and power alloca-
tion and time management. In order to minimize the time
spent offloading tasks, UE needs to determine the optimal
task partition coefficient β and power allocation poff . The
offloading time (Toff ) can be defined as follows:

Toff =
βN

R
[s] , (18)

Here,N represents the data size of the task, and R is the data
rate of the UE.
The energy consumed during the offloading time Toff can be
calculated as:

Eoff = Toff × poff [J] , (19)

In Eq. (19), poff denotes the transmit power of the UE. Once
the data is offloaded to the MEC server, the duration for the

Cloud server

Core network

MEC server

Base station

UEN UEF

Fig. 6. NOMA-assisted MEC model.

mobile execution time Tmec can be determined using:

Tmec =
βNCm
fm

[s] , (20)

In this equation, Cm represents the required CPU cycles to
execute a bit, and fm is the CPU frequency of the MEC server.
The energy consumption during Tmec can be calculated as:

Emec = ξβNCmf
2
m [J] , (21)

where ξ denotes the energy consumption coefficient for the
MEC. Tables 2–3 summarize existing works on combining
NOMA and MEC. It provides valuable insights into different
research papers that have explored this subject, with a par-
ticular emphasis placed on potential optimization benefits.

4. Discussions and Future Works

In this paper, we have presented a comprehensive analysis of
NOMA and compared it with OMA schemes. The study also
explored the integration of NOMA with MIMO technologies
using the GSVD method. Additionally, we discussed the key
parameters of the MEC technology and provided a literature
review on NOMA with MEC.
Future research directions in this field involve addressing the
limitations that come with assuming availability of perfect
channel state information (CSI) at the transmitters and re-
ceivers. It is recommended to investigate the implications and
benefits of incorporating imperfect channel estimation with
random error matrices, as demonstrated in [36]. By consider-
ing such realistic scenarios with imperfect CSI, the findings
of this study can be extended to real-world applications.
Furthermore, the constraints of the GSVD technique, which
currently allow the combination of only two users simultane-
ously, pose another limitation. However, recent advancements
have shown that the GSVD technique can be extended to
accommodate more than two users, as highlighted in [37]
and [38]. The results of these studies indicate the potential of
assigning more than two users to a resource block, using the
proposed methods.
An intriguing path for future research involves integrating the
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Tab. 1. GSVD-based MIMO applications.

Ref. Objective Technology System
analysis

Optimization
variable Constraints UL/DL Result

[16]

Minimize outage
probability while

improving
physical layer

security

NOMA-
MIMO

Performance
analysis and
optimization

Power
allocation

coefficients
N/A DL

Compared with
GSVD-OMA based

transmission,
NOMA has superior
outage performance

[17]

Design low
complexity and
highly efficient
GSVD-based

beamforming to
maximize

secrecy capacity

OMA-
MIMO Optimization

Power
allocation

coefficients

Average
power con-
sumption

DL

GSVD-MIMO
achieves nearly

identical
performance with
secure dirty paper
coding (S-DPC)

[18] Maximize
secrecy rate

OMA-
MIMO Optimization

Sub-channel
and power
allocation

Quality of
service DL

GSVD-based
precoding

outperforms
a TDMA-based

system

[19]

Obtain the
expressions of

the average data
rate and outage

in a
MIMO-NOMA

relaying

NOMA-
MIMO

Performance
analysis N/A

Finite
number of

users
DL

GSVD-NOMA
achieves a higher

sum rate than
GSVD-OMA

[20]
Maximize

minimum data
rate

NOMA-
MIMO Optimization

Power
allocation

coefficients

Imperfect
channel

estimation
DL

The SINR balancing
problem was solved
using error bounds.

The proposed
solution has better
performance than

non-robust or
OMA-based

solutions

[21] Minimize
offloading delay

H-
NOMA-
MIMO

Optimization
Power

allocation
coefficients

Total
power UL

Hybrid
NOMA-MIMO

based solution has
better delay
performance

compared with
OMA-based solution

[22] Minimize energy
consumption

NOMA-
MIMO Optimization

Task
assignment
and power
allocation

coefficients

Total
power, of-
floading
time, and
RF chains

energy
consump-

tion

UL

NOMA-MIMO
performs better than

OMA, especially
when the data is high
and time is stringent

[23] Maximize
secrecy sum rate

NOMA-
MIMO Optimization

Power
allocation

coefficients

Total power
and QoS UL

NOMA has better
SSR performance

than OMA
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Tab. 2. Summary of some existing works on NOMA-MEC.

Ref. Objective Method Technology Constraints Optimization
parameters

Offloading
policy

[26]
Minimize task
offloading and

computing delay

Linear
problem using

auxiliary
variable

Massive
MIMO

Transmit
power, MEC
computing
capacity

Power allocation,
computation

frequency allocation
Partial

[24] Minimize delay Bisection
search SISO-MEC

Energy and
offloading

power,
computation
time at MEC

Task partition
coefficient, power

allocation
Partial

[22]

Minimize total energy
during local task

offloading and MEC
computing

AO-SCA MIMO-MEC

Total power,
time, energy

consumption on
RF chains

Task partition
coefficient, power

allocation
Partial

[23] Minimize delay
Dinkelbach
transform-

SCA
MIMO-MEC Total power Power allocations Full

[27] Minimize system
energy consumption SCA SISO-MEC

Time,
transmission

power,
decoding power

Power allocation Full

[28] Minimize delay
Alternating

optimization
(AO)

UAV assisted
SISO-MEC

Energy and
QoS

Trajectory of UAV,
power allocation,
user scheduling

Full

proposed system models with emerging technologies, such
as intelligent reflecting surfaces and unmanned aerial vehi-
cles. The integration of these technologies holds significant
promise and provides opportunities to enhance the signal-
to-interference-plus-noise ratio (SINR) of MIMO-NOMA
systems. Overall, this research contributes to the understand-
ing of NOMA, its comparison with OMA schemes, the ap-
plication of GSVD in NOMA systems, and the exploration
of key parameters associated with the MEC technology. The
identified research directions open up avenues for further ad-
vancements in wireless communication systems, enabling
more efficient and reliable transmissions in diverse scenarios.
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allocation
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IRS and UAV
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Abstract  In recent years, researchers have tried to estimate the
direction-of-arrival (DOA) of wideband sources and several novel
techniques have been proposed. In this paper, we compare six
algorithms for calculating the DOA of broadband signals, namely
coherent subspace signal method (CSSM), two-sided correlation
transformation (TCT), incoherent multiple signal classification
(IMUSIC), test of orthogonality of frequency subspaces (TOFS),
test of orthogonality of projected subspaces (TOPS), and squared
TOPS (S-TOPS). The comparison is made through computer
simulations for different parameters, such as signal-to-noise
ratio (SNR), in order to establish the efficiency and performance
of the discussed methods in noisy environments. CSSM and TCT
require initial values, but the remaining approaches do not need
any preprocessing.

Keywords  coherent, DOA estimation, incoherent, localization,
wideband sources

1. Introduction

Many applications rely on sensor arrays. These include radar
signal processing [1]–[3], sonar, medical imaging, wireless
communication systems [4]–[7], and Internet of Things [8]–
[10]. In the simplest scenario, signals received by the sensors
are scaled and contain delayed replicas of the waveform
emitted by a single source. In a complex case, numerous
sources and multiple propagation pathways from the sources
to the sensors may exist. In the Fourier domain, the most
frequent strategy is to decompose the broadband source into
narrowband elements [11]–[12]. Moreover, localization of
wideband sources is primarily based on figuring out how to
employ numerous covariance matrices at various frequencies
to construct precise DOA estimation [11], [13]. A variety of
approaches have been suggested to fix the problem of the
direction-of-arrival (DOA) estimation of various broadband
signals. These are categorized as incoherent signal subspace
algorithms [14], [15] and coherent signal subspace algorithms
[16], [17].

In this paper, we discuss the capabilities of some algorithms
used for estimating the location of wideband signal sources.
Being one of the fundamental wideband DOA estimation
methods, incoherent methods rely on numerous narrowband
sources that have been incoherently extracted from a broad-

band source [18]. In particular, these techniques apply inde-
pendently narrowband approaches, such as multiple signal
classification (MUSIC) [19], to signal sources. The first ap-
proach is incoherent MUSIC (IMUSIC). Its prediction reso-
lution improves in high signal-to-noise ratio (SNR) zones and
degrades when the SNR of several frequencies is minimal.
Moreover, weak estimations from several bands of frequen-
cies will have an impact on the performance of the overall
estimation. The second approach is the test of orthogonality
of frequency subspaces (TOFS) [20] which generates steering
vectors for each DOA and frequency available. When SNR is
high, the estimation accuracy is quite good, since TOFS is an
incoherent technique [20]. However, when SNR is low, TOFS
is unable to resolve the desired DOAs. Another algorithm,
known as the test of orthogonality of projected subspaces
(TOPS) [21], applies the signal and noise subspaces of vari-
ous frequencies to offer better DOA estimation performance
without the requirement to provide any starting values. Thus,
TOPS fills the gap between coherent and incoherent methods.
This technique offers the following advantages [21]:
– it does not require a beamforming matrix or focusing

angles,
– when SNR is high, it is not biased,
– at low SNR, it merges frequency bands more efficiently

than incoherent approaches.
The drawback of such an approach is that it is challenging to
determine the real DOA of sources, since the spatial spectra
computed using the TOPS method contain several incorrect
lobes. The squared TOPS (S-TOPS) approach [28] employs
the signal subspace and noise subspace twice and achieves
the squared test of orthogonality of both subspaces. S-TOPS
outperforms TOPS at small SNR values, since its resolution
has been enhanced.
The coherent signal subspace method (CSSM) has been
suggested to resolve these drawbacks and to estimate DOA
[16]. The covariance matrix of each frequency band is focused
by transformation arrays and the focusing arrays are averaged
to produce a novel covariance matrix in the coherent signal
subspace approaches. The main point of this approach is
to precisely focus these covariance matrices. The two-sided
correlation transformation (TCT) approach, an alternative of
CSSM, is proposed to improve performance.
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Various approaches for extracting a proper focusing array have
been suggested, e.g. in [23], [24]. Nevertheless, each focusing
algorithm entails starting values which are the predetermined
angles of arriving sources, and the efficiency of coherent
signal subspace methods is related to an initial value [25].
In this paper, we concentrate on the comparison of the tech-
niques mentioned above, with various SNR values, different
snapshots and for various angles of sources, in order to pro-
vide a more accurate comparison in terms of the advantages
and drawbacks of these approaches. The remaining part of this
paper has the following structure. In Section 3, the wideband
model and the problem of localization will be investigated.
The wideband methods are investigated in Section 4, while
the experimental results are discussed in Section 5. Finally,
Section 6 presents the conclusions and future outlooks.

2. Related Works
Many papers focusing on localization and wideband DOA
estimation for incoherent sources are closely related to our
work in this domain. The first is [13] as it proposes a novel ap-
proach to estimating the wideband sources, namely weighted
squared TOPS, and confirms that it outperforms other meth-
ods. Paper [13] does something similar to this specific work.
However, we present a comparative study using IMUSIC,
TOFS, TOPS, S-TOPS, CSSM, and TCT to estimate the wide-
band sources, and to determine which one of them performs
the best. Additionally, the comparative study of three wide-
band DOA estimation algorithms (TCT, TOPS, W-CMSR),
as presented in [11], demonstrates that W-CMSR surpasses
both TCT and TOPS in terms of resolution capability.

3. Problem Formulation
TheM elements of a uniform linear array (ULA) are evenly
spaced, with the distance d between succeeding elements
being no more than half of the wavelength. We assume that
L wideband sources (L < M ) are either known or can be
determined [26] and are impinging on the array elements
from different angles (θ1, θ2, . . . , θL). Figure 1 shows the
ULA geometry for the localization of broadband signals.

1-st 2-nd m-th M-th. . .
d

Incident signals

Normal
array

(m
−

1)
d 

si
nθ
l

θl

Fig. 1. ULA geometry ofM antennas [11].

Our goal is to estimate the direction of arrival of L wideband
sources using an ULA of M antennas supposing that all
sources are uncorrelated and occur in the bandwidth between
the smallest ωs and the largest ωL source frequency. Thus,
the received data at the m–th antenna are given as follows:

xm(t) =
L∑
l=1

sl(t− vm sin θl) + nm(t) , (1)

where sl(t) is the l–th source, nm(t) is an additive white
Gaussian noise (AWGN) at the m–th component, vm =
(m− 1)d/c, where d is the distance between the components
of ULA, and c is the velocity of light. θl is the angle to
be computed. The received data is split intoK narrowband
signals. Thus, the discrete Fourier transform (DFT) of the
received signals at m–th element is:

xm(ω) =
L∑
l=1

sl(ω)e−jωvm sin θl + nm(ω) . (2)

The DFT output signals can then be represented in vector
form [11]:

x(ωi) = A(ωi, θ)s(ωi) + n(ωi), i = 1, 2, . . . ,K , (3)

where ωS < ωi < ωL for i = 1, 2, . . . ,K ,

A(ωi, θ) = [a(ωi, θ1) a(ωi, θ2) . . . a(ωi, θL)] , (4)

a(ωi, θl) =



1

e−jωiv1 sin θl

...

e−jωivM−1 sin θl


, (5)

where T is the transpose of a given matrix.
The correlation matrix is calculated in the following manner
[11]:

Rxx(ωi) = E[x(ωi)xH(ωi)]

= A(ωi, θ)Rss(ωi)AH(ωi, θ) + σ2nI ,
(6)

where E[.] is the expectation value operator, H is the Her-
mitian operator, Rss(ωi) = E[s(ωi)sH(ωi)], σ2n is the noise
power, and I is the M × M unit matrix. Supposing that
Rss(ωi) has a complete rank, the signal subspace Fs(ωi) and
the noise subspace Fn(ωi) matrices at the frequency ωi can
be generated using the eigen-values decomposition (EVD) or
the singular value decomposition (SVD) of the correlation
array as:

Fs(ωi) = [e1(ωi), e2(ωi), . . . , eL(ωi)] , (7)

Fn(ωi) = [eL+1(ωi), eL+2(ωi), . . . , eM (ωi)] , (8)

where e1(ωi), . . . , eM (ωi) are the perpendicular eigen-
vectors of Rxx(ωi), ranked in decreasing order by their cor-
responding eigen-values as follows:

λ1(ωi) ­ . . . ­ λL(ωi) ­ λL+1(ωi), . . . , λM (ωi) = σ2n . (9)
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4. Wideband Algorithms

In this part, we investigate several techniques for localization
of broadband signals. As described in Section 3, DFT is used
to break down every wideband source into K narrowband
signals.

4.1. Coherent Signal Subspace Method (CSSM)

Many strategies have been proposed to address the drawbacks
of incoherent methods by finding a good way to integrate the
signal subspaces coherently into one general correlation ma-
trix in which narrowband high-resolution methods may be
used. CSSM, proposed by Wang and Kaveh [27], was the first
technique to coherently sum the correlation matrices of differ-
ent frequency bins [27]. It converts the correlation matrices at
many frequency bins into a single general correlation matrix
at a single focusing frequency using a frequency-dependent
transformation matrix (focusing matrix). The focusing ma-
trix F is intended to provide the solution to the following
equation:

FiAi = A0, i = 1, . . . ,K . (10)

To estimate the angles-of-arrival that may be employed to
generate A0, a pre-process is required. The observation vec-
tors at different frequency bins are converted into the focusing
subspace using the focusing matrices. The standard proposed
in [27] is based on the transformation matrices produced from
the constrained minimization problem:{

minFi || A0 − FiAi ||

FHi Fi = I
. (11)

Hung et al. established in [14] that the focusing matrix that
solves the problem given by Eq. (11) is:

FCSSMi = ViW
H
i . (12)

whereViΣiWi is the singular values decomposition ofA0AHi .
Following the determination of the focusing matrix, a high
resolution approach such as MUSIC [19] is employed to
determine the DOAs. The DOAs are calculated by determining
the angular position of peaks in the MUSIC algorithm’s spatial
spectrum.

Algorithm 1. CSSM algorithm.
1: Use an ordinary beamformer to scan the space and find an

initial estimate of the DOAs.
2: Apply a DFT to the array output to sample the spectrum

of data.
3: For i = 1, 2, . . . ,K do
4: Calculate the correlation matrix Rxx of every

frequency ωi.
5: End for
6: For i = 1, 2, . . . ,K do
7: Determine the focusing matrices by using the Eq. (12).
8: End for

9: Apply MUSIC or any other high-resolution spectral
estimation method to find the DOAs.

4.2. TCT Method

Two-sided correlation transformation (TCT) [29] is similar to
CSSM introduced by Hung et al. in that signal subspaces are
transformed using focusing matrices. The TCT transforms the
correlation matrix using a two-sided unitary transformation.
Let us consider the covariance matrix at the i–th frequency
band in a noise-free floor:

Pi = AiRss(ωi)A
H
i , (13)

and P0 is the focusing noise free covariance matrix. The TCT
focusing matrices can be found by solving the minimization
problem: {

minFi || P0 − FiPiFHi ||

FHi Fi = I
. (14)

It is shown in [29] that the optimal solution of the problem
is given by the eigenvectors of the covariance matrix at the
frequencies ω0 and ωk as:

FTCTk = V0V
H
i , (15)

where V0 and Vi are the eigenvector matrices of P0 and Pi,
respectively.

Algorithm 2. TCT algorithm.
1: Use an ordinary beamformer to scan the space and find an

initial estimate of the DOAs.
2: Split the data intoK blocks of the same size.
3: Apply a DFT to the array output to sample the spectrum

of data.
4: For i = 1, 2, . . . ,K do
5: Calculate the correlation matrix Rxx of every

frequency ωi.
6: Form Ai, and Si, using the results of the

preprocessing step and Eq. (14).
7: End for
8: Average the source correlation matrices to obtain S0

as in [30].
9: Find P0 = A0S0AH0 .
10: For i = 1, 2, . . . ,K do
11: Calculate Pi by using Eq. (13).
12: End for
13: Determine the unitary transformation matrices.
14: Multiply these matrices by the sample correlation

matrices, and average the results.
15: Apply MUSIC or any other high-resolution spectral

estimation method to find the DOAs.
16: To improve the performance, iterate steps 3 to 5.

4.3. IMUSIC Approach

Because the narrowband MUSIC technique is used for all fre-
quencies simultaneously, this approach is known as incoherent
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MUSIC (IMUSIC) [13] and is considered to be one of the
most fundamental DOA estimation techniques for wideband
signals. Thus, IMUSIC calculates the DOA of broadband
signals using the following formula:

θ̂ = arg min
θ

K∑
i=1

aH(ωi, θ)Fn(ωi)F
H
n (ωi)a(ωi, θ) , (16)

whereFn(ωi) is the noise subspace at every frequencyωi. The
noise subspace array Fn(ωi) is obtained from the covariance
matrix Rxx(ωi) [21]. As long as the DOAs computed by Eq.
(16), IMUSIC results are the averages of the outcomes of each
range of frequencies. Weak estimations from one frequency
range degrade the overall estimation accuracy.

Algorithm 3. IMUSIC algorithm.
1: Split the data intoK blocks of the same size.
2: Calculate the DFT of theK blocks.
3: For i = 1, 2, . . . ,K do
4: Calculate the correlation matrix Rxx

of every frequency ωi.
5: End for
6: For i = 1, 2, . . . ,K do
7: Calculate the noise subspace Fn(ωi) of each

frequency ωi by EVD/SVD of Rxx.
8: End for
9: Estimate the final DOA θ̂ using the Eq. (16).

IMUSIC is generally effective in noisy environments, and
when the signals are well separated from one to another.
However, when the SNR is low, it suffers from failures and
generates side lobes at erroneous directions, which occurs in
many situations. Additionally, the noise level is expected to
be uniform across the band of frequencies, which is not usual
[21]. The limitations of incoherent approaches encouraged
the development of coherent approaches that are capable of
addressing these drawbacks.

4.4. TOFS Approach

For each frequency, the TOFS approach utilizes the noise
subspace created by the EVD/SVD of the covariance matrix
[20]. To compute the DOA of every arriving broadband signal,
TOFS relies on orthogonality between the steering array
and the noise subspace. Since represents the single DOA of
arriving broadband signals, then θ satisfies the formula [30]:

aH(ωi, θ)Fn(ωi)F
H
n (ωi)a(ωi, θ) = 0 . (17)

The vector Di(θ) is defined as [13]:

Di(θ) =



aH(ω1, θ)Fn(ω1)FHn (ω1)a(ω1, θ)

aH(ω2, θ)Fn(ω2)FHn (ω2)a(ω2, θ)

...

aH(ωK , θ)Fn(ωK)FHn (ωK)a(ωK , θ)



T

. (18)

Since the DOA of arriving broadband sources is θ, all elements
of the vector Di(θ) are zero.

Algorithm 4. TOFS algorithm [20].
1: Split the data intoK blocks of the same size.
2: Calculate the DFT of theK blocks.
3: For i = 1, 2, . . . ,K do
4: Calculate the correlation matrix Rxx

of every frequency ωi.
5: End for
6: For i = 1, 2, . . . ,K do
7: Calculate the noise subspace Fn(ωi)

of each frequency ωi by EVD/SVD of Rxx.
8: Generate Di(θ) by Eq. (18)

for each hypothesized DOA θ.
9: End for
10: Estimate the final DOA θ̂ by:

θ̂ = arg max
θ

1
σmin(θ)

. (19)

where σmin(θ) is the shortest singular value of Di(θ).
By employing the noise subspaces derived from the covari-
ance matrix, TOFS offers better DOA estimation in noisy
environments. However, when the SNR is low TOFS is unable
to resolve closely spaced targets.

4.5. TOPS Approach

TOPS calculates the DOA of arriving broadband sources by
employing the signal subspace and noise subspace of each
frequency range [21]. The first step is to extract the signal
subspace Fs(ωi) and the noise subspace Fn(ωi) from the
EVD/SVD of the covariance array of each range of frequen-
cies. Thus, one range of frequencies ωi should be opted, and
the signal subspace Fs(ωi) of the opted range should be trans-
formed into other bands. A diagonal unitary transformation
array is used by TOPS. The m–th component on the diagonal
of the frequency transform array Ψ(ωi, θ) is defined as:

[Ψ(ωi, θ)](m,m) = e−jωi mdc sin θ . (20)

The signal subspace Fs(ωi) of the band of frequencies ωi
is transformed into the other frequency band ωj by using
Ψ(ωi, θ), where the transformed signal subspace Uij(θ) is
[21]:

Uij(θ) = Ψ(∆ω, θ)Fs(ωi), i ̸= j , (21)
where ∆ω = ωj − ωi.
The Eq. (21) can be written as follows:

Uij(θ) = Ψ(∆ω, θ)A(ωi, θ)Gi

= A(ωj , θ̂)Gi ,
(22)

where θ̂ is the converted θ by using the frequency transform
matrix Ψ(ωi, θ), and Gi is a complete rank square array
that proves Fs(ωi) = A(ωi, θ)Gi. An array manifold at any
frequency and direction can be converted into another array
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manifold at a different frequency by using this transformation
process. Consequently, the transformed matrix has a complete
rank and can be employed in the following orthogonality test
between transformed array and noise subspace, investigated
in detail in [21]. Given that the frequency range of relevance
is ω1, the estimator D′(θ) is given as [30]:

D′i(θ) =



UH12(θ)Fn(ω2)

UH13(θ)Fn(ω3)

...

UH1K(θ)Fn(ωK)



T

. (23)

When θ is one of the arriving wideband signals, the rank of the
matrixD′i(θ) also degrades same as TOFS. The performance
of DOA estimation is dictated by the correctness of generating
the covariance array, that is largely determined by the number
of snapshots and the SNR of the received data. TOPS employs
the subspace projection strategy to decrease leakage of signal
subspace components in the predicted noise subspace. The
projection array Pi(θ) is then computed as [30]:

Pi(θ) = I −
(
aH(ωi, θ)a(ωi, θ)

)−1
a(ωi, θ)a

H(ωi, θ) , (24)

where I is an M × M identity matrix. The noise robust
matrix D′′(θ) is obtained by substituting the component
Uij(θ) of Eq. (23) with a novel transformed signal subspace
array Uij(θ).

U ′ij(θ) = Pj(θ)Uij(θ) , (25)

D′′i (θ) =



U
′H
12 (θ)Fn(ω2)

U
′H
13 (θ)Fn(ω3)

...

U
′H
1K(θ)Fn(ωK)



T

. (26)

Since the projection matrix Pi(θ) eliminates subspace pre-
diction errors, TOPS shows better performance when the Eq.
(26) with D′′i (θ) is used.

Algorithm 5. TOPS algorithm [21].
1: Split the data intoK blocks of the same size.
2: Calculate the DFT of theK blocks.
3: For i = 1, 2, . . . ,K do
4: Select x(ωi) at preselected ωi.
5: Calculate the correlation matrix Rxx

of every frequency ωi.
6: End for
7: For i = 1, 2, . . . ,K do
8: Calculate the signal subspace Fs(ω1).
9: Compute the noise subspace Fn(ωi) by

EVD/SVD of the calculated correlation matrix Rxx.
10: Generate D′′i (θ) using Eqs. (25) and (26) for each

hypothesized DOA θ.

11: End for
12: Estimate the final DOA θ̂ by

θ̂ = arg max
θ

1
σmin(θ)

, (27)

where σmin(θ) is the shortest singular value of D
′′

i (θ).

The output data of a DFT or bandpass filter is not necessarily
an accurate narrowband signal. Moreover, the filtered sig-
nals may degrade DOA prediction performance. The TOPS
approach may minimize these drawbacks by applying a par-
ticular signal subspace generated by the measured covariance
matrix, rather than the steering array of the frequency range.
This signifies that the approach used to select the range of
frequencies from which the signal subspace is converted by
Eq. (21) impacts the localization of wideband sources. On
the other hand, the residual error of the subspaces results in
certain unwanted rank reductions of the matrix D

′′

i (θ). Con-
sequently, TOPS suffers from a considerable limitation when
it comes to generating certain spurious peaks in the spectrum
simulated by Eq. (27).

4.6. S-TOPS Approach

To enhance DOA estimation performance, squared TOPS
(S-TOPS) incorporates two strategies into the TOPS method.
The first is to determine the frequency band from which the
signal subspace will be employed. The other is a strategy
to increase the sensitivity of reduction rank of the estimator
D
′′

i (θ) when θ is the desired DOA of the arriving broadband
signals. The band of frequencies with the maximum SNR
should operate as the reference frequency, which is considered
to be the frequency range in which the signal subspace will be
employed. S-TOPS employs the range of frequencies with the
difference between the lowest signal eigen-value λL(ωi) and
the highest noise eigen-valueλ(L+1)(ωi) is higher than in the
reference frequency [22]. Then, Eq. (21) transforms the signal
subspace of the reference range of frequencies into another
range of frequency. Suppose that the range of frequencies ωi
is chosen, and the signal subspace Fs(ωi) is converted into
another frequency band ωj . We generate the matrix Qi(θ)
for testing the squared orthogonality of projected subspaces
using the converted signal subspace U

′

ij(θ) and the noise
subspace Fn(ωj), as follows:

Qi(θ) =



U
′H
12 Fn(ω2)Fn(ω2)

HU ′12

U
′H
13 Fn(ω3)Fn(ω3)

HU ′13

...

U
′H
1KFn(ωK)Fn(ωK)

HU ′1K



T

. (28)

Algorithm 6. S-TOPS algorithm.
1: Split the data intoK blocks of the same size.
2: Calculate the DFT of theK blocks.
3: For i = 1, 2, . . . ,K do
4: Select x(ωi) at preselected ωi.
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5: Calculate the correlation matrix Rxx
of every frequency ωi.

6: End for
7: For i = 1, 2, . . . ,K do
8: Calculate the signal subspace Fs(ω1).
9: Compute the noise subspace Fn(ωi) by EVD/SVD

of the calculated correlation matrix Rxx.
10: Generate D′′i (θ) using Eqs. (25) and (26)

for each hypothesized DOA θ.
11: Calculate the squared orthogonality

of projected subspaces Qi(θ) using Eq. (28)
for each hypothesized DOA θ.

12: End for
13: Estimate the final DOA θ̂ by:

θ̂ = arg max
θ

1
σmin(θ)

, (29)

where σmin(θ) is the shortest singular value of Qi(θ).

When θ is the DOA of the arriving broadband signal, the row
and column components of the matrixQi(θ) produced by the
squared process should be close to zero. This demonstrates
that the procedure enhances the sensitivity of estimating rank
reduction of the orthogonality evaluation matrix. Hence, it
improves the estimated resolution of S-TOPS. Nevertheless,
the unwanted lobes in the spectra still exist.

5. Simulation Results

In this part, several simulations were run to evaluate the effi-
ciency of these approaches. Matlab 2020a has been employed
to demonstrate the performance of these approaches. The re-
ceived data are split intoK = 256 blocks, with the number
of snapshots in each block equaling 100, using an ULA array
of 10 sensors to show various scenarios. λ is the wavelength
that refers to the center frequency ω0. The signals share iden-
tical frequency bands. Table 1 shows the parameters used in
the simulations.

Tab. 1. Simulation parameters.

Description Symbols Value

Antennas spacing d λ/2

Number of sources L 3

Number of antennas M 10

Smallest frequency ωS 2 MHz
Largest frequency ωL 4 MHz
Center frequency ω0 (ωS + ωL)/2

Nyquist sampling frequency ωNS 10 MHz

5.1. Spatial Spectrum

For each hypothesis, the spectra depict the results achieved
with the use of the DOA estimation methods. The estimated
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Fig. 2. Spatial spectra of the IMUSIC and TOFS algorithms at
M = 10, L = 3 (10◦, 30◦, 38◦), and SNR = 0 dB.

DOAs are indicated by the peaks. For the simulation scenar-
ios, Figs. 2, 3, and 4 depict the spatial spectra of all methods
mentioned in this paper for a ten-sensor ULA. The spatial
spectra are estimated at the angles of θ1 = 10◦, θ2 = 30◦,
and θ3 = 38◦ to illustrate the capabilities of each technique
in a noisy environment with SNR = 0 dB. The sources are
detected by all methods, which results in high peaks of real
DOAs. TOFS, CSSM, and TCT eliminate all false peaks.
The spatial spectra indicate false lobes at erroneous angles
that can be detected as DOAs using the TOPS and S-TOPS
methods, as opposed to smaller peaks at true DOAs. The
IMUSIC and TOFS techniques that can be used for recon-
structing the arriving signals and TCT reach higher power
values than the remaining approaches.

From Fig. 2, when SNR is 0 dB, it is clear that the TOFS
algorithm is incapable of resolving the nearest sources (30◦,
38◦), while the IMUSIC method can detect the two closest
sources. However, it suffers from side fluctuations at approx.
−60◦. Figure 3 indicates that all the estimation approaches
have solved the true DOAs successfully, with some fake peaks
generated between the calculated DOAs. Figure 4 illustrates
the spectra of CSSM and TCT approaches, when SNR is 0 dB.
TCT performs the best when SNR is low, without showing
any false peaks, whereas CSSM cannot detect closely spaced
signal sources (difference of 8◦).

According to simulation results, TCT, TOPS, S-TOPS, and
IMUSIC are capable of detecting two closely separated tar-
gets with a greater degree of precision in mid-to-high SNR
conditions. TOPS and S-TOPS both help us improve average
performance in the entire SNR range, with an advantage over
other methods in low SNR, while S-TOPS shows small fake
peaks compared with the TOPS algorithm.
In terms of simplicity, TOFS is similar to IMUSIC, howev-
er TOPS and S–TOPS still have significant computational
costs due to the complicated calculations required. Note that
CSSM and TCT methods require initial values.
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Fig. 3. Spatial spectra of the TOPS and S-TOPS algorithms at
M = 10, L = 3 (10◦, 30◦, 38◦), and SNR = 0 dB.
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5.2. RMSE

For each simulation case, the root mean square error (RMSE)
for the estimated DOAs of all sources is calculated as:

R
M

S
E

 
o [
]

0
0 5 10 15 20 25

0.5

1.0

1.5

2.0

2.5

3.0

3.5
IMUSIC
TOFS
TOPS
S-TOPS
CSSM
TCT

SNR [dB]

Fig. 6. RMSE versus SNR for the detected source 38◦.

RMSE =

√√√√ 1
PL

L∑
l=1

P∑
n=1

(
θ̂l(n)− θl

)2
, (30)

where θl is the l-th real DOA and θ̂l(n) is the l-th calculated
DOA at every simulation trial, where the number of trials
is P = 10. An average of the number of arriving signals
is obtained in order to calculate the overall errors for all
predicted DOAs.
Figure 5 shows RMSE plots for IMUSIC, TOFS, TOPS,
S-TOPS, CSSM, and TCT algorithms for different angular
separations, with a changing value of the signal source θ3,
with SNR being fixed – in this case at 0 dB – and the snap-
shot number equaling 100.
In Fig. 6, we examine the performance of IMUSIC, TOFS,
TOPS, S-TOPS, CSSM, and TCT algorithms in terms of
RMSE. Depicted in the Fig. 6 are the RMSE outcomes of the
compared approaches versus SNR, where the average SNR
ranges from 0 dB to 21 dB, and the snapshot number is 100.
The associated DOA is θ = 38◦.
In terms of RMSE, TOPS and S-TOPS performed well across
the entire range, while IMUSIC and TOFS performed simi-
larly and outperformed the other algorithms in mid-to-high
SNR ranges. IMUSIC achieves nearly the same performance
as TOFS under good conditions (SNR ­ 10 dB). TOPS
and S-TOPS provided average performance as the number of
snapshots increased. With a high number of snapshots, IMU-
SIC and TOFS can effectively identify the right DOAs. As
the angular separation varies, we consistently observe simi-
lar outcomes, with improved performance as the separation
increases. Nevertheless, TOPS, S-TOPS, and TCT exhibit
limitations when the angular separation between two signal
sources is small.

6. Conclusion

This paper presents a detailed comparison of six high-
resolution techniques used for calculating the DOA of wide-
band sources. For various SNR values, varied number of
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snapshots and varied number of antennas, a comparison of
six alternative methods for calculating DOA was provided. A
ULA of ten antennas constitutes the receiver system. When
the number of sources is known, computer simulations il-
lustrate how well each algorithm performs. IMUSIC, TOPS,
S-TOPS and TCT are capable of handling two closely spaced
targets with a greater resolution in noisy environments (low
SNR). With mid-to-high SNR values, TOFS, IMUSIC and
CSSM perform best, whereas TOPS, S-TOPS and TCT show
improved average performance in the entire SNR range. In
the future, the authors will focus on deep/machine learning
techniques to enhance the resolution of these approaches.
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Abstract  This article presents the potential applications and
scenarios for the implementation of a software-defined radio
(SDR) module operating as a base station in 4G/5G networks.
The paper presents test configurations of the srsRAN software
environment in conjunction with various types of programmable
radio modules. Then, the key performance metrics of the mobile
telephony system and potential problems that may be encoun-
tered while implementing hardware and software layers are
presented.

Keywords  base station, radio access network, radio channel pow-
er, radio link throughput, software-defined radio, user equipment

1. Introduction

This article presents the implementation of a cellular base
station using SDR programmable radio. Such a concept al-
lows for a significant development and improvement of radio
applications. This requires smooth and quick changes in the
operating parameters of the radio module to adapt to the cur-
rent application scenario. This is possible thanks to the use
of an FPGA-based system which enables the operating pa-
rameters to be reconfigured quickly.
An important role in ensuring the versatility of the SDR mod-
ule is played by the transfer of some of the data processing
and signal processing to the software domain. Such an ap-
proach results in a significant scalability of signal processing
algorithms. SDR radio modules may be successfully used to
implement the radio access layer for 2G, 3G, 4G and 5G dig-
ital cellular networks. In such a case, the signal is processed
and the parameters of the carrier are controlled in the digital
domain, with the aid of a computer. Having been processed
in the software layer, the signal samples are sent to the SDR
module. Using built-in FPGA and analog components of the
RF path (i.e., amplifiers, filters and oscillators), the carrier
is generated for the downlink and tracked in the uplink. The
software-defined structure of the programmable radio and the
extensive configuration possibilities enable the base station
to quickly adapt to the specific type and standard of the wire-
less transmission supported by the user’s mobile terminal.
The increasing computational power of standard PCs and the
wide availability of programmable radio modules have re-
sulted in the design and development of software working
as a complete base station. The srsRAN package is one of

the most popular open-source projects of this type. It offers
the ability to emulate a base station using a PC and a pro-
grammable radio. The modular structure of the software pack-
age enables separate emulation of the core part of the network
and the radio access layer (Radio Access Network, RAN), as
well as the client part (User Equipment, UE). Thanks to such
an approach, it is possible to observe the parameters of the
data transferred between the individual modules.
In recent years, implementation work has been in progress
to verify the operation of emulated base stations and UE for
cellular systems. However, the propagation conditions of the
complete radio path using commercial terminals have not
been evaluated.
In [1], the authors tested an srsRAN system using USRP and
LimeSDR modules. The measurements of the radio modules’
transmit power were carried out using wires connecting the
transmitter and the receiver. This allowed the absolute power
values of the generated RF signal to be measured, but it did
not take into account free-space losses and radio wave propa-
gation mechanisms. On the other hand, there were also some
implementations of software radio systems working in earlier
RAN generations. As an example, a GSM system developed
with the use of the OpenBTS software package and the US-
RP N210 radio module was described in [2]. The said paper
provided an overview of the modular software configuration
of the system, but failed to describe either 4G or 5G RAN.
The system described in this paper is used to test the open-
source software of the srsRAN radio package and to measure
its performance. Link capacity tests and power measurements
are carried out in real world conditions. Such an approach
allows to simulate and validate the system model in vari-
ous radio environments. Therefore, it is possible to improve
the transmission and receiving parameters. According to the
authors’ best knowledge, this is the first hardware implemen-
tation using a commercial UE and USRP radio module.

The paper is structured as follows. Section 2 presents the soft-
ware components of the srsRAN package, as well as describes
their functionality and operating characteristics. Next, in Sec-
tion 3, the capabilities of the SDR programmable radio mod-
ule and its cooperation with the software layer are described.
Section 4 is a detailed description of the system’s implemen-
tation, its features and functionalities. It shows the detailed
parameters of the computers responsible for emulating base
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station functions. In Section 5, the process of configuring,
starting up and connecting the system is described. That part
contains the settings of individual software modules, the SDR
module and network functions. Such presets are necessary to
establish a connection between mobile terminals. Then, in
Section 6, radio link throughput measurements are present-
ed, taking into account various configurations of the radio
module, terminal location and transmission status. Similar-
ly, high-frequency power measurements are carried out in an
operational system, in the downlink and uplink channels, in
Section 7. Additional experiments are conducted in Section
8, with some remarks regarding the stability of the system’s
operation under specific radio conditions and with different
base station settings added.

2. Characteristics of the Software Layer

2.1. Overview of Software Layer Modules

In the application scenarios under consideration, the base
station system is implemented using open source srsRAN
software [3]. The srsRAN software package is characterized
by a modular structure and is a complete solution that is
required to run the base station and emulate user equipment
(UE) on a PC computer. It also includes a communication
layer with an SDR controller, making it a universal tool to
run 4G and 5G networks.
The basic modules of the srsRAN package include: srsEPC,
srsENB, and srsUE modules.

2.2. srsEPC Module

The srsEPC module emulates the core network for the 4G
solution. It consists of four basic components performing
strictly defined tasks. The first one is the mobility manage-
ment entity (MME) subsystem. It is the main control element
of the 4G core network, managing mobility and the connec-
tion of a mobile terminal to the network. It is also responsible
for exchanging mobile terminal authentication data with the
home subscriber server (HSS) database. The srsEPC module
also connects (through the S1-AP interface) with the srsENB
module that is responsible for the radio access layer. The
MME sends information via the radio resource control (RRC)
protocol to activate the terminal’s idle or active mode.
The HSS database is the second component closely cooperat-
ing with the MME subsystem. In the srsRAN environment, it
is implemented using the user_db.csv file which contains the
authentication data of SIM cards installed in mobile termi-
nals. It should be noted that the identification of terminals
is done by authorizing the international mobile subscriber
identity (IMSI) number which enables network services to
be launched on any terminal with a registered SIM card. The
MME main control unit is connected to the HSS register sub-
system via a virtualized S6a interface.
The third important component of the srsEPC module is the
service gateway (S-GW) subsystem which is responsible for
routing packets between the UE and the external P-GW net-
work gateway. It sets up GPRS tunneling protocol (GTP)

sessions between the srsENB module and the P-GW gateway
subsystem. It is also responsible for assigning IP addresses to
mobile terminals communicating with the base station and is
connected directly to the srsENB module through the virtual-
ized S1-U interface.
The fourth subsystem included in the srsEPC module is the
packet data network gateway (P-GW) which redirects net-
work traffic between the S-GW subsystem and the external
Internet network. The Internet connection is physically pro-
vided by connecting a PC network card to a LAN network
via the Ethernet port. The P-GW subsystem does not have
a direct connection with the srsENB module, but it connects
to the S-GW unit through virtualized S5 and S8 interfaces.
The S-GW unit is connected to the MME unit through the
S11 interface.

2.3. srsENB Module

The srsENB module performs the function of the base station:
eNodeB in the 4G network and gNodeB in the 5G network,
respectively. In the test configuration, the srsENB module
shares a computing unit with the srsEPC module. It is also
possible to run the srsENB and srsEPC modules on separate
PCs. When both modules work on a single PC unit, commu-
nication takes place via the IP address of the local loopback
system interface. The srsENB program supports the LTE/4G
mode in the 1.4, 3, 5, 10, 15 and 20 MHz bands, providing
a wide range of configuration options for the available chan-
nels.
It is possible to connect the srsENB module to an external 5G
core network module in order to implement a 5G SA (stan-
dalone) network in a scenario in which the srsEPC module is
not used. The third available operating mode of the srsENB
enables a 5G NSA non-standalone connection. This mode
allows to set up two radio channels using 4G and 5G technol-
ogy. In that case, the UE establishes a connection with the 4G
channel to exchange authorization and control data. Simul-
taneously, it establishes an additional connection using the
5G carrier in order to implement a broadband channel ded-
icated to the user’s data traffic. The srsEPC module is still
responsible for managing data transmissions with the exter-
nal network. In the case of a 5G NSA connection, the srsENB
module creates two virtual base stations (eNodeB and gN-
odeB), but the data within the core network is exchanged
between the subsystems of the eNodeB station only (via S1
interfaces). In addition, communication between the eNodeB
and gNodeB subsystems is established via the X2 interface
inside the srsENB module, so the gNodeB subsystem does
not have a direct connection to the srsEPC module.
In the case of the 5G SA operating mode, where the srsENB
module activates the gNodeB subsystem only, the connection
established via N2 and N3 interfaces requires an independent
software module that performs the functions of the 5G core
network. The N2 interface is then used to transmit informa-
tion from the srsENB to the access and mobility management
function (AMF) subsystem of the 5G core network. The AMF
is responsible for management, access control and autho-
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rization of a terminal connecting to the 5G network. The N3
interface is used to connect srsENB to the user plane func-
tion (UPF) subsystem which is responsible for routing data
packets between the UE and the external Internet network.
In addition to the basic single-input single-output (SISO)
transmission mode (mode 1), three 2 × 2 multiple-input
multiple-output (MIMO) modes are supported by the srsENB
and selected SDR modules. Mode 2 is the broadcast diversity
mode, where replicas of the signal are transmitted through all
antennas using individual frequency resources and coding
schemes. This mode of operation boosts the signal-to-noise
ratio (SNR) and also makes the transmission more resilient
to channel interference. Mode 3 is based on open-loop spa-
tial multiplexing and cyclic prefix delay diversity. This means
that each of the ports transmits the subcarriers using a dif-
ferent cyclic prefix delay. This solution increases resistance
to interference in channels exhibiting a high degree of vari-
ability. The last of the implemented transmission modes is
the spatial multiplexing mode using a closed feedback loop
(mode 4). In this mode, each antenna transmits a separate da-
ta stream used to increase the radio connection’s total bit rate.
In order to perform the correct channel estimation on the
mobile terminal side, the base station transmits reference sig-
nals (RS) in specific resource blocks and time slots. Those
reference signals are used to reduce the error rate in the trans-
mission between eNodeB and the UE. It is worth noting that
the terminal sends channel quality reports, including the se-
lection of the appropriate precoding matrix. The precoding
matrices are selected using their associated codebook index-
es – precoding matrix indicators (PMIs) for each antenna.
The srsENB software works in the frequency domain divi-
sion (FDD) mode, where the downlink channel and the uplink
channel transmit on separate frequencies with a defined chan-
nel spacing (this is made possible by specifying the EARFCN
parameter).

2.4. srsUE Module

The srsUE module is an independent software package that
may be run on a separate PC computer together with the
software radio module (SDR). SDR is responsible for com-
municating, via the physical layer, with the base station. The
srsUE software also supports authentication by emulating
a virtual SIM card whose parameters are defined in a file
known as ue.conf (soft USIM). However, it is possible to use
a hardware SIM card reader connected to the PC. In the test
scenario, a virtual USIM card is used.
The srsUE module performs all UE functions. It supports
both 4G and 5G in NSA and SA modes. This module coop-
erates directly with the SDR hardware module, as such an
approach offers great configurability along with easy soft-
ware setup of the available bands and frequency resources.
It is possible to rely on frequency division duplex (FDD) or
time division duplex (TDD) techniques. In addition, all MI-
MO transmission modes listed above and all available radio
channel widths of the LTE standard (1.4, 3, 5, 10, 15 and 20
MHz) are supported.

2.5. Radio Controller Command Interpreter

It is important that both srsUE and srsENB modules have
a built-in interpreter of radio controller commands, as this
allows to define the operating parameters of the radio module
based on respective configuration files: ue.conf (for the srsUE
module) and enb.conf (for the srsENB module).

3. Hardware Layer Characteristics

3.1. Internal Structure of the Radio Module

The scalability of the solution based on virtualized cellular
networks is additionally enhanced by the support of various
types of radio modules available on the market. srsRAN soft-
ware may communicate with them using hardware drivers
which manage the operation of specific radio modules. The
programmable radio controller works as an interface between
the antenna and the L1 (physical or PHY) layer. It contains
RF front-end as well as analog-to-digital (ADC) and digital-
to-analog (DAC) converters. The srsENB software emulates
the entire protocol stack of L1, L2 (MAC, RLC, PDCP) and
L3 (S1-AP, RRC, GTP-U) layers. It initiates communication
with the programmable radio controller and processes signal
samples in the digital domain. The tested hardware platform
uses various types of programmable radios from the USRP
Ettus Research family, but it is possible to use stations with
other types of radio modules, such as BladeRF and LimeSDR.
In the case of the USRP radio modules, the UHD hardware
driver is used. USRP 1, USRP B210, USRP N200/N210 and
USRP E320 modules are employed for the tests, assuming
a wide range of carrier frequencies (from 70 MHz to 6 GHz
in the case of USRP B210 and E320).
The SDR modules can be divided into two main categories,
namely those responsible for the individual stages of process-
ing received and transmitted signals. The first component is
the motherboard. It is tasked with processing the signal in the
baseband and the intermediate frequency (IF) band. Mean-
while, in the daughterboard, the target radio frequency (RF)
carrier is generated by local oscillators and the mixers multi-
ply the IF signal with the carrier. Such a structure is present
in the USRP N200/N210 and USRP 1 radio modules, where
it is possible to physically replace the daughterboard with
a model operating in a different band. All components of US-
RP B210 and USRP E320 modules are integrated on a single
PCB and cannot be reconfigured.

3.2. Radio Front-end Tuning Process

The programmable radio tuning process is divided into two
stages. Coarse tuning is performed by specifying the frequen-
cy of the local oscillator. Such an approach enables the carrier
frequency to be tuned in the full range offered by a given mod-
ule. Fine tuning is realized in the digital domain and consists
in FPGA programming. By default, the signal in the digi-
tal domain is sampled with a frequency of the main system
clock. This limits the maximum tuning range in the digital
domain to the master clock rate. The maximum signal band-

32
JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY 3/2023



Implementation of a 4G/5G Base Station Using the srsRAN Software and the USRP Software Radio Module

width is also restricted by the main system clock. Fine tuning
of the carrier frequency can be done by shifting the frequen-
cy in the digital domain within the tuning range (lo_offset),
so that the center frequency (which is the frequency of the lo-
cal oscillator) determines a central point in the tuning range.
It must be pointed out that the maximum frequency of the
TX radio channel should not exceed the limit defined by the
maximum tuning range, since it may cause signal leakage
and aliasing. In the case of radio modules equipped with an
anti-aliasing filter, if the permissible tuning range is exceed-
ed, the center frequency will be shifted and wrapped to the
lowest allowable frequency. For example, if the maximum
allowable tuning frequency is contained in the tuning range
of 180 – 200 MHz and a 15 MHz digital frequency shift is
added to the oscillator (190 MHz), the tuning range is in-
creased to the value of 205 MHz. When the anti-aliasing filter
is activated, the final carrier frequency will be moved to the
value of 185 MHz.

3.3. Principles of Channel Mapping in Radio Module

In the case of radio modules using a distributed hardware
structure (separate motherboard and daughterboard), the chan-
nel mapping rule is defined by the input parameters of the
UHD driver. Channel mapping parameters are specified in
the enb.conf file in the device_argsfield using the rx_sub-
dev_spec formula for RX channels and the tx_subdev_spec
formula for TX channels. A general channel mapping scheme
is A:0 B:0, where variables A and B specify the daughter-
boards (corresponding to the slots on the motherboard), while
0 identifies the antenna port of the daughterboard. Note that
the daughterboard may have two antenna ports (indexed as
0 or 1). The direction of subsequent ports is specified by in-
dividual variables: tx_subdeb_spec (group of TX ports) and
rx_subdev_spec (group of RX ports). In the case of a ra-
dio module that can accommodate two daughterboards, the
channel mapping configuration is the following: tx_subde-
v_spec=A:0 B:0, rx_subdev_spec=A:0 B:0. It enables TX
port 0 and RX port 0 on both (A and B) daughterboards.
Such a configuration is possible only for the USRP 1 module
which enables installation of two daughterboards. The N210
module has only one slot for an external daughterboard, so it
is possible to configure the channels of one daughterboard
only – A:x A:y where x, y are the daughterboard’s port num-
bers. In the case of modules where the RF front-end and the
ADC and DAC converters are integrated (B210 and E320
models), there is a different, specific type of channel map-
ping. In the case of the B210 model, which has two TX ports
and two RX ports, the channel mapping scheme is the fol-
lowing – A:A A:B. In this case, they are virtually connected
to one motherboard. In the E320 model, the channel map-
ping scheme is A:0 A:1, i.e., there are also two channels (2
TX ports and 2 RX ports).

3.4. Configuration of Internal Oscillators

The internal configuration of local oscillators is an additional
aspect that affects the individual programmable radio models.

In the case of the USRP B210 and E320 radio modules, two
local oscillators are available sharing their carrier frequencies
between the TX and RX ports. This means that basic tuning
of individual TX and RX channels cannot be performed
separately. Instead, one can set a common carrier frequency for
all TX channels and a common frequency for all RX channels.
As a consequence, the USRP B210 and E320 modules support
only the 2× 2MIMO transmission mode. This prohibits the
use of the 5G NSA mode using separate frequency bands in
the FDD mode, e.g., 1800 MHz band for the 5G broadband
channel and 2600 MHz band for the 4G control data channel.
The manner in which channels are mapped by the srsENB
program is an additional implementation problem. In the case
of the USRP B210 radio, it is not possible to use the RF B
port to generate a separate, independent carrier due to the
unusual specificity of the channel mapping scheme – A:A
A:B. As a result, the B210 radio cannot be used to set up a 5G
network in the NSA mode. However, it is still possible to use
the 2× 2MIMO mode for a single 4G network cell.

3.5. Multiple Radio Modules Configuration Problem

It is not possible to use two B210 or E320 modules to gener-
ate two independent carriers, because these models are not
supported by the multi_usrp function which enables physical
binding of more USRP modules into one virtual device. How-
ever, this is possible with the use of USRP N210 modules.
The UHD driver is responsible for the process of combining
individual modules into one logical device.
It should be mentioned that the USRP N200/N210 module
is not supported by the srsENB program due to the conflict
in providing the information necessary to initialize the UHD
driver. For proper operation, the USRP N210 module re-
quires specifying the reference time source, defined by the
time_source argument. In the latest revision of the srsRAN
suite, this function is not supported by the srsENB software.
The time_source parameter cannot be defined manually in
the enb.conf configuration file and the UHD driver does not
initialize correctly in that case.

3.6. System Bandwidth Requirements

The width of the radio channel is an important implemen-
tation aspect as well. When the srsENB software module
operates in the 5G NSA network mode, it is possible to set
up two 10 MHz channels: a 10 MHz channel for the 4G stan-
dard carrier and a 10 MHz channel for the 5G NSA standard
carrier. Such a configuration requires a total processing band-
width of 20 MHz. Although the USRP 1 radio module meets
the requirements of channel mapping through the srsENB
application, it does not have the ability to process the total
signal bandwidth. In fact, the available total bandwidth with
8-bit sampling is 16 MHz – the value is too low for 5G NSA
mode transmissions.

3.7. Digital Frontend Tuning Procedure

Despite the inability to separate the carrier frequencies for
individual frequency bands in the case of the USRP E320
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Fig. 1. eNodeB and srsUE system configuration.

module, it is possible to run the 5G NSA mode thanks to
the digital domain tuning. In this scenario, identical values
of EARFCN and ARFCN parameters need to be entered for
both carriers, e.g., 2600 MHz range. EARFCN and ARFCN
values allow to set downlink and uplink frequencies for 4G
and 5G carriers by specifying a set of frequencies defined by
EARFCN (for 4G) and ARFCN (for 5G). These settings can
be set in the rr.conf file describing the radio resources of the
eNodeB station. Thereafter, using the lo_offset command, the
frequencies need to be separated in the digital tuning range,
with the tuning range defined by the main system clock –
master_clock_rate. It needs to be borne in mind that clock
frequencies have to be used that are integer multiples of the
signal sampling frequency.

3.8. Interface Bandwidth Requirements

Another problem encountered when implementing a 5G NSA
network using the USRP E320 platform is that the bandwidth
of the 1 Gbit/s Ethernet communication port is too low.
This port is capable of transferring up to 25 Mbaud/s, which
translates into the maximum available bandwidth of 20 MHz.
In the case of the 5G NSA mode, four 10 MHz channels are
indispensable, meaning that a total system bandwidth of 40
MHz is required. To fulfill such a requirement, it would be
necessary to equip a PC-class unit, responsible for emulating
the functions of the 5G NSA base station, with a 10 Gbit/s
Ethernet card. Replacing the card can provide a throughput
of 200 Mbaud/s. Using the available system clock frequency
of 46.08 MHz, it is possible to set up 4 channels with a total
bandwidth of 40 MHz – 2 RX channels and 2 TX channels.

4. 4G Base Station System
Implementation

4.1. Description of Hardware Components

This section describes the process of configuring and opti-
mizing the 4G cellular network developed with the use of
the USRP B210 programmable radio hardware platform. As
a test platform, a PC equipped with an AMD Ryzen 5 3600
processor, an Nvidia GeForce GTX 1650 graphic card and
16 GB of RAM is used. The srsRAN software containing
the srsENB and srsEPC modules is used to emulate the com-

RF

USRP B-210 Commercial UE

PC computer

USB 3.0
Mobile terminal

srsENB & srsEPC

Fig. 2. eNodeB and commercial UE terminal configuration.

plete functionality of the base station. The srsUE software is
launched on a separate PC with the same hardware configu-
ration and the USRP B210 radio module. In addition, system
performance tests with the commercial UE are carried out.
The UE used in the described system supports both 4G and
5G solutions. Communication of the radio module with the
PC computer is set up via the USB 3.0 port.

4.2. System Performance Measurement Procedure

The transmission rate and power received in the downlink
and uplink channels are measured at a distance of 3 m from
the base station for the UE and USRP B210, and 10 m for the
UE only. System performance tests are carried out with the
channel bandwidth of 10 MHz and 20 MHz, in the following
transmission modes: 1 – SISO mode, 2 – broadcast diversity
mode (2 × 2 MIMO), 3 – spatial multiplexing mode with
cyclic delay diversity (CDD), and 4 – closed-loop spatial
multiplexing mode. In addition – for transmission mode 4 –
performance measurements are made with active automatic
gain control (AGC) in the RX path. In that case, 80 dB, 100 dB
or 120 dB transmit gain levels (TX_gain) are considered. The
transmission takes place in the 2600 MHz frequency band,
combining the downlink channel at the frequency of 2680
MHz and the uplink channel at the frequency of 2560 MHz.
Performance of the system is verified using the iPerf tool [4]
which generates network traffic of a specified intensity, using
both TCP and UDP protocols. The tool is launched on both
srsUE mobile terminals (USRP B210), commercial UE, and
the eNodeB base station (USRP B210).
Figure 1 shows the connection between the USRP B210
modules and PC-class computers using the srsUE client,
while Fig. 2 illustrates the connection between the eNodeB
station and the commercial UE.

5. Installation and Configuration
of the 4G Station

5.1. Additional Software Packages

In order to properly install the srsRAN package, it is necessary
to install the libuhd_dev radio driver package and the uhd_host
package first. This allows to control the state of the radio
module in Linux.
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5.2. srsGUI Suite Description and Functionality

The srsRAN environment is integrated with the srsGUI graph-
ical package. This enables the observation of the constellation
of the transmitted signal in the shared uplink physical chan-
nel (PUSCH) and the PUCCH control channel. The graphical
package is launched by running the srsENB module. Similar-
ly, a graphical environment may be installed for the srsUE
package. This allows one to view the transmitted signal con-
stellation for the downlink shared channel (PDSCH) and the
downlink control channel (PDCCH). The srsGUI desktop en-
vironment must be installed prior to the main installation of
the srsRAN package to ensure proper operation of the latter.

5.3. Software Module Configuration Options

After installing the srsRAN environment and the auxiliary
components, it is recommended to move the configuration
files to the etc/srsran system folder. The complete system
configuration is stored in files with the .conf extension. This
enables the parameters to be edited in a text editor, so that
the configuration of the srsEPC, srsENB and srsUE mod-
ules can be easily modified. enb.conf, sib.conf, rr.conf and
rb.conf files configure the following operating parameters of
the srsENB module: transmission mode, transmitted power
(enb.conf ), resource allocation (rr.conf ), and band aggre-
gation (rb.conf ). The operating parameters of the srsEPC
module are controlled by variables stored in epc.conf and
user_db.csv files. In the epc.conf file, IP addresses of the
srsENB module (mme_bind_addr field) and an external DNS
server are to be defined. This allows Internet access via the
UE interface (to be specified in the dns_addr field). Authen-
tication data of UEs, required to establish a connection with
the station, are stored in the user_db.csv file; the type of the
identification algorithm (XOR or Milenage), and the IMSI
number of the SIM card of the UE can be set. The path to the
user_db.csv file is defined in the epc.conf file in the db_file
field, which enables access to the authentication data. This
file is read during the procedure of connecting the UE to the
network.
The srsUE module also has the ue.conf configuration file
which stores various terminal configuration details, including
the transmission mode and uplink transmit power. With that
borne in mind, neither the eNodeB station nor the srsUE ter-
minal feature a transmission power control mechanism, so
the transmit power must be set before turning on the srsENB
and srsUE modules.
The srsEPC, srsENB and srsUE modules on a separate ma-
chine are launched in individual terminal windows.
In the case of the srsENB module, it is also possible to speci-
fy the connection status display in real time. This function
displays aggregated control information concerning downlink
and uplink bit rate, the channel quality indicator reported by
the mobile terminal (the cqi parameter) or the modulation
and coding scheme (mcs parameter).
Additionally, the UHD controller is initialized automatical-
ly when starting the srsENB or srsUE modules. Therefore,

communication with the programmable radio module is set
up automatically.

6. 4G Network Performance
Measurements

6.1. Testbench Configuration

In the first phase of the performance measurement process,
a connection between the srsENB and srsEPC programs and
srsUE modules was established. For this purpose, two B210
radio modules were configured, one as the eNodeB and the
other as the UE. Each of these modules was connected to
a PC running Ubuntu 22.04 LTS with the srsRAN package
installed. The iPerf program was used to carry out the tests.
The srsRAN software enables the collection of diagnostic

data from all srsRAN software modules which were saved in
the tmp directory in the .log and .pcap file formats. Thanks to
that, one can analyze the transmitted data frames e.g. in the
Wireshark app. Complete files were created when all modules
of the srsRAN package ended their operation.
The configuration details are as follows:
Resource blocks and bandwidth configuration. The tests
were carried out using channel bandwidths of 10 MHz and
20 MHz, which corresponded to using 50 and 100 resource
blocks (n_prb is set to either 50 or 100 in the enb.conf file).
MIMO mode configuration. Depending on the 2× 2MI-
MO antenna configuration selected, it was necessary to set
the following parameters accordingly: tm = 2 (transmit di-
versity), tm = 3 (transmission using the CCD cyclic prefix
shift), tm = 4 (multiplexing with closed feedback loop).
For multi-antenna transmission modes, the number of active
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TX ports should be set to 2 (nof_ports=2 command in the
enb.conf file).

Transmission frequency configuration. The transmission
frequency was determined by the dl_earfcn=3350 parameter
which corresponds to the setting of the downlink channel
frequency (2680 MHz). The uplink channel frequency was
then set automatically at 2560 MHz.

Transmission gain setup. The transmit gain (tx_gain param-
eter) was set at 80 dB, then 100 dB and 120 dB.

AGC mechanism configuration. The tests were initially
carried out with a constant RX channel gain of 40 dB (rx_-
gain=40 command). In the subsequent measurements, the
AGC mechanism was activated by commenting out respective
configuration line #rx_gain=40.

Miscellaneous radio module settings. In order to improve
the efficiency of the USRP B210 radio module, additional
arguments, such as device_args = (. . .) num_send_frames=64
and num_recv_frames=64, were set. These allowed to increase
the number of RX and TX buffers for the transmitted frames
from 32 to 64, thereby improving overall performance of the
system. In the case of UE emulated by the srsUE software, the
same modifications regarding the channel gains were made.
Note that the AGC mode was available for RX channels only.
In the case of the MIMO mode, the nof_antennas parameter
had to be set to 2 in the ue.conf file. The arguments passed to
the UHD driver in the device_args field were defined in the
same way as in the enb.conf file.
Performance tests were conducted for category 4 and category
8 terminals. In the latter case, 64-QAM modulation was used
in the uplink. The current mobile terminal category was
defined in the ue_category field.

Configuration of srsUE virtual network interface. To pro-
vide the Internet connection to the mobile terminal emulation
station using the srsUE software, it was necessary to add a de-
fault IP traffic routing gateway on the UE client computer.
Then, the default gateway address was linked with the virtu-
al network interface emulated by the srsUE program called
tun_srsue. In this case, the IP address was the address of the
S/P GW subsystem which acted as a virtual network gateway.
It also enabled the routing of packets to UEs connected to the
eNodeB station. It is important to note that the tun_srsue vir-
tual interface was active only when the srsUE module was
running.

Downlink channel performance test. In order to check the
downlink throughput at the client station (UE), the iPerf
service server was started on a separate terminal. TCP and
UDP traffic was generated using the iPerf client.
In the case of TCP traffic, the maximum throughput was not
defined by the user, while for UDP traffic, the value of the
maximum traffic throughput was set arbitrarily to 100 Mbit/s.
Note that the value defined above exceeded the maximum
system throughput obtained.

Uplink channel performance test. The uplink channel
throughput test was carried out in a similar way, but the iPerf
service server listening to the network traffic was launched on

the eNodeB station. Simultaneously, a client sending queries
was run on the station emulating a UE.

6.2. Radio Channel Performance Test Results – srsUE

Radio link throughput results are presented in Fig. 3. Most
of the measurements were carried out with the transmit gain
of 80 dB. Only for the “20 MHz – MIMO – 4 (100 dB)” and
“20 MHz – MIMO – 4 (120 dB)” setups, the gains of 100
and 120 dB were applied, respectively. The AGC was also set
active and category 8 UE was selected. The distance between
the antennas of the USRP stations was constant throughout
all of measurement tests – it was 3.2 m in line of sight (LOS)
conditions. The higher data rates observed in the downlink
resulted from the use of a higher-order modulation than that
used in the uplink.

6.3. srsENB Configuration – Commercial UE Terminal

The second series of measurement tests was carried out us-
ing commercial off-the-shelf UE. This device was configured
to work with the base station by programming accurate SIM
card parameters in the user_db.csv file. The following prop-
erties have been filled in: Name – the name of the UE defined
by the user, Auth – authentication algorithm mode select-
ed – XOR or Milenage, IMSI – identification number of the
SIM card installed in the UE, Key – authorization key in hex-
adecimal format, OP_Type – type of the used operator code,
OP/OPc – value of operator code assigned to the specified
SIM card, AMF – authentication management field, SQN –
UE sequential number, used when restarting the identification
procedure), QCI – a field specifying the identifier associated
with the management class of the quality of service (QoS)
mechanism, IP_alloc – the method of assigning the IP ad-
dress to the UE – static or dynamic.
Having made changes to the configuration in the user_db.csv
file, it was necessary to specify the configuration of the APN.
For this purpose, a point called default has been defined in
the UE settings field (APN tab). This setting was identical to
the value of the apn=default field contained in the epc.conf
file. Determining the correct APN point in the UE was nec-
essary to get access to data transmission services via the 4G
network, and then connect to the Internet.
The remaining parameters were configured similarly to the
process of setting up a connection with a virtual UE, em-
ulated by the srsUE program. The base station maintained
the same configuration as in the previous tests i.e. using the
srsUE client.

6.4. Channel Performance Test – Commercial UE Terminal

Connection tests were carried out using the iPerf tool (with
the use of the UDP protocol) in the same way as relied upon
for the previous measurement scenario. However, the UE was
located at a distance of either 3.2 m or 7.8 m from the base
station antennas. The aim of running an additional series of
measurements over a distance of 7.8 m was to evaluate the
effectiveness of the power control mechanism in the uplink.
Unlike the USRP B210, the commercial UE was equipped
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Fig. 4. Iperf performance test – commercial UE.

with a transmission power control mechanism. The imple-
mentation of the iPerf server and client on UE was carried
out using the iPerf2 for Android application.
Radio link throughput results are shown in Fig. 4. The mea-
surements were carried out with three levels of transmit gain
at the 2680 MHz carrier in the downlink. In the case of mea-
surements with TX gain of 100 dB and 120 dB, the AGC
mechanism remained active. The other measurements were
carried out with a transmit gain of 80 dB. In this case, the “20
MHz – MIMO – 4 (AGC)” measurement was made using
the automatic gain control mode and MIMO multi-antenna
transmission mode 4 (closed loop spatial diversity).

7. Radio Channel Power Measurements

In addition to radio link throughput measurements, the re-
ceived and transmitted power in the uplink and downlink
channels was measured as well. For the srsUE, a Rohde &
Schwarz FSH4 spectrum analyzer with an Ettus Research
VERT 2450 antenna was used. Similar antennas were used in
the USRP B210 modules operating as an eNodeB station and
an UE client. Downlink channel power measurements were
made at three measurement points – 10 cm from the base sta-
tion, 10 cm from the srsUE mobile terminal station, and 30
cm from the base station (1.2 m from the UE station). The
measurements were repeated with active data transmission
and in with the UE in idle mode (no active transmission).
The uplink channel power was measured during active pack-
et transmission at a distance of 10 cm from the base station
(eNodeB). The received power values have been averaged.
A separate series of power measurements was conducted for
commercial UE. This kind of terminal features an internal
microstrip antenna. Power measurements were carried out
for two UE positions – it was located at a distance of 3.2 and
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10 cm, UE, active transmission
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Fig. 5. Power measurements: downlink – srsUE.

7.8 m from the base station. The measurements were made
at a distance of 10 cm from the base station, 30 cm from the
base station and 10 cm from the UE.

7.1. Results for srsUE

The results of power received in the downlink and in the
uplink for the srsUE mobile terminal are shown in Fig. 5 and
Fig. 6, respectively.
Figure 7 presents the power spectral density (PSD) of the
downlink signal in the idle mode at a distance of 10 cm from
the base station, assuming a 20 MHz bandwidth and a 100 dB
transmit gain.
Figure 8 shows the PSD of the downlink signal in the active
transmission mode at a distance of 10 cm from the base
station, with a 20 MHz bandwidth and a 100 dB transmit gain
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Fig. 6. Power measurements: uplink – srsUE.

Fig. 7. Spectrum measurements: downlink – 10 cm – idle mode.
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Fig. 8. Spectrum measurements: downlink – 10 cm – active trans-
mission.

assumed again. Figure 9 illustrates the PSD of the uplink
signal in the active transmission mode at a distance of 10 cm
from the base station for a 20 MHz bandwidth and a 100 dB
transmit gain.

7.2. Commercial UE Terminal

Figure 10 shows the power transmitted in the downlink for the
terminal located at a distance of 3.2 m from the base station.
Figure 11 presents the values of the power transmitted in the
downlink for the UE located at a distance of 7.8 m from the
base station, while Fig. 12 shows the values of the power
transmitted in the uplink for the UE located at a distance of
3.2 m and 7.8 m from the base station, i.e. during active data
transmission.
Figures 13 and 14 present the PSD of the uplink signal at
the base station input situated 3.2 m and 7.8 m from the UE,
respectively, for a 20 MHz bandwidth and a 100 dB downlink
TX gain.

Fig. 9. Spectrum measurements: uplink – active transmission – 20
MHz bandwidth and 100 dB transmit gain.

10 cm, eNB, idle mode 10 cm, eNB, active transmission

10 cm, UE, active transmission
30 cm, eNB, active transmission

10 cm, UE, idle mode
30 cm, eNB, idle mode

–80

–70

–60

–50

–40

–30

10 MHz 
SISO

20 MHz 
MIMO 4 
(AGC)

20 MHz 
MIMO 4 
(120 dB)

20 MHz 
MIMO 4 
(100 dB)

P
ow

er
 [

dB
m

]

Fig. 10. Power measurements: downlink – 3.2 m – commercial UE.

8. Conclusions

In the case of radio link throughput tests using the USRP
B210 module acting in the capacity of UE, a radio channel
bandwidth increase from 10 to 20 MHz has resulted in boost-
ing the link throughput by approx. 25%. Activation of the
multi-antenna transmission mode failed to offer a significant
gain in the link throughput, but increased its stability. Upgrad-
ing the UE category to level 8 resulted in the link throughput
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Fig. 11. Power measurements: downlink – 7.8 m – commercial UE.
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Fig. 12. Power measurements: uplink – commercial UE.
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Fig. 13. Spectrum measurements: uplink – distance 3.2 m – 20 MHz
bandwidth.

being increased by approx. 50 % (using the UDP test proto-
col). This is due to the change of the modulation scheme to
64-QAM on the UE side. Activation of the AGC mode caused
a drop in link throughput. This resulted from the observed RX
gain being lower than in the case of the static setting, which
diminished SNR. On the other hand, a significant increase
in the link throughput (up to 74 Mbit/s) was observed when
the TX gain in both the base station and the UE increased to
120 dB. Any increment in the TX gain boosted the radiated
power which, in turn, improved SNR. At a higher SNR range,
it was possible to use a higher-order modulation and coding
scheme. Exceeding the gain value of 100 dB failed to offer
a significant increase in the link throughput. this is caused
mainly by the saturation of the radio module power stages.
No significant increase in the carrier power level was record-
ed.
In the case of radio channel throughput tests using commercial
grade UE (a phone), the results were similar. The activation of
the AGC mode, once gain degraded the link throughput. The
decreased link throughput was noticeable when the terminal
had moved away from the base station – a higher distance en-
tailed a higher free-space attenuation and an SNR decrement.
On the other hand, a drop in SNR caused the station to use
lower-order modulation and coding schemes. This mecha-
nism decreased the link throughput with the aim to limit the
bit error rate (BER).
During the power measurements, the carrier power increased
proportionally to the value of the defined transmit gain. The
difference in the downlink carrier power between the idle
mode of the UE and active transmission was 10 dB, on aver-
age. It is important that the downlink OFDM subcarriers were
transmitted continuously and their power increased in the
case of active data transmission. The uplink power was mea-
sured only during active transmission. With no active user
data transmission from the UE, control data were transmit-
ted using the selected pilot subcarriers of the uplink channel
bandwidth only. This was unlike with active data transmis-
sion, where all subcarriers were used. In the idle mode i.e.,
without active data transmission on user plane, pilot subcar-
riers were transmitted only occasionally. As a consequence,

Fig. 14. Spectrum measurements: uplink – distance 7.8 m – 20 MHz
bandwidth.

signal spectrum measurements required long averaging times.
Commercial-grade off-the-shelf UE, unlike the srsUE virtu-
al terminal, was equipped with a transmission power control
mechanism. The effects of this mechanism were visible when
the UE was being moved away from the base station. The
transmission power on the uplink channel varied between
–42 and –38 dBm when the UE was located 3.2 m from the
base station. If the distance between the UE and the base sta-
tion increased to 7.8 m, the transmitted power increased to
–31 dBm measured at a distance of 10 cm from the UE.
The cellular system setup considered in this publication en-
ables the development of an open-source radio access network.
This is useful for analyzing the operation of the protocol lay-
ers of the LTE network standard. The system can be used for
propagation tests in the evolving radio environment at a de-
sired location. This is possible thanks to the high degree of
hardware mobility and flexibility of software configuration,
as well as the fact that a wide range of radio modules and var-
ious antenna types are supported. On the other hand, high
scalability of this system allows to optimize the configuration
using a small-scale network. Finally, it is possible to repro-
duce it in a large, commercial RAN system.
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Abstract  The main concept behind employing cognitive radio
is to enable secondary users (SUs) or unlicensed users to utilize
the available spectrum. Spectrum sensing methods detect the
existence of primary users (PUs) and have become the main topic
of research in the CRN industry and in academia. This paper
proposes a new framework based on the Adam gradient descent
(Adam GD) algorithm to develop a spectrum sensing mechanism
used in CRNs and detecting the availability of free channels.
The signal’s components are extracted from the received signal
and the spectrum is searched for availability which is detected
through a fusion center using the proposed algorithm. The
proposed Adam GD algorithm attains the maximum detection
probability rate and the minimum false alarm probability of
0.71 and 0.39, respectively, for a Rayleigh channel.

Keywords  cognitive radio, eigen statistics, optimal weight, signal
energy, spectrum sensing

1. Introduction

The conventional static spectrum allocation mechanism allows
certain primary users (PU) to access the spectrum, whereas
secondary users (SU) are restricted [1], [2]. To increase spec-
trum efficiency, the cognitive radio technology is introduced
to allow SU to utilize the licensed spectrum band during the
period of PU inactivity [3]–[5]. CR is a solution that may
potentially solve the issue of spectrum scarcity by access-
ing the spectrum in a dynamic manner and serves as a key
5G enabler [2]. CRNs adjust the radio framework based on
their own knowledge. They also efficiently and opportunisti-
cally access the licensed spectrum thus increasing its usage
rate [5]. The CR technology is considered to be the prima-
ry solution for spectrum underusage, as it provides access to
spectrum bands that are not free from PUs, without any inter-
ference. Therefore, a reliable and accurate spectrum sensing
method is required on the SU side before communication
may be established.
A key issue in spectrum sensing is to model test statistics in
order to achieve higher probability of detection (PD) [4], [8]–
[10]. The following solutions are used for this purpose: cyclo-
stationary based method [11], energy detection model [12],
matched filter approach [13], eigenvalue-based approach [14],
and likelihood-based scheme [15]. The cyclostationary based
detection mechanism offers improved performance, but it is

sensitive to synchronization and faces computational com-
plexity issues [16]. It is capable of efficiently detecting spec-
trum holes, but it requires longer sensing times [6]. The spec-
trum sensing method based on the machine learning approach
is designed to increase the performance of the process [17]. A
spectrum sensing approach based on convolutional neural net-
works was developed in [4]. In [18], deep learning is utilized
for spectrum sensing purposes. In recent decades, various
deep learning-based detection models have been developed
for spectrum sensing. In [19], a long short-term memory
(LSTM) network model is designed for detecting PUs in
a spectrum sensing scenario. A convolutional neural network
(CNN)-based model is used to learn the energy correlation
textures of PU signals in [20].
This paper proposes a spectrum sensing framework based on
the Adam GD algorithm and relying on the extraction of sig-
nal components. At the receiver end, the signal is analyzed for
energy by using test statistics relying on the generalized like-
lihood ratio test (GLRT), Renyi entropy and eigen statistics.
The extracted signal components are then fused by weight pa-
rameters. The value of each weight parameter is determined
using the Adam GD algorithm, i.e. a combination of Adam
optimization with the gradient descent (GD) algorithm. Fi-
nally, spectrum availability is detected using the proposed
algorithm in order to allocate the free channels to unlicensed
users.
The remaining portion of the paper is organized as follows.
Section 2 reviews different conventional schemes, while Sec-
tion 3 portrays the model of a CRN. Section 4 describes the
spectrum availability sensing approach developed by the au-
thors. Section 5 discusses the results achieved, while Section
6 presents the conclusions.

2. Related Works
Kaur et al. [21] designed a decentralized multi-agent rein-
forcement learning approach relied upon in CRNs to effi-
ciently utilize the spectrum. It reduces the operating cost and
offers good flexibility. It increases performance in terms of
outage probability, network capacity and convergence speed,
but it fails to consider different application-specific require-
ments of CR in the context of cooperative networks. Eappen
et al. [6] designed a multi-objective modified grey wolf opti-
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mization (MOMGWO) algorithm for solving the optimization
issues in CRN. It obtained better detection threshold, sens-
ing time, and transmission power values by compromising
energy efficiency and interference immunity. However, only
a single PU was considered in this method. Zhang et al. de-
signed, in [16], a kernel-based sensing approach for CRNs. It
maps the input signal matrix to the higher dimensional of fea-
tures through a non-linear Gaussian function and generates
the test statistics in the feature space. It achieved better per-
formance when faced with interference and Gaussian noise,
but it proved sensitive to the level of Gaussian noise. Liu et
al. [4] developed a deep neural network (DNN) based mod-
el for exploring test statistics in CRN. It used a covariance
matrix as the CNN input for the sensing process, to increase
performance. It achieved higher detection and false alarm
probability rates, but faced greater computational complexity
issues.
Eappen et al. [7] designed a hybrid particle swarm opti-
mization with gravitational search algorithm (PSO–GSA)
for detecting spectrum holes by analyzing energy usage. It
effectively detects the holes by finding optimal values of
transmission power, sensing bandwidth, and power spectral
density. It increased energy efficiency, but its higher popula-
tion value increases computational complexity.
Pan et al. [22] designed a spectrum sensing model with deep
learning and the cycle spectrum mechanism in CRN. It ana-
lyzes cyclic autocorrelation of the OFDM signal by relying
on the cyclic spectrum captured through the time domain fast
Fourier transform (FFT) algorithm. Cyclic spectrum was nor-
malized to the gray scale dispensation in order to form the
gray scale image. Deep features were learned through CNN
and the sensing process was performed in the cyclic spec-
trum. Performance was increased in the presence of noise,
but different issues were faced with single feature inputs.
Jothiraj et al. [23] modeled an optimized sensing model using
the dragonfly algorithm. It increased the usage of spectrum by
allocating the free spectrum to unlicensed or SUs in the net-
work. It used the adaptive threshold factor to detect spectrum
holes. This model outperforms other techniques in terms of
efficiency and detection accuracy. Reddy et al. [25] designed
an improved whale optimization algorithm for spectrum sens-
ing in CRN. The weight function for CNN was computed
to analyze its accuracy performance. It increased the perfor-
mance in terms of such measures as energy consumption,
delivery ratio, and delay.
Some of the issues faced by the conventional approaches
include the following:

– The use of machine learning in the resource allocation
mechanism results in outstanding performance, better than
that of other simple convex algorithms relied upon in the
dual decomposition model, with the consideration of imper-
fect channel state information (CSI). However, considering
different application-related requirements in cooperative
CRN settings, the significant difficulties continue to be
faced [21].

– The use of machine learning in the resource allocation
mechanism results in outstanding performance, better than

that of other simple convex algorithms relied upon in the
dual decomposition model, with the consideration of imper-
fect channel state information (CSI). However, considering
different application-related requirements in cooperative
CRN settings, the significant difficulties continue to be
faced [21].

– MOMGWO is an efficient method for defining multi-
objective functions with the best Pareto front. Nevertheless,
it continues to face problems related to the computational
time required [6].

– Kernel-based detection is not effective in terms of certain
factors concerning Gaussian mixture noise, but its effi-
ciency was improved by increasing the number of receiver
antennas, samples and by modifying the signal-to-noise-
ratio (SNR) [16].

– DNN achieved higher efficiency, but it faced issues related
to signal-to-noise-ratio complexity [4].

– The extreme population size increases computational com-
plexity of optimization algorithms [7].

3. System Description

The cooperative spectrum sensing approach used for detect-
ing PUs in multiple-input multiple-output (MIMO) systems
is modeled as a binary hypothesis corresponding to the ab-
sence and presence of PUs [29]. The CRN contains a fusion
center with Xa receiver antennas and X cooperating SUs
with Xb antennas for every cooperating user. Let us consid-
er pd,m as probability of detection, and pf,m as probability
of a false alarm of a local decision rule of the m–th user.
When the m–th secondary node made the decision, the node
transmits the set of A vectors Gm(h) ∈ ℜXb×1, 1 ¬ h ¬ A
corresponding to the local decision concerning the absence
or presence of the PU, to the fusion center. MatrixGm is gen-
erated by stacking all sets of A vectors gm(h), 1 ¬ h ¬ A
corresponding to the decision, as:

Gm(h) = [gm(1), gm(2), . . . , gm(A)]
B ∈ ℜA×Xb .

Next, matrix Gm is sent towards the fusion center to get
the values of Gm = P0 or Gm = P1 corresponding to the
decision regarding the absence ℵ0 or presence ℵ1 of PUs,
respectively. Under a non-antipodal signal with A = 2 and
Xb = 2, matrix P0 = 02×2 and P1 is selected as an orthog-
onal matrix P = 02×2 and P1 is selected as an orthogonal
matrix [1 1, 1 –1]2×2 with P1PB1 = AC2. Accordingly, lo-
cal performance for the m–th secondary user, i.e. pd,m and
pf,m, is:

pd,m = pr(Gm = P1|ℵ1), (1)
1− pd,m = pr(Gm = P0|ℵ1), (2)
pf,m = pr(Gm = P1|ℵ0), (3)
1− pd,m = pr(Gm = P0|ℵ0). (4)

It is assumed that the number of antennas located at the PU, as
well as detection mechanism utilized at every cooperating SU
are chosen arbitrarily. Accordingly, signal Jm(h) ∈ ℜXa×1
received at the fusion center and corresponding to vector
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gm(h) sent by the m–th (1 ¬ m ¬ X) SU at the m–th
(1 ¬ h ¬ A) instant over the orthogonal MAC is specified
as:

Jm(h) = Bm gm(h) + qm(h), (5)

where Bm ∈ ℜXa×Xb denotes the MIMO channel matrix
and every element km(x, y) of matrix Bm shows a fading
coefficient between the y–th transmitting antenna of the m–th
SU and the x–th receiving antenna of the fusion center. The
l–th row of channel matrix Bm = [km,1, km,2, . . . , km,Xa ]B
is defined by kBm,l ∈ ℜ1×Xb and vector qm(h) ∈ ℜXa×1
denotes circularly symmetric additive white Gaussian noise
that is showed as identically separated and independent with
the value of zero mean, such that the covariance matrix
is represented as Sq = E{qm(h)qBm(h)} = λ2CXa . The
received signal vm,l(h) at the l–th receive antenna of the
fusion center (1 ¬ l ¬ Xa) is modeled as:

vm,l(h) = k
B
m,l gm(h) + qm,l(h), (6)

where vector Jm(h) in Eq. (5) is represented as Jm(h) =
[vm,1(h), vm,2(h), ... , vm,Xa(h)]

T ∈ ℜXa×1 and the term
qm,l(h) implies the l–th element of noise vector. Figure 1
illustrates the model of a cooperative MIMO CRN.

Secondary
user 1

Secondary
user 2

Secondary
user X

Primary
user 

signal Fusion 
center

Final 
decision

g (h)1

J (h)m

g (h)2

g (h)X

B1

Bm

BX

Fig. 1. Model of a cooperative MIMO cognitive radio network.

4. Proposed Adam GD Algorithm for
Spectrum Sensing

To enable detecting availability of the free spectrum and to
allocate the licensed bands to SUs, a spectrum sensing frame-
work based on the Adam GD algorithm has been designed,
relying on the fusion center mechanism. At first, few signal
components are collected and next they are fuse based on the
weights assigned to specific signal components by the Adam
GD algorithm. A block diagram of the proposed model is
presented in Fig. 2.
The first step is to define the signal received at the antenna with
the use of a mathematical expression in order to further extract
signal components needed to perform the fusion strategy
required for making the final decision. The signal received at
the l–th antenna of the fusion center for a set ofA concatenated
transmitted vectors that corresponds to the decision of the
m–th SU is expressed as:

Jm,l(h) = Gm km,l + qm,l , (7)

Received
signal

Extraction of
signal

component

Renyi entropy

Signal energy

Eigen statistics

Test statistics
based on GLRT

Fusion
center

Spectrum
availability

Proposed Adam gradient
descent algorithm

Adam
optimization

Gradient descent
algorithm

Weight

Fig. 2. Block diagram of the proposed, fusion center–based method.

where Jm,l = [vm,l(1), vm,l(2), ... , vm,l(A)]B ∈ ℜA×1.
The stacked noise vector qm,l ∈ ℜA×1 is generated as qm,l =
[um,l(1), um,l(2), ... , um,l(A)]B .

4.1. Extraction of Signal Components

After receiving signal Jm,l, other signal components, such as
Renyi entropy, signal energy, eigen statistics, and test statistics
based on GLRT need to be extracted. Let us assume a CRN
scenario with r transmitters and s receivers or sensors, such
that each transmitter is engaged in communication within the
CRN radio network. To enable communication between the
transmitter and the sensor, there must exist a free channel in the
CR environment. The proposed framework for determining
channel availability relies on the following measures.
Renyi entropy measure for extracting a signal component is
defined as:

RE =
1

1− Jm,l
ln

X∑
m=1

Xa∑
l=1

Jm,l , (8)

where denotes the Renyi entropy.
Signal energy and eigen statistics – this measure uses in-
formation obtained by receivers from transmitters [28] to
generate data matrix D as:

D = [Dcn]M×N , 1 ¬ c ¬M , 1 ¬ n ¬ N , (9)

where Dcn implies n–th data received by c–th receiver in the
CRN and N denotes the total number of signals received by
sensors. Accordingly, matrix D is made up of the transmitted
signals, thermal noise, and channel gain. A signal matrix S is
formed by the signals that are sent by the transmitter and is
specified as:

S = [Szn]r×N , (10)

where r implies the total number of transmitters, andN shows
all data samples, Szn represents the signal obtained from
the z–th transmitter. Hence, communication is established
through the radio channel and is processed with the use of an
unoccupied channel. The data sample matrix is represented
as:
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D = [R ∗Q] + L , (11)

where R is channel gain, L indicates noise matrix, and Q
represents desired data. The channel matrix is estimated as:

R = [Rcz]s×r , (12)

where Rcz denotes channel gain between the c–th receiver
and the z–th transmitter. In general, signals transmitted by
radio channels in CRN are degraded by noise, such that noise
L is assumed while creating channel matrix D and thermal
noise matrix is specified as:

K = [Kcn]M×N , (13)

whereKcn is the thermal noise of the channel used to receive
information from the c–th sensor. Next, the data sample matrix
is utilized for calculating the signal energy and eigen statistics.
The covariance matrix H is calculated from D, in which the
binary hypothesis test is considered. The ensemble covariance
matrix of the received signal is represented as:

H = expected [D D+] , (14)

where expected[.] is the expected operator value and D+
implies the conjugate or the transpose of D. At first, the
ensemble covariance matrix is not known. Therefore, it is
replaced with the maximum likelihood estimate (MLE) for
specifying the sample as:

H =
1
p
[D D+] . (15)

By considering covariance matrix H, signal energy and Renyi
entropy, eigen statistics and test statistics based on GLRT are
used for estimating spectrum availability. The eigen values of
H are estimated as:

{γ1 ­ γ2 ­ . . . γr} . (16)

The energy statistics are:

γ =
γ1

1

s

M∑
c=1
γc

, (17)

where γc shows the eigen value of the c–th sensor. The eigen
statistics are:

I =
1
r × η2

M∑
c=1

γc , (18)

where η indicates the thermal noise factor.
GLRT-based test statistics [29] for local detection of the
respective users are:

TS =
X∑
m=1

Xa∑
l=1

JBm,l αJm,l , (19)

where TS denotes the test statistics and the parameter α is
given as:

α = C − µ , (20)
where µ shows the projection matrix.

δ1 δ2 δ3 δ4

[1×4]

Index of weights

Fig. 3. Solution encoding.

4.2. Fusion Center

After extracting individual components from the received
signal, they need to be fused. The fusion mechanism relies
on combining all signal components with applicable weight
values assigned thereto:

F = δ1γ + δ2I + δ3TS + δ4RE , (21)

where F denotes probability of detection, δ1 … δ4, are the
weight factors,RE shows signal component obtained through
the Renyi entropy measure, I shows the eigen statistics value,
γ is the signal energy and TS represents test statistics based
on GLRT.

4.3. Proposed Adam GD Algorithm

The optimal weight for the fusion process is determined using
the Adam GD algorithm derived through the incorporation of
the GD algorithm from [27] with the Adam optimization tech-
nique from [26]. The GD algorithm is a popular optimization
algorithm, also referred to as the black box optimizer, since
its strengths and weaknesses are hard to explain. It is mainly
used to determine the cost function based on the θ parameter
for a training set. Each update process requires that a gradi-
ent for the entire dataset be computed. When the dataset does
not fit to memory, it becomes slow and it is also intractable.
The Adam algorithm is an effective stochastic optimization
method that needs a first order gradient and is characterized
by limited memory usage. It calculates the adaptive learning
rate for different factors by estimating the first and the second
moments of gradients. The benefits of Adam optimization are
that it updates the magnitude factor such that it is invariant to
gradient rescaling and it works well with sparse gradients.
The solutions are encoded in the form of a vector, as δ1, δ2, δ3,
and δ4 with the dimension of [1× 4] (Fig. 3). Four different
weight factors are determined using the proposed algorithm.
The proposed Adam GD algorithm is divided into the follow-
ing steps:
Initialization. It defines the parameters for the entire training
set in order to perform the updating process.
Fitness measure. Fitness is measured based on the area un-
der the receiver operating characteristic (ROC) curve, i.e.
a quantitative metric used for comparing various detectors. It
is an expression used to determine optimal solution during
iteration [?] and is expressed as:

F =

∫ 1
0

Pd(t)dpf (t) dt , (22)

where t represents the specific detector, pd is the probability
of detection, and pf signifies the probability of a false alarm.
Update solution. The update vector of the GD algorithm is

44
JOURNAL OF TELECOMMUNICATIONS
AND INFORMATION TECHNOLOGY 3/2023



An Efficient Cooperative Spectrum Sensing Method Using Renyi Entropy Weighted Optimal Likelihood Ratio for CRN

formulated as:

Yw = β Yw−1 + χ∇θ Z(θ) , (23)

The standard expression of Adam optimization is specified
as:

Yw = Yw−1 −
ω̃.̂iw√
ĵw + ε

, (24)

Yw−1 = Yw +
ω̃.̂iw√
ĵw + ε

, (25)

By substituting Eq. (25) to Eq. (23) we get:

Yw = β

(
Yw +

ω̃.̂iw√
ĵw + ε

)
+ χ∇θ Z(θ) , (26)

Yw = βYw +
β.ω̃.̂iw√
ĵw + ε

)
+ χ∇θ Z(θ) , (27)

Yw − βYw =
β.ω̃.̂iw√
ĵw + ε

)
+ χ∇θ Z(θ) , (28)

Yw(1− β) =
β.ω̃.̂iw√
ĵw + ε

)
+ χ∇θ Z(θ) , (29)

Yw =
1
1− β

[
β.ω̃.̂iw√
ĵw + ε

)
+ χ∇θ Z(θ)

]
, (30)

Yw =
β.ω̃.̂iw + χ∇θ Z(θ)

√
ĵw + ε√

ĵw + ε (1− β)
, (31)

where ε = 108, β represents the momentum term and equals
0.9, χ specifies the size of the steps taken to reach the mini-
mum, Z(θ) signifies the objective function, w indicates the
time step and ît = it

1−ρt . Here ρt denotes the decay rate with-
in the 0 . . . 1 range.
Evaluating feasibility. The fitness of each solution is com-
puted based on the fitness measure function such that the
optimal solution shows the best value for specific weight fac-
tors.
Termination. The above steps are repeated until the optimal
solution is attained. Algorithm 1 summarizes the proposed
method.

Algorithm 1. Pseudo code of proposed model.
1: Input: Momentum term, decay rate, and step size.
2: Output: Yw.
3: Initialize the factors.
4: Compute fitness measure.
5: Derive update solution of Yw using Eq. (31).
6: Evaluate feasibility.
7: Return best solution.

5. Results and Discussion

The proposed model is evaluated using Matlab and is com-
pared with existing approaches, such as kernel-based spec-
trum sensing [16], DNN [4], cooperative reinforcement learn-
ing [22], and deep learning [23] to show the extent of the
improvements achieved.

Figure 4 analyzes the detection probability for a Rayleigh
channel. At SNR of 5 dB, detection probability achieved by
kernel-based spectrum sensing, DNN, cooperative reinforce-
ment learning, deep learning, and the Adam GD algorithm is
0.47, 0.39, 0.33, 0.53, and 0.71, respectively (Fig. 4a). A false
alarm probability analysis is shown in Fig. 4b. For SNR of
5 dB, the probability measure for kernel-based spectrum sens-
ing, DNN, cooperative reinforcement learning, deep learning,
and the Adam GD algorithm is 0.76, 0.58, 0.52, 0.44, and
0.39, respectively. Figure 4c shows an analysis of ROC. For
the probability of detection equaling 0.6, the false alarm prob-
ability rate obtained by kernel-based spectrum sensing, DNN,
cooperative reinforcement learning, deep learning, and Adam
GD algorithm is 0.47, 0.42, 0.32, 0.18, and 0.50, respectively.
Figure 5 shows the results of a detection probability anal-
ysis for a Rician channel. For SNR of 10 dB, the detection
probability of kernel-based spectrum sensing, DNN, cooper-
ative reinforcement learning, deep learning, and the Adam
GD algorithm is 0.93, 0.86, 0.95, 0.78, and 0.96, respective-
ly (Fig. 5a). Results of the false alarm probability are shown
in Fig. 5b. For SNR of 5 dB, the probability measure for
kernel-based spectrum sensing, DNN, cooperative reinforce-
ment learning, deep learning, and the Adam GD algorithm
is 0.79, 0.51, 0.58, 0.46, and 0.40, respectively. Analysis of
ROC for a detection value of 0.7 gives a false alarm proba-
bility for kernel-based spectrum sensing, DNN, cooperative
reinforcement learning, deep learning, and the Adam GD al-
gorithm of 0.27, 0.53, 0.55, 0.66, and 0.78, respectively (Fig.
5c).
Figure 6 presents the results of a detection probability analysis
for a Gaussian channel. When SNR=10 dB, the detection
value for kernel-based spectrum sensing, DNN, cooperative
reinforcement learning, deep learning, and the Adam GD
algorithm is 0.78, 0.67, 0.86, 0.89, and 0.91, respectively.
The false alarm probability shown in Fig. 6b for SNR of
10 dB for kernel-based spectrum sensing, DNN, cooperative
reinforcement learning, deep learning, and the Adam GD
algorithm is 0.92, 0.83, 0.94, 0.72, and 0.64, respectively.
Figure 6c shows the ROC. For a detection value of 0.8, the
false alarm probability for kernel-based spectrum sensing,
DNN, cooperative reinforcement learning, deep learning, and
the Adam GD algorithm is 0.64, 0.55, 0.69, 0.80, and 0.87,
respectively. Table 1 summarizes the results of all analyses
performed.

6. Conclusion

Spectrum sensing is a key technology used in CRNs. The ob-
jective of this research is to determine the availability of free
spectrum using the proposed Adam GD algorithm. Here, the
signal received at the receiver end is used to extract individual
signal components, such as energy, Renyi entropy, test statis-
tics, and eigen statistics. Accordingly, the signal’s components
are fused at the fusion center by applying weight factors deter-
mined using the Adam GD algorithm. The proposed approach
achieves the maximum probability of detection and the mini-
mum probability of a false alarm equaling 0.7099 and 0.3892,
respectively, for a Rayleigh channel.
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Fig. 4. Rayleigh channel analysis results: a) probability of detection, b) probability of false alarm, and c) ROC.
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Fig. 5. Rician channel analysis results: a) probability of detection, b) probability of false alarm, and c) ROC.

Tab. 1. Analysis summary for SNR = 5 dB.

Channel
type Metrics Kernel-based

spectrum sensing DNN
Cooperative

reinforcement
learning

Deep
learning

Proposed Adam
GD algorithm

Rayleigh
Probability of detection 0.4704 0.3889 0.3303 0.5300 0.7099

Probability of false alarm 0.7578 0.5820 0.5173 0.4423 0.3892

Rician
Probability of detection 0.4563 0.3772 0.3204 0.5141 0.6886

Probability of false alarm 0.7888 0.5077 0.5759 0.4578 0.4029

Gaussian
Probability of detection 0.5967 0.5105 0.5319 0.6693 0.6909

Probability of false alarm 0.7781 0.4570 0.5723 0.4656 0.4097
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Abstract  The paper presents a location-based approach to
controlling the power of device-to-device (D2D) underlay of
a frequency reuse-1 cellular system. The system allows for direct
communication to share uplink resources with cellular users. As
a result, both D2D and cellular users are experiencing additional
interferences in the system. By controlling the output power
of the devices, these interferences can be mitigated and the
performance of the network can be improved in terms of better
spectral and energy efficiency. The proposed location-based
target signal-to-interference ratio power control scheme for
D2D communications utilizes information about users’ locations
to estimate the interference level experienced by the receiver
of the direct link. Based on this estimation, an appropriate
transmit power can be determined. The performance of the
proposed power control solution is investigated via system level
simulations.

Keywords  context-awareness, device-to-device, frequency reuse-
1, power control

1. Introduction

In recent years, device-to-device (D2D) communication op-
erating as an underlay in cellular networks has attracted a lot
of attention within the research community. It is believed that
it can ensure better spectral efficiency of the system and is ca-
pable of reducing power consumption, thus improving energy
efficiency. Moreover, such a communication solution can en-
able new types of multimedia services [1]–[3]. Working as
an underlay, D2D communications may use the same radio
resources as those relied upon by other cellular users. Such an
approach allows to increase the frequency reuse factor (FRF)
even above the level achieved by the reuse-1 scheme [3].
However, enabling D2D communications that share the
spectrum with a cellular telecommunication system poses
some new challenges. For instance, new interference patterns
emerge which have to be managed, typically with the help of
power control or resource allocation mechanisms. This leads
to improved performance of the network in terms of better
spectral and energy efficiency.
The remainder of the paper is organized as follows. In Sec-
tion 2, a short review of other works is presented. Section 3
describes the system model under consideration. In Section
4, the proposed power control solution is described, with an

analysis of its performance given in Section 5. The paper is
concluded in Section 6.

2. Related Work

Numerous studies have been conducted on mitigating interfer-
ence in D2D communications, i.e. [1], [2], [4]–[9]. The most
commonly used approaches involve power control and re-
source allocation solutions. For example, in [4] a D2D power
reduction method was introduced to control interference af-
fecting cellular users. Interference mitigation solutions based
on resource allocation often exploit slow-scale parameters,
such as path-loss or shadowing, to perform interference-aware
resource allocation, as proposed in [7].
Some papers explore the possibility of using location infor-
mation for resource allocation and for selecting users sharing
those resources, i.e. [10]– [13]. In [10] and [11], an inter-
ference limited area (ILA) control strategy was proposed.
It is employed in addition to a power control mechanism
to ensure that the outage probability of D2D communica-
tions, caused by interference from cellular users, is lower
than a predetermined threshold. Meanwhile, in [12], an in-
terference limited area control method is applied to restrict
interference before the resource allocation process. In [13],
the distance-constrained resource-sharing criterion (DRC)
was introduced to limit the set of cellular users that can share
resources with D2D users, resulting in a significant reduc-
tion in the D2D link’s outage probability. Furthermore, DRC
does not require cellular users to reduce their transmission
power, thereby avoiding degradation of the cellular link’s
performance.

3. System Model

In this paper, we consider an FRF-1 cellular system in which
a D2D underlay is operational, as presented in Fig. 1. The
system allows for D2D communications to share uplink re-
sources with co-channel cellular users (CUEs). Consequently,
additional interferences are introduced in the system. Inter-
ference affecting the receiving D2D device (DUE) is caused
when CUEs transmit relying the same resource. On the other
hand, from the point of view of CUEs, interference is caused
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Fig. 1. System model.

by transmitting DUEs and is experienced by the serving base
station. The signal-to-noise and interference ratio (SINR) for
the DUE receiver γD and the BS for a cellular user k(γCk)
are given by:

γD =
hD(d)PD

N∑
i=1
hDCi(d)PCi +N0

(1)

and

γCk =
hCk (d)PCk

N∑
i=1,i ̸=k

hCi(d)PCi + hD(d)PD +N0

, (2)

where N is the number of adjacent cells using the same
frequency (that includes the cell where the D2D pair is locat-
ed). hD(d) and hCi(d) are the distance dependent losses on
the path between D2D users and between the DUE receiver
and the CUE transmitter I , respectively, hCk(d), hCi(d) and
hD(d) are the losses on the path between cellular transmit-
ters k and i and the base station and on the path between the
DUE transmitter and the base station, respectively. The addi-
tive white Gaussian noise (AWGN) variance is denoted by
N0. PD defines the transmit power and the transmitted signal
of DUE and PCi stands for the transmit power and transmit-
ted signal of the i–th CUE transmitter.
In the considered system an open-loop power control (OLPC)
mechanism is utilized for the CUE’s power settings. The
transmit power of the cellular users is given by:

PC = min (P0 +A · h(d), Pmax) , (3)

where P0 is the initial power level of the UE, A is a path-loss
compensation factor and h(d) is the path-loss between the
BS and the CUE. The maximum transmit power is limited by
Pmax. In the system model, we assume that the base station
has knowledge about the location of the devices it serves. With
the increasing popularity of location-based services (LBS),

the acquisition of UEs’ location is becoming less troublesome
and applicable data may be obtained in various ways, e.g.,
via the satellite-based GNSS positioning system.

4. Location-based Power Control for D2D

In this paper, we propose a location-based target signal-to-
interference ratio (SIR) power control (LTSIPC) scheme for
D2D communications. The mechanism utilizes information
about users’ locations to estimate the interference experienced
by the D2D receiver. The proposed LTSIPC is a centralized
approach, where the base station is acting as the central unit
which, through its own power control mechanism, such as
OLPC, obtains information about the transmitting powers
of cellular user devices that interfere with the D2D receiver.
Using the positions of those devices, the host entity can
estimate the distance between them and, consequently, the
interference caused to the D2D receiver. Since the proposed
LTSIPC is based solely on distance and location, it requires
no knowledge of channel coefficients, which allows to reduce
the number of channel quality reports in the system.
The SIR of the D2D receiver can be expressed as:

ζD =
|hD2D|2PDd−αD2D
N∑
i=1
|hDCi |2PCid

−α
DCi

, (4)

where hD2D and hDCi are channel coefficients of the D2D
and D2D-CUE links considered, dD2D and dDCi are the
distances between D2D devices and the D2D receiver and the
cellular user i, respectively. The path-loss exponent is denoted
with α and the transmit powers of the D2D transmitter and
the i–th CUE are given by PD and PCi , respectively. Based
on Eq. (4), the transmit power of the D2D transmitter can be
derived by setting a SIR target ζ0:

PDTX =

ζ0
N∑
i=1
|hDCi |2PCid

−α
DCi

|hD2D|2d−αD2D
. (5)

As mentioned beforehand, we are only using location in-
formation to determine the interference. The knowledge of
instantaneous channel coefficients hD2D and hDCi is not
available to the power control mechanism. To simplify, we
assume that the mean value of both coefficients (hD2D and
hDCi ) is equal to 1. Taking this assumption into account, and
setting the upper limit on transmit power Pmax, we obtain:

PD = min (Pmax, ζ0 · dαD2D
N∑
i=1

PCid
−α
DCi
) . (6)

5. Simulations and Results

5.1. Scenarios and Parameters

The performance of the proposed LTSIPC power control so-
lution is investigated via system level simulations performed
with the use of a multi-cell OFDMA-based frequency reuse-1
network. The tool used in the simulations was co-created
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Fig. 2. In the Madrid grid model, locations of base station antennas
are marked with circles.

by the author and it follows the guidelines established in the
METIS project [14]. More details on the tool can be found
in [15].
Channel models defined by METIS [16] are used for the cel-
lular users. These models use, contrary to the most commonly
used models, 3D map-based real-time methods for evaluating
sight conditions between the individual nodes. For D2D users,
a modified version of the D2D model defined by ITU-R [17]
is used. The modification relies on a map-based approach for
evaluating line of sight conditions, instead of the statistical
approach that was defined in ITU-R documentation.
The solution under consideration is deployed with the help of
the Madrid grid model [14] (Fig. 2) and consists of a macro
base station operating in the frequency division duplex (FDD)
mode and 3 sectors (each sector operates in the same frequen-
cy band). In the evaluation scenario, 400 users are uniformly
placed outside the buildings, either on pavements (120 CUEs)
or in cars (200 CUEs). Among these 400 users, 40 D2D pairs
are deployed (80 DUEs) with the distance between each DUE
and D2D pair ranging uniformly from 0 to 100 m. Additional-
ly, 15 of the D2D pairs are pedestrian users, and the remaining
25 D2D pairs are deployed in cars (the distance between the
users in cars is limited by the assumed dimensions of the
vehicle). The mobility of the users, including cars, is also
modelled in accordance with METIS guidelines. The process
of allocating resources to cellular users is based on round
robin mechanism. In the case of D2D users, resource blocks
to be shared for communication are selected randomly. Cel-
lular users are using the OLPC mechanism for determining
the transmit power, whereas D2D users use the proposed LT-
SIPC mechanism with an SIR target of 20 dB. Benchmark
scenarios in which D2D users used OLPC and in which no
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Fig. 3. CDFs of UE transmit power (for both CUEs and DUEs).
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D2D communication was enabled, were considered as well.
Various system performance statistics are collected in the
simulation tests, with the most important of them being:
– cumulative distribution function (CDF) of the transmit

power of all users and active D2D users,
– spectral efficiency of the system (expressed in bits/s/Hz)

for downlink (DL) and uplink (UL) transmissions and for
active D2D users.

5.2. Results

The first set of results presented in Figs. 3 and 4 shows the
CDFs of transmit powers for all UEs in the system and for D2D
users, respectively. The introduction of D2D communication
allows to reduce the transmit power of the UEs, regardless of
the power control mechanism deployed. This is of course
due to the assumption that the distance between devices
communicating directly is lower than the distance between
the individual devices and the base station.
Another observation is that the OLPC method achieves grater
reduction in the transmit power than the proposed LTSIPC
approach. This is due to the fact that LTSIPC aims at achieving
the SIR target at the receiver, which in some cases may lead to
an increased transmit power requirement in order to mitigate
interference generated by cellular transmissions. Looking
at the transmit power curves for D2D devices only (Fig. 4),
we can observe that the LTSIPC performs slightly worse
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than OLPC in almost the entire transmit power range under
consideration. However, the proposed LTSIPC approach offers
better granularity of transmit power settings and allows for
lower transmit power settings for D2D devices that are very
close to each other, for instance in cars.
The second set of results presents the spectral efficiency of the
simulated scenario. Figure 5 presents the spectral efficiency
for downlink and uplink transmissions within the system.
We can notice that the introduction of D2D may lead to an
increase in spectral efficiency in both directions, regardless of
the power control mechanism deployed. Taking into account
the previous results related to the transmit power, this means
that energy efficiency has increased as well. Better spectral
efficiency has been achieved thanks to the spectrum sharing
aspect of the D2D underlay. By allowing some devices to
communicate directly and to share the spectrum with cellular
users, we reduce the number of devices that have to be served
by the base station and thus extend the network reuse factor
above one.
Another observation that may be made based on spectral
efficiency plots is that the proposed LTSIPC mechanism
outperforms the OLPC approach, but as mentioned previously,
at the cost of slightly increased transmit power demands. This
can also be noticed from the spectral efficiency plot for the
D2D devices only, as shown in Fig. 6.
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Fig. 6. D2D communication spectral efficiency.

6. Conclusion

The results show that the introduction of D2D communica-
tions, exploiting the proposed location-based power control
method that shares UL resources with CUEs, may bring
about benefits in terms of decreased transmit power levels,
increased spectral efficiency and better energy efficiency.
However, when comparing LTSIPC with OLPC, one may
notice that the former offers slightly higher transmit power
outputs almost in the entire transmit power range under con-
sideration. However, the proposed LTSIPC approach allows
for better granularity of transmit power settings and enables
lower transmit power levels for D2D devices that are very
close to each other, for instance in cars. Moreover, the LT-
SIPC approach achieves better spectral efficiency than the
OLPC mechanism, both for the entire network and for D2D
users only. It is also worth mentioning that the location-based
approach does not require additional reports and channel
measurements, needing to track the user’s location only.
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Abstract  In the Industrial Internet of Things, a wide variety of
sensors are distributed all over the environment to monitor data
collection, thereby allowing industrial processes to be monitored
more efficiently. One of the fundamental goals of IIoT is to
provide the highest level of reliability while simultaneously
increasing network lifetime, reducing power consumption, and
preventing delays. 6TiSCH is a popular communication standard
relied upon in IIoT. The aim of the present study is to propose
an inter-layer method that simultaneously considers network
scheduling and routing processes based on TSCH and RPL
approaches in multi-sink environments. The proposed method
is intended to address the limitations of IIoT and meet the
requirements of field-specific applications.

Keywords  Internet of Things, Industrial IoT, multi sink, TSCH
standard

1. Introduction

The growing popularity of smart gadgets, industrial automa-
tion systems, and smart buildings has resulted in a tremendous
growth of wireless sensor networks (WSNs) and the Inter-
net of Things (IoT). The underlying aim of the Internet of
Things is to connect all devices to the Internet. In the Internet
of Things, a wide variety of sensors are distributed all over
the environment to monitor and report various conditions
and states, thereby allowing for smart decisions to be made
based on the collected information [1]–[3]. In recent years,
the Industrial Internet of Things (IIoT) has been proposed as
a specialized IoT variety that is compatible with industrial
environments and manufacturing sites. This idea is aimed at
increasing flexibility and productivity while simultaneously
decreasing production costs in industrial environments.
Although different devices, including entire systems, sen-
sors, etc. were only connected to form clusters in the past,
they are now connected to a single macro-structure that is
accessed by the user. With the help of IIoT, industries may
be connected to a single integrated network [2]– [5]. IIoT
consists of a set of nodes, including a processor, a battery
(power supply), a radio transceiver for communication and
data exchange, and a number of sensors (monitoring temper-
ature, pressure, humidity, etc.). These nodes exchange their
data with one or more receiver stations that may be either of
the stationary or mobile variety. Nodes working in IoT envi-

ronments face various limitations related to their processing
power, memory capacity, and energy consumptions [1]–[4].
In IIoT applications, the most important criteria include also
reliability and delay (lag). In order to ensure optimum power
consumption in IIoT settings, it is necessary to develop suit-
able sleep/wake mechanisms and to use the Carrier Sense
Multiple Access (CSMA) approach in the Medium Access
Control (MAC) sublayer [1], [2]. To achieve this goal, such
standards as IEEE 802.15.4 [6] and IEEE 802.15.4e [7] de-
fine low power MAC and physical layers capable of meeting
IIoT requirements. Focusing on the centralized coordination
of nodes, the IEEE 802.15.4 standard controls the operation
of CSMA among the nodes. It coordinates the transmissions
by sending small packets called beacons. TSCH is one of the
varieties of IEEE 802.15.4e. It is a combination of time syn-
chronization, frequency division, and channel hopping that
reduces the chance of a collision between different transmit-
ters. The TSCH mechanism enables each node to synchronize
its data transmission on a single channel and in a specific
time slot. However, the standard does not determine how the
channel/slot must be allocated.
In WSNs, addresses are allocated using IPv6. To activate
IPv6 in TSCH, the IETF 6TiSCH work group runs a pro-
tocol stack based on IIoT-specific standards, such as RPL,
6LoWPAN, and CoAP routing protocols, using 6LoWPAN
for address mapping. In addition to designing the MAC and
physical layers, the current structure of the routing layer was
modified in IEEE 802.15.4e by means of a routing protocol
called RPL that is suitable for low-power networks. In order
to use the multi-parent feature of this protocol, its DODAG
structure can be utilized for convergent traffic in IIoT solu-
tions [1]. As mentioned above, numerous scheduling methods

Superframe duration (SD)

CAP CFP

GTSGTS Inactive

Beacon interval (BI)
(active part)

0 1 2 3 4 5 6 7 8 9 10 11 12131415

Fig. 1. The superframe structure in IEEE 802.15.4.
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have so far been proposed for 6TiSCH networks, but few
studies have addressed the problem of time scheduling in
multi-sink networks. Therefore, the aim of this study is to
meet the needs of industrial applications and remove some of
the existing limitations by implementing several sinks in the
network and utilizing a scheduling algorithm. In what fol-
lows, we shall investigate the possibility of creating multiple
sinks. The reason for using multiple sinks in IIoT is to re-
duce power consumption and, ultimately, increase network
lifetime. Using a 6TiSCH simulator, we evaluate the perfor-
mance of the implemented method and compare it to other
proposals.
Section 2 presents a review of the communication standards
used in industrial IoT. In Section 3, we define the basic con-
cepts and, in Section 4, we briefly review the existing lit-
erature. Section 5 describes the simulations performed and
evaluates the results. Finally, Section 6 sums up the results
and draws the conclusions.

2. Communication Standards in IIoT

An implementation of an IIoT environment requires a variety
of standards and protocols to be complied with. This section
examines several standards for the data link layer and the net-
work layer in IIoT applications.
A wireless sensor network (WSN) is usually used in IIoT
for purposes that contribute to mitigating overload condi-
tions caused by intra-network processing, data integration,
and decision-making processes. The fundamental challenges
in these networks are to decrease delay, reduce power con-
sumption, ensure fault tolerance, and increase the lifetime of
nodes.
IEEE 802.15.4 implements the physical layer and the media
access control layer for low–power WSNs. It transmits packets
via the data link layer, using a shared channel, in an integrated
manner relying on the synchronization of nodes. The physical
layer of this standard uses one of three bands: 868 to 868.6
MHz, 902 to 928 MHz, and 2400 to 2483 MHz. The majori-
ty of the implementations so far have relied upon the 2.4 GHz
band with 16 separate channels and a transmission rate of 250
kbps. The data link layer is designed to reduce the probabili-
ty of data collision and data transfer using this layer is either
of the beaconless or beacon-based variety. In the beaconless
mode, the classic CSMA-CA approach is implemented, in
which the sender listens to the channel. If it finds the channel
empty, it sends the data. Otherwise, it waits a random time
interval before sending the data. The network coordinator
must stay awake to receive the frame from the nodes, hence it

Time slot

Soft frame i Soft frame i+1

0 01 12 23 3

Fig. 2. A slot frame with four time slots in the TSCH mode of IEEE
802.15.4e.

cannot save energy. This increases the overload and greatly
affects the end-to-end delay. Since the nodes keep consum-
ing energy even when idle, this state is not appropriate for
multi-hop modes which suffer from energy limitations [1].
In the beacon-based mode provided for in IEEE 802.15.4,
both the sender and the receiver use a superframe structure
(Fig. 1) for exchanging data. In this mode, a coordinator pe-
riodically sends beacons to determine the boundaries of its
superframe. A superframe has an active and an inactive peri-
od. By determining the duration of each of the periods, the
work cycle can be set dynamically. An active period begins
with a beacon frame which is sent by the coordinator in regu-
lar time intervals. A superframe is composed of CAP and CFP.
CAP is the part in which competition takes place and packets
are transmitted by means of the CSMA/CA mechanism. In
CFP, with no competition, data packets are sent and GTS cells
are allocated to data transmission. In the beacon-based mode,
nodes are awakened by the coordinator just before sending
the beacon, in order to save energy, and they fall asleep again
after receiving data. This allows more energy to be saved, be-
cause the nodes are not required to stay awake permanently.
The IEEE 802.15.4e standard, based on IEEE 802.15.4 used
in low-power short-range wireless networks, has become pop-
ular for communicating in industrial environments [7]. The
IEEE 802.15.4 standard has certain limitations, such as high
power consumption of middle nodes that must always remain
operable in order to transfer information to other nodes, or
using a single channel for information transfers, which caus-
es interference. IEEE 802.15.4 uses of some of the existing
methods applied in WSNs, including time slots, specific and
shared cells, multiple channels, as well as frequency hopping.
It relies upon different modes, including LLDN, BLINK,
DSME, AMCA, and TSCH. As the TSCH mechanism is a so-
lution that reconciles all other modes and meets as many
needs as possible, it is the most complex and appealing so-
lution and is considered to be the core mechanism of IEEE
802.15.4e [1], [6]. TSCH is a combination of time synchro-
nization, frequency division, and channel hopping. Due to its
optimal use of time and frequency, this technique is a suit-
able choice for networks with multi-hop communications.
In TSCH, time is divided into specific spans called slot frames
or superframes. Each slot frame is divided into a certain num-
ber of equal time slots and repeats periodically. The duration
of a time slot is equal to the duration in which the sender
transmits a packet to its single-hop neighbor and receives the
verification of the packet’s second layer from the neighbor.
All nodes within the network share the same time structure.
Its ability to support multiple channels by channel hopping is
a characteristic feature of TSCH. TSCH has 16 different chan-
nels, each with the bandwidth of 5 MHz. In this mechanism,
a direct communication link is created between sender and
receiver nodes in a given time slot in a specific channel. Each
link that is selected for communication between two nodes
is specified by two indexes, i.e., time slot number and chan-
nel number. Figure 2 shows a slot frame with four time slots.
In each time slot, a node can send the largest amount of data
possible [1]. The RPL standard [8] has recently emerged as
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a solution for routing protocol in WSNs. It defines a structure
for efficient and energy-saving transmission of packets. The
RPL protocol creates a destination-oriented directed acyclic
graph (DODAG). In a DODAG, the edges do not form a loop
and are laid out so that they face towards the root node. The
sink node is the coordinator that acts as the graph root and is
the destination for all packets. To prevent cycles in DODAG,
a target function is defined to determine the rank of the nodes.
A node’s rank is a numerical value that shows the place of
the node within the DODAG. The closer a given node is to
the sink, the lower its rank. In fact, the rank indicates the rel-
ative position of each node to the root. The nodes regularly
inform each other about their ranks via periodic messages of
DODAG information objects (DIO) [1].

3. 6TiSCH Network

6TiSCH brings IPv6 to low-power industrial wireless net-
works and establishes communication between time-slotted
channel hopping (TSCH) networks and 6LoWPAN networks
[9]. 6TiSCH combines industrial functions with IPv6 and
provides a mechanism by which the link layer topology is
adapted to the routing topology [10]. Figure 3 shows the pro-
tocol stack of 6TiSCH, using different protocols and standards
in each layer [11], i.e., IEEE 802.15.4 in the physical lay-
er, TSCH in the media access control (MAC) layer, SF as
a scheduling algorithm and the 6Top protocol. In the network
layer, the RPL protocol is used for routing and constructing
the topology, and 6LoWPAN is used for IPv6 address map-
ping for the nodes and for compressing IPv6 packet headers.
The UDP protocol is used in the transmission layer, when er-
ror detection and correction are not necessary. It is also used
in running programs to avoid excessive process overheads.
UDP is used for time sensitive applications. The CoAP pro-
tocol [12] is also used in the application layer as one of the
most widely used protocols in the IoT. This protocol is stan-
dardized by targeting limited nodes in low-power networks.
This protocol gives devices the ability to connect to a wider
range of networks.

4. Centralized Scheduling Algorithm

In this type of scheduling, it is the central node that assumes
the role of the host and is responsible for the formation and
maintenance of network scheduling. All the network nodes
periodically inform the host about the list of their neighbors
and the data they generate. Using the gathered information,
the host creates a network bonding graph and allocates an
appropriate number of time slots to the bonding links based on
the information concerning the amount of the data produced
by each node. Once the scheduling has been completed, the
admin node provides each node with its schedule. In real-
world environments, networks have a main node called as
a sink. In centralized scheduling, the host node is usually
in charge of this task. As this node has knowledge about
the entire network, the centralized solution offers an optimal
schedule. In scenarios in which the topology is changing and
there is a need for network reconstruction, the distributed
solution is a more suitable choice [1].

5. Literature Review

Palattella et al. [13] proposed a basic method called TASA
which is a centralized scheduling algorithm based on network
topology and traffic load. Unfortunately, the TASA algorithm
was less efficient than other algorithms. Jin et al. [14] pro-
posed the adaptive multi-hop scheduling (AMUS) approach.
This method executes three functions: scheduling, experimen-
tal cell allocation, and End-of-Q informing mechanism. Choi
et al. in [15] proposed an algorithm for centralized scheduling,
called CLS. Using the minimum number of control messages,
CLS creates an efficient schedule multi-hop schedule, as it
allocates and moves the slots without re-scheduling the en-
tire application. Paper [16] used a routing structure based on
multiple paths in which every router has several further hops
ahead of it to increase fault tolerance. The authors also pro-
posed a scheduling algorithm in which several senders that
are connected to a single receiver are scheduled within a cell.
This method is useful in multipath applications.
Sebastian et al. [17] developed a method for implementing
multiple sinks based on DODAG. In this method, the topol-
ogy contains multiple DODAGs which have separate sink
nodes. There is no connection between these nodes, and such
an approach reduces delay. This method can be suitable for
considering the multi-sink approach in a network. Only few
studies have been performed recently focusing on scheduling
in networks with the possibility of creating multiple sinks.
Some of the main reasons behind using multiple sinks in
a network include the following: increasing network life-
time, reducing power consumption, and improving reliability.
Therefore, the aim of this study is to implement multiple sinks
in 6TiSCH networks as separate DODAGs and utilize a cen-
tralized scheduling algorithm, adopted from [15], to improve
the use of multiple sinks in a 6TiSCH simulator [18], as well
as to enhance power consumption, network lifetime, packet
delivery rate, and delay.
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Fig. 4. Topology with three sinks.

6. The Proposed Multi-sink CLS

In the proposed method, several sinks are implemented in
a 6TiSCH simulator [18], [19]. We increase the number of
sinks to three (Fig. 4) and we select nodes 0, 1, and 2 as sinks.
Given this, formation about network topology changes and
the network initially contains three sinks that are connect-
ed to each other. Through these connections, the nodes can
send packets to other sinks. This will increase the delay. Ac-
cording to [17], we use the idea of Multi-DODAGs and apply
a limitation by removing the connection between the sinks.
Therefore, the topology now contains three DODAGs with
three separate sinks, and delay is improved.
We use the CLS algorithm [15] in a multi-sink mode. The
proposed method is named MCLS. This algorithm has two
main features. It is a multi-hop scheduling algorithm that
considers the order of scheduling the links, simultaneously
taking into account interference during the scheduling pro-
cess. Thank to such an approach, the receiver node cannot
receive data simultaneously from several sender nodes, be-
cause the signals may interfere with each other. Given these
two features, the process of scheduling is as follows.
First, a scheduling matrix should be formed that is available
to all nodes. The nodes can analyze the information in the ma-
trix before scheduling and then cell allocation is performed.
Cell allocation refers to the attempt to find the appropriate
time and channel for the intended node. In TSCH, the number
of the slot number is called slot offset and the channel number
is called channel offset. Slot offset and channel offset are also
determined by the number of matrix rows and columns, re-
spectively. The strategy of scheduling and allocating suitable
times and channels is based on interference level. Schedul-
ing is performed for a given node using the distance of each
node from its parent, i.e., hop distance or node rank. Thus,
for nodes which are at a distance of one hop from the sink
node, the slot offset from the first time slot is set, equaling
1 [15]. The first time slot for scheduling is set as 1, because
time slot 0 is used to send initial packets, such as beacon and
RPLDIO. The channel offset value is calculated as [15]:

ChannelOffset = rank(hopdistance)− 1 , (1)

where rank is the node’s distance from its parent.
When the nodes are at a distance of several hops from the
sink node, the slot offset value can be calculated according
to [15]:

SlotOffset = SlotOffset(parent) + 1 . (2)
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Fig. 5. Scheduling for a one-hop scenario.

In Eq. (2), the value of slot offset (parent) is calculated with
reference to the slot offset of the parent which has connected
to the network beforehand and for which cell allocation has
already been completed. The value of channel offset can
be calculated by Eq. (1). Scheduling is performed based on
a dynamic strategy. This means that when the simulator is
run, scheduling and cell allocation are performed for a node
at the moment when it connects to the network. Figures 5–6
show the scheduling and cell allocation processes for one-hop
and multi-hop scenarios. Figure 7 shows the pseudocode of
the MCLS allocation scheduling algorithm for cell allocation.
This algorithm is executed for each node that joins DODAG.
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Fig. 6. Scheduling for a multi-hop scenario.

7. Simulation and Evaluation

The proposed MCLS method was simulated using 6TiSCH
[18], [19]. It is a Phyton based open-source tool which has
been developed by the IETF 6TiSCH work group. This sim-
ulator measures different criteria, such as end-to-end delay,
end-to-end reliability, power consumption, and network life-
time. Using this simulator, we compare the results of MCLS
with the following methods from the literature:
– the CLS [15] centralized scheduling algorithm that assumes

a single sink node in the network,
– Multi-DODAG from [17] which implemented multiple

sinks in separate DODAGs in a network, lacking a schedul-
ing algorithm for the nodes.
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Fig. 7. MCLS scheduling algoritm.

Tab. 1. Simulation parameters for the first scenario.

Parameter Value

Number of nodes 10, 12, 14, 16, 18, 20
Duration of simulation 260 s

Routing algorithm RPL
Packet size 90 bytes

Packet transmission
period 60 s

Tab. 2. Simulation parameters for the second scenario.

Parameter Value

Number of nodes 20
Duration of simulation 330 s

Routing algorithm RPL
Packet size 90 bytes

Packet transmission
period 20, 30, 40, 50, 60 s

The criteria for evaluation in each scenario include network
lifetime, reliability, packet transmission rate, and delay. In or-
der to make more accurate interpretations of the results, we
will keep to a confidence level of 99%. Moreover, the loca-
tion of each node is randomly arranged around the sink and
in a 2× 2 square space.
In the first scenario, the performance of MCLS is exam-
ined in terms of an increase in the number of nodes as well
as scalability. The simulation parameters of the first sce-
nario are listed in Tab. 1. Figure 8a shows that the average
lifetime of the network is greater in the proposed method.
The reason is that reduced power consumption and traffic
loads enhance network lifetime. Figure 8b shows the average
end-to-end delay. As one may notice, in some cases the delay
in MCLS is lower than in CLS, especially where the num-

Tab. 3. Simulation parameters for the third scenario.

Parameter Value

Number of nodes 20
Duration of simulation 254 s

Routing algorithm RPL
Packet size 90 bytes

Packet transmission
period 20, 30, 40

Number of sink nodes 1, 3, 5, 7, 9 s

Tab. 4. Simulation parameters for the fourth scenario.

Parameter Value

Number of nodes 20
Duration of simulation 254 s

Routing algorithm RPL
Packet size 90 bytes

Packet transmission
period 1, 5, 7, 10 s

ber of nodes is greater. The reason is that, in multiple sinks,
the distance between the nodes and the sinks is reduced and
packets arrive at the sinks with a shorter delay. It may be no-
ticed that MCLS has significantly decreased the delay of the
Multi-DODAG method. As shown in Fig. 8c, the packet de-
livery rate (expressed in percentages) in MCLS and CLS is
better than in Multi-DODAG, because, as mentioned earli-
er, the Multi-DODAG method does not perform scheduling
for nodes. Moreover, as MCLS uses multiple sinks and re-
duces the network’s traffic load, it decreases the probability
of packet loss and increases the packet delivery rate.
In the second simulation scenario, the performance of MCLS
is examined in terms of the number of packets sent and traffic
load. The simulation parameters are listed in Tab. 2. As
shown in Fig. 9a, MCLS performs better than the two other
methods at higher traffic rates. If the nodes send a packet
every 20 s, the nodes’ lifetime will still remain longer in
MCLS. This is explained by the presence of the sink nodes in
the network, as these can manage large traffic loads. Figure
9b shows the changes in the average end-to-end delay for dif-
ferent packet transmission durations. The average delay in
MCLS has decreased in comparison with the two remaining
methods, due to the smaller number of hops required to ar-
rive at the destination. Figure 9c shows the changes in the
average packet delivery rate for different packet transmis-
sion durations. In MCLS, due to the existence of multiple
sinks in the network, the network’s traffic load for differ-
ent packet delivery durations is distributed among the sink
nodes. Therefore, the packet delivery rate of the sink nodes is
greater than in the two other methods, even when the packets
are sent every 20 s and the network is very crowded.
In the third scenario, the performance of MCLS is examined
based on the number of sink nodes (Tab. 3).
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Fig. 8. Simulation results for scenario 1: a) average network lifetime, b) average delay, and c) average packet delivery rate.
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Fig. 9. Comparison of: a) average lifetime, b) average end-to-end delay, and c) average packet delivery ratio.
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As one may see in Fig. 10, as the number of sink nodes in the
network increases and for different packet transmission dura-
tions, such parameters as network lifetime, delay, and packet
delivery rate improve as well. The reason is that the nodes
consume less power for packet transmission and, therefore,
have a longer lifetime.
On the other hand, packets are delivered with smaller delays
due to the decrease in the number of hops from the source to
the destination node. Also, due to the existence of multiple
sinks, the network’s traffic load for different packet delivery
durations is distributed among the individual sink nodes. This
causes an increase in packet delivery rate in the sink nodes.
As can be seen in the comparison with Multi-DODAG and

CLS, MCLS has improved network lifetime and packet deliv-
ery rate, simultaneously decreasing delay.
In the fourth scenario, the network’s congestion control capa-
bilities are examined. For this purpose, by adding the number
of packets sent per second, network lifetime parameters,
packet reception and delay are analyzed (Tab. 4). As shown
in Fig. 11, along with the growing network congestion, the
proposed method works better and the parameters of lifetime,
latency and packet delivery are improved.
In the proposed method, due to the presence of several sink
nodes, when the number of packets sent from the nodes
increases, the network can manage the congestion more ef-
fectively. Therefore, the packet loss rate is reduced and the
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nodes do not need to resend them. They consume less ener-
gy and, finally, the overall lifetime of the network increases
compared to the two other methods.
On the other hand, due to the presence of several sink nodes
and the reduction of the number of steps between the source
and the destination, the packet sending delay is reduced.

8. Conclusion

In this paper, we implemented multiple sinks in the 6TiSCH
simulator and use a centralized scheduling algorithm. To im-
plement multiple sinks, we used the Multi-DODAG method
which lacks a scheduling component. For the purpose of
scheduling the nodes, we used the CLS method, i.e. a central-
ized scheduling algorithm that contains one sink node only.
The proposed method is called MCLS and uses both multiple
sinks, just like Multi-DODAG, and a centralized scheduling
method, just like the CLS method. According to the simu-
lation results, MCLS has overcome the limitation of using
one sink in CLS and has outperformed Multi-DODAG by
adopting the centralized scheduling algorithm of CLS. As
discussed in the evaluation section, the criteria of network
lifetime, end-to-end delay, and packet delivery rate in different
scenarios were improved for each of the methods.
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Abstract  A split circular element is proposed as a unit cell
for reflectarray antennas. The unit cell is derived from a cir-
cle divided into four equal sectors. The radius of two oppositely
located sectors is then scaled by a certain factor to form the
proposed shape. The CST Microwave Studio Suite software sim-
ulator was used to investigate the performance of the proposed
unit cell, which was evaluated using Floquet port excitation.
The designed element’s reflection phase range was compared
to that of a conventional circular patch. Four scenarios of var-
ied substrate characteristics are investigated for the antenna
to establish the best performance parameters. The simulations
showed that a basic substrate with a thickness of 0.16 mm and a
dielectric constant of 3.2, backed by a 3 mm foam with a dielec-
tric constant of 1.05 and a scaling factor of 0.72 offers a wide
phase range of 601.3◦. The obtained phase slope is 76.37◦/mm
or 134◦/GHz.

Keywords  microstrip antenna, reflectarray antenna, split circu-
lar, X band

1. Introduction
A microstrip reflectarray is a flat array of microstrip patches
or dipoles printed on a thin dielectric substrate. A feed an-
tenna illuminates the array, where each element is designed
to scatter the incident field with the proper phase to make
a planar phase surface in the presence of the aperture [1].
Reflectarrays thus combine the features of flat arrays and re-
flector antennas, and microstrip reflectarrays have emerged
as a prospective solution that offers high gain and higher effi-
ciency levels at a lower cost [2], [3].
Several resonant element designs using sophisticated ap-
proaches have been presented in the literature. These include
double concentric rings [4], a double-cut ring with varying
sizes [5], an elliptical dipole, slot lines, as well as a ground
plane [6]. Dual band and dual circular polarizations were
employed in the design of a reflectarray antenna for space
communications in [7]. In this paper, a unit cell comprises
two rings, an inner ring adjusted at the Ka band and a larger
ring suited for the K band. The phase and amplitude of the
reflecting field are regulated by stubs loaded with rings [7].
Patch elements with a cross loop and a square ring slot loaded
patch were proposed in [8]. Many varied forms of fundamental
elements [9]–[10], structures with multiple layers [11]–[13],
and rotation methods [14], [15] were also presented in vari-
ous research papers.

For the design of reflectarray unit cells, some fractal patch
topologies with low losses, small sizes and appropriate phase
ranges were proposed in [16], [17]. The self-similarity feature
characterizes fractal geometries, where a specific shape is
scaled and repeated several times to generate the final fractal
shape. In practice, a fractal shape is created using an iterative
technique that includes an initial shape, also known as the
fractal generator, a scaling factor s used to shape the dimen-
sions to be scaled, and the repetition number [18]. The fractal
reflectarray antenna is a technique that is widely used in an-
tenna design, for example [16], [17] describe variable-sized
fractal reflectarray units. These investigations aim to attain
a phase range greater than 360◦ and a lower gradient in the re-
flection phase graph, as a function of element size [17], [18].
The use of the fractal geometries offers a wider bandwidth,
resulting from the various dimensions offered by the fractal
shapes, as seen in paper [18]. To further enhance the solu-
tion’s performance, a multilayer design and fractal geometry
with aperture coupling were also employed in [19].
In [20], an asymmetric rectangular patch reflectarray antenna,
comprising a single layer, is presented for 5G communication
at 26 GHz. The idea is to produce two active lengths leading
to two different frequencies, thus widening the bandwidth.
This paper aims to design a reflectarray unit cell element
offering more than one resonance response on a single lay-
er. The many resonance responses are then used to obtain
an extension in the reflection phase range and lower slope.
The circular patch providing smaller phase slopes [21] is uti-
lized here to propose a split circle element that can achieve
a double resonance response at a lower slope. The split circle
microstrip unit element is investigated for the X band reflec-
tarray design.
The paper is organized in the following manner. Section 2
presents the design of the proposed unit cell. The results of
the investigations are presented in Section 3. The performance
of the proposed unit cell is compared with that of other pub-
lished elements in Section 4, while conclusions are drawn
and described in Section 5.

2. Design of the Unit Cell Element

For reflectarrays, the unit cell element should provide a phase
range in excess of 2π radians and should be characterized by
low sensitivity to size and frequency changes. An inadequate
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a) b) c) d)

Fig. 1. Evolution of the split circle: a) circle, b) split into two sectors,
c) split into four sectors and d) opposite sectors are scaled.

phase range might cause phase errors on the array, resulting
in poor radiation pattern performance [21]. To extend the
range of the phase response up to the full swing of 360◦,
a unit cell split circle is proposed here to enhance the array’s
performance.
The evolution of the proposed split-circle element is depicted
in Fig. 1. This unit cell is derived from a circle of diameter
d that is divided into two halves by the diagonal. Then,
each half is further divided into two halves along the other
perpendicular diagonal, resulting in four adjacent sectors. The
radius (r = d2 ) of two oppositely located sectors is then scaled
by a certain factor, as shown in Fig. 1. The four sectors are
kept in contact forming a single conducting element placed
on one side of a grounded substrate. The multi-dimension
features in this proposed element generate more than one
resonance frequency and thus increase the bandwidth of the
unit cell.
The research begins with a unit cell element designed for an
X band microstrip reflectarray with a central frequency of
10 GHz. Taconic TLY-5 substrate with relative permittivity
of 2.2 and loss tangent tan δ of 0.0009 is used as a separator
between the ground plane and the reflecting patch. The unit
cell size is 18.1×18.1mm, which corresponds to 0.6×0.6λo,
where λo is free space wavelength at an operating frequency
of 10 GHz.

3. Simulation Results

The proposed unit cell was investigated using the CST Mi-
crowave Studio simulator. The frequency solver was employed
to determine the unit cell’s characteristics. As illustrated in
Fig. 2, unit cell boundary conditions are used in the transverse
x and y directions, while Floquet port boundary conditions
are used in the positive z direction. The incident wave is
assumed to propagate in the negative z direction.

3.1. Phase Range Performance

The simulations comprised four cases. In case 1, the ele-
ment is mounted on top of a 3.175 mm thick Taconic TLY-5
substrate (εr = 2.2 and tan δ = 0.0009) which is backed by
a conducting ground plane with a thickness of 0.035 mm.
Case 2 uses identical properties, except for the fact that the
thickness of the substrate is altered to 1.57 mm. In the third
scenario (case 3), εr is set to 3.2, while the remaining sub-
strate parameters remain unchanged. In case 4, the active
element is printed on a 0.16 mm thick Taconic TLY-5 sub-
strate supported by a 3 mm thick foam layer with εr = 1.05.
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Fig. 2. The Floquet technique: a) boundary conditions of a unit cell
and b) CST MWS model of an infinite periodic array.
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Fig. 3. Details of the antenna substrate configurations for: a) cases
1–3 and b) case 4.
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Fig. 4. Case 1 phase responses of the disk and split circle structures.

Figure 3 shows the antenna substrate configurations for all
four cases. The phase responses for a unit cell including the
disk or split circular patch on a single-layer substrate are giv-
en in each case. Outer diameter d determines the phase and
magnitude of the reflected wave. Scale factor s is given for
four alternative values in each scenario (1, 0.9, 0.8, 0.7). Fig-
ures 4, 5, 6, and 7 demonstrate the phases of a unit cell’s
reflected wave as a function of its diameter. The results were
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Fig. 6. Phase responses of the disk and split circle in case 3.

arranged in four cases, as described below. Figure 4 shows
the simulation results for case 1. One can see that the disk
element (s = 1) has a phase range of 257.2◦, which is less
than the required value of 360◦. This result is congruent with
the finding presented in [21]. By decreasing s from 0.9 to 0.7
(split circle), the phase range is expanded to approx. 615◦ by
altering d from 2 to 15 mm. It is also demonstrated that with
the growing the value of s, the phase gradient decreases.
For case 2, the results are displayed in Fig. 5. The phase range
was greater than in the previous case, and reached approx.
663◦. As s was decreased from 0.9 to 0.7, the slope becomes
less linear than in case 1, particularly at s = 0.7.
Figure 6 depicts the results for case 3. The obtained phase
range is 686◦, which is better than in the two previous cas-
es. However, the linearity of the phase response deteriorates
with the growing s parameter.
Figure 7 depicts the effect of attaching a 3 mm foam substrate
with a dielectric constant of 1.05 to the element with a thick-
ness of 0.16 mm and a dielectric constant of 3.2 (case 4).
While lowering the s parameter from 0.9 to 0.7, the linearity
remains good as compared with cases 2–3, while the phase
range is 592◦, which is less than in the preceding simulations.
The value is sufficient, however, to develop a reflectarray
antenna.
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Fig. 7. Phase responses of the disk and split circle in case 4.
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Fig. 8. Reflection coefficient features for the four simulated cases:
a) magnitude responses versus frequency, b) phase responses versus
frequency, and c) phase responses with diameter d.

3.2. Reflection Loss and Phase Slope of Reflection

The amplitude and phase responses of the reflection coeffi-
cients that were obtained as best values of the four cases are
shown in Fig. 8. The results were gathered for d =10.8, 11.0,
9.0, and 12.7 mm for the four cases, respectively. As seen in
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Fig. 8a, the presence of a split circle results in two resonances
in the magnitude of s parameters. The resonances are caused
by the unit cell’s small and large sectors, and the reflection
amplitude varies between –2.9 dB in case 3 to –0.12 dB in
case 4. It is worth noting that when the magnitude of the re-
flection coefficient approaches zero, then the reflection tends
to be perfect or the unit cell is experiencing smaller losses.
To assess the phase range performance of different reflec-
tion phase curves, a figure of merit (FoM) related to the slope
of the phase curves has been created. The FoM is provided
by [2]:

FOM =
∆θ
∆f
, (1)

or a phase slope that can be expressed by [17]:

Phase slope =
∆θ
∆L
, (2)

where ∆θ∆f signifies the phase variation with the frequency
determined at the phase center and ∆θ∆L denotes the change in
the reflection phase with size calculated at the phase center.
Therefore, FoM is calculated in degrees per GHz and phase
sensitivity is computed in degrees per millimeter. To improve
bandwidth performance, the FoM, or slope of the phase curve
around the resonance of a reflectarray antenna, must be as
low as possible [17], [21]. Figures 8b and 8c illustrate the
simulated reflection phases versus frequency and size for
the best values of four cases. The thicker substrate (case 1
and case 4) produces a linear phase and slow fluctuation as
compared to cases 2–3, as indicated by the phase responses
presented in Figs. 8b and 8c and the computed values of their
properties provided in Tab. 1. The smallest slopes in terms
of size and frequency are obtained in case 4, which is equal
to 76.37◦ per mm and 134◦ per GHz with a phase range of
601.3◦. It is also noted that case 4, with a minimum FoM
value of 134◦ per GHz, has the minimum phase range of
approx. 601.3◦, but case 3, with a maximum FoM of 263.1◦
per GHz, has a maximum phase range of 678.6◦. It is clear
that the phase range is related to the FoM.
In order to calculate the element’s bandwidth from phase
fluctuation, a maximum limit of 180◦ for the change in phase
when the frequency varied is considered. With such a limit,
an oscillating phase swing of ±90◦ from the value at the
center frequency of operation is thought to be sufficient to
degrade the array’s radiation pattern. Such a phase change
limit was taken into account when estimating the reflectarray
bandwidth in [22]. Table 2 lists the calculated bandwidths
from the responses displayed in Fig. 8b. When compared
to the other cases, the element in case 1 has a 13.4% wider
bandwidth.

4. Comparison to Existing Papers
The performance of the proposed unit cell element is com-
pared to earlier works utilizing various element structures.
Table 3 summarizes the comparative performance of unit
cell reflectarray antennas. The table shows that the developed
design delivers a phase variation of 601.3◦ throughout a fre-
quency range in the X band (8–12 GHz), which is greater than

Tab. 1. Calculated phase response properties, and substrate details
for the split circle unit cells, as depicted in Figs. 8b and 8c.

Parameter Case 1 Case 2 Case 3 Case 4

Gradient
[◦/mm] 83.48 161 196 76.37

Gradient
[◦/GHz] 137.8 241.0 263.1 134

Max.
phase [◦] –48.9 3.12 –18.57 –57.29

Min.
phase [◦] –645.2 –670.6 –697.2 –658.6

Phase
range [◦] 596.3 673.7 678.6 601.3

εr1 2.2 2.2 3.2 3.2
Substrate
thickness
h1 [mm]

3.175 1.57 1.57 0.16

εr2 (foam) – - - 1.05
Foam

thickness
h2 [mm]

– - - 3

Tab. 2. Calculated bandwidths for the split circle unit cells depicted
in Fig. 8b.

θ at fr
[◦]

f1 at
θ−90o
[GHz]

f2 at
θ+90o

[GHz]

BW
f2–f1

Percent
BW

Case 1
s=0.66 –356.9 10.64 9.30 1.34 13.4

Case 2
s=0.85 –143.6 10.23 9.61 0.62 6.2

Case 3
s=0.85 –326.5 10.60 9.68 0.92 9.2

Case 4
s=0.72 –289.9 10.60 9.40 1.20 12

the phase range achieved in the majority of the remaining
papers. Nevertheless, the element size is larger when com-
pared with the majority of other references. The area of the
unit cells ranged from 0.43× 0.43 to 0.94× 0.94 effective
wavelengths, with the proposed unit cell within the range.
The smooth phase curve of the suggested unit cell yields
a lower maximum phase sensitivity of 76.37◦ per mm when
compared to the values presented in [9], [13] and [26].

5. Conclusions
A single-layer microstrip reflectarray element has been pro-
posed and investigated. The element’s development is based
on a traditional circular patch element. Using the proposed
technique, two distinct resonance frequencies can be ob-
tained from a single element. Expansion of the reflection
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Tab. 3. Comparison of the performance of the proposed unit cell with earlier works.

Reference,
type of
element

Phase
range

[◦]

Area [mm2]
λg · λg

Slope
[◦/mm]

Resonance
freq.

[GHz]

Substrate
type εr1

Substrate
thickness

[mm]

Air, foam
or second

layer
[mm]

tg δ

[4], single
layer two

concentric
rings

450 15× 15
(0.43×0.43) NA 11.5 NA 2.2 0.508 6.35

foam 0.0009

[5], single
layer double

cut ring
∼= 300 12.5× 12.5

(0.45×0.45) NA 10 Arlon
TC600 6.15 0.508 2

air NA

[8], single
layer cross
loop with

a square ring
slot

599 10.7× 10.7
(0.51×0.51) NA 14 RT5880 2.2 0.508 3

air NA

[9], single
layer circular

ring
345 15× 15

(0.83×0.83) 525 10 NA 3.2 1.57 – 0

[13], double
layer circular

disk
∼= 500

17.65×
17.65

(0.94×0.94)
88.23 8.5 FR4 4.4 3 1.5

2nd layer NA

[16], sliced
circular
fractal

∼= 550 21× 21
(0.72×0.72) 45 10 NA 2.2 0.1 3

foam 0.004

[17], single
layer Koch’s
double-ring

fractal

421.5 15× 15
(0.54×0.54) 52.9 10 NA 2.2 1 3

foam 0.004

[21], single
layer two

circular rings
500 15× 15

(0.51×0.51) 50 10 Laminate 3.4 0.16 6
foam 0.0009

[23], single
layer four

concentrated
circular rings

382 10× 10
(0.52×0.52) NA 15 RT5880 2.2 0.762 3

foam 0.0009

[24], single
layer

rectangular
patch and
e-shaped
structure

500 25× 25
(0.53×0.53) NA 5.8 F4B 2.65 2 4

air 0.002

[25], double
layer spider-

shaped
structure

800 8× 8
(0.52×0.52) NA 11.725 Taconic

RF 35 3.5 0.76 1.52
2nd layer 0.0018

[26], single
layer flower

shape
360 16× 16

(0.75×0.75)
∼= 384 12.5 Rogers

4003 3.55 0.508 1
air 0.0027

This work
(case 4) 601.3 18.1× 18.1

(0.64×0.64) 76.37 10 Taconic
TLY-5 3.2 0.16 3

foam 0.0009
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phase swing beyond 596◦ was possible due to the formation
of the additional resonance frequency. The split circle ele-
ment analysis reveals that the proposed unit cell element has
a sufficient phase variation range, a decent linear reflection
phase, a reasonable slope, and a simple design.
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Abstract  Microstrip antennas are high gain aerials for low-
profile wireless applications working with frequencies over 100
MHz. This paper presents a study and design of a low cost
slotted-type microstrip patch antenna that can be used in 5G
millimeter wave applications. This research focuses on the effect
of ground slots and patch slots which, in turn, affect different
antenna parameters, such as return loss, VSWR, gain, radi-
ation pattern, and axial ratio. The working frequency range
varies from 24 to 28 GHz, thus falling within 5G specifications.
A subset of artificial intelligence (AI) known as particle swarm
optimization (PSO) is used to approximatively solve issues in-
volving maximization and minimization of numerical values,
being highly challenging or even impossible to solve in a pre-
cise manner. Here, we have designed and analyzed a low-profile
printed microstrip antenna for 5G applications using the AI-
based PSO approach. The novelty of the research is mainly in the
design approach, compactness of size and antenna applicabili-
ty. The antenna was simulated with the use of HFSS simulation
software.

Keywords  5G applications, high gain, low profile, microstrip
patch antenna, PSO

1. Introduction

A low-profile micro strip or patch antenna (MPA) is creat-
ed by mounting a metal patch plane over the ground level
with a dielectric separator between them. Typically, the feed
lines and the radiating patch are manufactured of a dielectric
substrate using the PCB process. The patch is often square,
rectangular, circular, triangular, or elliptical in shape to meet
performance-related requirements. For a rectangular patch,
length L of the patch is usually in the 0.33λ0 . . . 0.5λ0 range,
where λ0 represents the free-space wavelength. The patch
must be very thin, hence the thickness of the copper foil
used is less than λ0. The dielectric substrate’s height is in
the 0.003λ0 . . . 0.05λ0 range, while the dielectric constant
ranges between 2.2 and 12.
Due to their small size and low profile, microstrip patch an-
tennas have become increasingly popular in smartphones and
other consumer electronics devices relying on wireless com-

munications. The benefits of microstrip patch antennas are
in their compact size, simple manufacturing methods, low
weight, and easy design. This has led to the replacement of
traditional antennas used in mobile devices [1]. Selection of
the substrate and determination of the patch proportions de-
pend on the operating frequency and on the specification of
the dielectric material used. Significant parameters, such as
length and width of the patch and substrate, as well as the
location and length of the feed network can be estimated em-
ploying equations given in [2]–[5]. The available dielectric
materials have their unique conduction characteristics and
vary in dielectric constants and other parameters that influ-
ence the fringing waves in the antenna patch [2]–[5].
Because of the cost factor, the most popular dielectric ma-
terials include bakelite, FR4 glass epoxy, Rogers RO4003,
Taconic TLC, and Rogers RT/Duroid [6]–[8]. When feed-
ing the signal to the antenna, many techniques, including
proximity-coupled, inset feed, aperture-coupled, as well as
coaxial probe feed methods, are used [3]–[4], [9].

2. Related Work

Many researchers have used various feeding techniques in re-
cent years to develop MPAs of various shapes and used them
in various applications. Sharma proposed, in [10], a small,
high gain multiband antenna with a glass-shaped radiating
patch and a rectangular ground plane. A unique rectangular-
shaped, DGS-based effective multi-band frequency reconfig-
urable antenna was proposed by Sathikbasha et al. in [11]. A
portable multi-band MPA with resonances at 23.9, 35.5, and
70.9 GHz, suitable for 5G mobile applications, was demon-
strated by Punith et al. [12].
A graphene-packed dual band mmWave antenna for 28.1 GHz
and 37.4 GHz with a DC bias was proposed by Luo et al. [13].
A tiny, portable ultra-wideband microstrip antenna for 5G ap-
plications was developed by Araujo et al. [14], while a small
and dual-polarized triple-band antenna for sub-6 GHz 5G ap-
plications was created by Alieldin et al. [15].
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Naji demonstrated in [16], three fork-shaped monopole-based
CPW-fed MPAs: SFA, MFA, and DSFA. Ikram et al. [17]
presented a MIMO antenna that operates in WLAN (2.45/5.2
GHz), 4G LTE (2.6 GHz), and 5G (24/28 GHz) bands, in-
corporating a 4-element dual-band and wideband monopole
tapered slot system. Parchin et al. [18] presented a multi-band
slot antenna array for 4G and 5G smartphones, including
double element square-ring slot radiators mounted on the
PCB corners. Two compact, rectangular, u-shaped parasitic
elements-based antennas for 2.6, 6.0, and 8.5 GHz bands have
been conceptualized by Asif et al. [19]. Such a design is ideal
for WiMAX or weather radar applications. A u-shape slot-
ted reconfigurable patch antenna with a low profile and light
weight was also shown by Yeole et al. [20], while a com-
pact antenna for wideband applications has been proposed by
Bhattacharya et al. in [21]–[24].
Artificial intelligence (AI) is a field of science in which par-
ticle swarm optimization is used [25], [26]. Three main ap-
proaches are utilized there [27]: statistical methods, symbolic
artificial intelligence, and computational intelligence. Com-
putational intelligence can be implemented using either of
the three methods: artificial neural network, fuzzy logic, and
evolutionary computation. Swarm intelligence is an active
part of evolutionary computation. Just like in the case of ant
colony optimization, the working principle of particle swarm
optimization (PSO) [28] completely relies on swarm intelli-
gence.
Here, PSO has been applied to optimize the dimensions of
a compact sized microstrip antenna. Different iterative struc-
tures, namely antennas A–D, have been simulated and opti-
mized using PSO. Finally, we have obtained the D antenna
model which is validated by the simulation results and mea-
surements.

3. Antenna Design

In this study, the design is realized by cutting rectangular
holes at the patch antenna’s radiating edge. That is because
slot loading antennas perform better – in terms of resonant
frequency, return loss, and bandwidth cost – than a traditional
rectangular patch aerial. In the 24 GHz band, the antenna’s
parameters, such as return loss, VSWR, and radiation pattern
have been analyzed, as the decreased bandwidth of microstrip
patch antennas is their principal drawback.
The equation for the effective dielectric constant for MPA
is [2]:

εreff =
εr + 1
2
+
εr − 1
2

[
1 + 12

h

w

] 1
2 . (1)

The patch length is stretched on either end by∆L and can be
formulated as [2]:

∆L
h
= 0.412

(εreff + 0.3)(wh + 0.264)
(εreff − 0.258)(wh + 0.8)

. (2)

The effective length of the patch Leff is:

Leff = L+ 2∆L . (3)

VSWR is the ratio between the maximum and minimum RF
voltage levels in the antenna. The ratio of incident wave
and reflected voltage wave amplitudes can be defined as
a reflection coefficient ρ, retrieved from:

r =
Zinput − Z0
Zinput + Z0

, (4)

whereZ0 is the antenna’s characteristic impedance. Reflection
coefficient ρ, VSWR and characteristic impedance Z0 are:

ρ = |r| = V SWR− 1
V SWR+ 1

, (5)

V SWR =
|r|+ 1
|r| − 1 , (6)

Z0 =

√
L

C
, (7)

where L signifies inductance and C is the antenna’s capaci-
tance. The return loss parameter S11 is given by:

S11 = −20 log
[
V SWR+ 1
V SWR− 1

]
, (8)

WS WG

LFWF

R1 R2

R3 L

W

LS LG

Fig. 1. Reference antenna A a) and ground plane b).

A slot loading antenna outperforms traditional rectangular
patch versions in terms of resonance frequency, return loss,
and bandwidth. It allows to reduce the aerial’s size by more
than 60% and lowers resonance frequency by up to 36%. The
use of additional slots may contribute to increasing the an-
tenna’s bandwidth even further. High gain may by achieved
by using a high permittivity substrate and a modified slot
shape. This shows that the choice of the substrate and of its
thickness is an important design factor. In this research, FR4
substrate is used with its thickness equaling 0.8 mm and its
dielectric constant amounting to εr of 4.4.

4. PSO in Antenna Design
Particle swarm optimization [29] is a very effective algo-
rithm for solving optimization issues. The given solutions
are referred to as “particles”, where the best or most appro-
priate value is referred to as p-best, while g-best refers to
the overall best value. The goal is to acquire the best pos-
sible p- and g-values for the researched issues. PSO may
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Fig. 2. Antenna A: a) return loss, b) VSWR, c) gain, and d) axial ratio.

be modified in several ways [31], e.g., by replacing the
global swarm with several sub-swarms of particles. Such
a sub-swarm design aims to mitigate the probability of the
PSO algorithm being trapped in a suboptimal solution,
which is a useful feature in the design of antenna. Here,
PSO is utilized to acquire superior aerial characteristics and
to find the best dimensions in order to reduce the return loss as:

minf(x) = ReturnLoss(x) subject to xl ¬ x ¬ xu , (9)

Tab. 1. Dimensions of antennas A-D.

Dimension Value [mm] Dimension Value [mm]

Antenna A
WS ,WG 10.00 L 2.00
LS , LG 8.00 R1 0.58
LF 3.00 R2, R3 0.70, 1.12
W 4.62 WF 0.5

Antenna B
S1 0.08 S8 0.44
S2 0.30 S9 0.18

S3, S13 0.24 S10 0.20
S4 0.38 S11 0.31
S5 0.12 S12 0.19

S6, S7 0.16 S14 0.24
Antenna C

G1 2.00 G2 2.00
Antenna D

S15 0.13 S16 0.14

S1S3
S12

S13

S9
S10S11

S8

S2

S4

S7

S5 S6

S14

a)

b)

c)

Fig. 3. Patch and ground plane for: a) antenna B, b) antenna C, and
c) antenna D.

where xl and xu are the minimum and maximum values of
MPA dimensions (length and width), respectively. For PSO
optimization the following parameters were used:
– number of variables = 2 (L,W ),
– acceleration factors = 2, 2,
– number of iterations= 1000,
– population size = 100.
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Fig. 4. Return loss a), VSWR b), gain c), and axial ratio d) for antennas B, C, D.

5. Antenna Simulation

The initial reference design is named as antenna A (see Fig.
1) and the dimensions of this design are presented in Tab.
1. The assumed initial dimensions offer a gain of 2.5 dB,
return loss S11 of ­ 30 dB at approx. 27 GHz, VSWR =
1.5 (Fig. 2a-c). However, the axial ratio does not meet the
requirement of being lower than 3 dB (Fig. 2d). Therefore,
further improvements are required.
In the next iteration (antenna B), slots have been introduced to
the design and a new structure was created, as shown in Fig.
3a, Tab. 1. Simulation results presented in Fig. 4 (green curve)
show that the slots have affected the axial ratio, the S11 has
shifted towards 28 GHz with VSWR = 1. The frequency band
with a high gain of approx. 4 dB is wider than for antenna A.
Further modifications aim to create a version with an even
higher gain (antenna C, Fig. 3b, and Tab. 1). Simulation
results presented in Fig. 4 (blue curve) show that antenna C is
characterized by a return loss of ­ 45 dB, VSWR of 1, gain
of 6 dBi and a bandwidth of 3.2 GHz. Due to the slots present

Antenna A Antenna B Antenna C Antenna D

Fig. 5. Antenna design evolution (A to D) and fabricated prototype.

on the ground plane, a narrow band has been achieved with
a minimum S11 value near 28 GHz.
To increase gain even more, another design was developed,
referred as antenna D (Fig. 3c, Tab. 1). From the simulations
we can conclude that for antenna D, the return loss equals
­ 40, with VSWR of 0.8 (Fig. 4, red curve) and the gain
reached 6.6 dB. An acceptable change has been observed in
the axial ratio and a wide bandwidth of 4 GHz. Table 2 shows
the comparison of parameters of all simulated antennas (A
to D) while Fig. 5 shows the evolution of the patch for A–D
prototypes.

Tab. 2. Comparison of specific antenna designs.

Antenna Return
loss S11 VSWR Bandwidth Gain

A ­ 30 1.5 2.1 GHz 2.5 dB
B ­ 33 1 3.0 GHz 4 dB
C ­ 45 1 3.2 GHz 6 dB
D ­ 40 0.8 4.0 GHz 6.6 dB

6. Antenna Fabrication and Measurements

To verify the simulation data, the designed antennas were
fabricated and the return losses were measured using a vector
network analyzer (VNA). Figure 6 shows the the value of the
return loss parameter for all four prototypes.

7. Conclusions

In this work, the effects of changing the dimensions of ground
slots, as well as the patch of a 5G microstrip antenna [31], [32],
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Fig. 6. Return loss of: a) antenna A, b) antenna B, c) antenna C, and
d) antenna D.

impacting the different parameters of the antenna, have been
analyzed. The proposed antenna is designed using the PSO
approach and uses the low-cost and widely available FR4
substrate. It offers a high gain of 6.6 dB with a return loss
|S11| parameter of over 40 dB at 27 GHz. Post-optimization of
the design using the PSO technique has resulted in a compact
structure with minimal dimensions.
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Abstract  Utilization of reconfigurable intelligent surfaces is
a topic that is very interesting in the context of complex radio
environments, especially those used in dense urban areas. By
relying on simple solutions to control the angle of reflection of
the signal from the surface, different effects may be achieved
in radio communication systems. Maximization or minimiza-
tion of the received power at specific locations near the reflecting
surface is the most important effect. This phenomenon allows
to: receive a signal at a location at which it could not be re-
ceived previously, detect spectrum occupancy at a place where
the sensor could not perform a correct detection, or minimize
interference affecting a specific receiver. In this paper, all three
concepts are presented and a simple ray tracing simulation is
used to show the potential profits attainable in each of the sce-
narios. Additionally, a scenario was analyzed in which several of
the aforementioned situations are combined.

Keywords  context information, reconfigurable intelligent sur-
faces, spectrum occupancy detection

1. Introduction

The development of wireless communication has been based,
recently, on an ever-greater level of intelligence of the net-
works. Dynamic spectrum access systems may serve as a good
example here which often require access to a large amount of
contextual information about the environment and network
users. This information is necessary to make optimal deci-
sions – based on many parameters (not necessarily directly
related to the network itself) and their historical values. Data
from the past allows, among other things, to capture trends in
the behavior of network users and thus enables to predict up-
coming events.
The urban environment has always been highly demanding for
designers of wireless systems, where the transmitted signal it-
self is subjected to many propagation-related phenomena, i.e.,
reflections or dispersion. The huge number and the great va-
riety of buildings and objects affecting the propagation of the
signal collectively create a highly complex radio channel. Ad-
ditionally, in an urban environment, a large number of users
is present in a relatively small area. The combination of those
two factors poses a significant challenge for the operation of
wireless systems. It is worth noting that, in general, signal
reflections are unavoidable. While they hinder the analysis

of signal propagation, they generally constitute a beneficial
phenomenon, since the signal can reach a receiver which is
not located in the transmitter’s line of sight. The notion of
reconfigurable intelligent surfaces (RIS) [1] is a promising
approach that has recently gained much popularity. RIS al-
lows to influence the process of radio wave reflection on the
surface involved. This means that it is possible to modify
the basic principle where the angle of incidence of the wave
is equal to the angle of its reflection. This offers numerous
opportunities for creating and controlling the propagation
environment. On the one hand, it allows to direct the radio
signal to previously unattainable places (due to the geometry
of the objects), while on the other it enables to remove radio
signal from specific locations (to minimize interference) by
directing it in a completely different direction [2].
These two concepts alone seem to offer great potential for use
in intelligent networks. They can be relied upon to detect the
signal or improve the quality of the received signal by increas-
ing or reducing the received power, in the case of desirable
and unwanted signals, respectively. Signals may be detected
even if the receiver is not located along the transmitter’s line
of sight if the power of the reflected signals is sufficient for
the operation of signal detection algorithms. However, the so-
lutions described require the development of new algorithms
whose task is to control the described RIS [3].

2. Scenario Description

In this work, we consider a simple scenario of an elongated
room with a wall between the signal transmitter and three
receivers, obscuring direct visibility. At the far end of the
room, however, there is a surface that will simulate an RIS.
All devices are positioned at the same height, and the effects
of the ceiling and floor have been ignored to simplify the
scenario that is considered to involve a two-dimensional space
only. The layout of the investigated area is presented in Fig. 1.
The described room was chosen on purpose to demonstrate
the potential of using RIS. This decision is dictated by the
desire to highlight the concept of using RIS, and the ideas
themselves can be used in more complex analyses where,
however, it would be much more challenging to isolate the
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Fig. 1. Area under consideration.

impact of RIS. The work described in this paper compares
three simulation scenarios:
– Scenario 1 assumes no use of RIS that has been replaced

by a fragment of a regular wall – this is a benchmark for
the remaining scenarios.

– Scenario 2 assumes that a simplified RIS is used that
operates independently of external factors, i.e., periodically
and alternately changes the angle of the reflected signal,
simulating the use of a mirror rotated from left to right
and back. This scenario has been proposed to demonstrate
the potential profits from using even such a simple control
mechanism.

– In Scenario 3, network users have access to information
about the current RIS setting and indirectly influence those
settings. In this example, context information (the current
RIS setting) is used to achieve the current goal, i.e. to
minimize interference.

Three use cases based on those three scenarios are analyzed
in the paper: improved spectrum occupancy detection by the
sensor, improvement in the received signal level for two re-
ceivers, and reduction of interference at the receiver. During
the simulation, the operation of RIS was simulated as a rota-
tional change in the position of the selected surface, with its
angle varied from –20◦ to 20◦, with a step of 5◦.

3. Simulation Results

Figure 2 presents the spatial distribution of the received power
in the analyzed area for the given transmitting parameters and
uses a propagation model based on ray tracing. Preliminary
analysis of the indicated distribution shows that a certain part
of the area under consideration is characterized by lower sig-
nal attenuation (warmer colors, receiver C). In comparison,
the remaining part of the area has greater signal attenuation –
darker colors, receivers A and B – remaining “in the shadow”
of the signal. The received power in this situation results di-
rectly from the perpendicular arrangement of the wall marked
as “RIS” in Fig. 1 which, however, acts as a regular wall here.
It can be seen that receivers A and B would have a problem
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Fig. 2. Received power without influence of RIS.

with receiving and detecting the analyzed signal. However,
they would be deprived of excessive interference. The situ-
ation is exactly the opposite for receiver C. Nevertheless, it
should be remembered that in the opposite situation, when re-
ceivers A and B consider the analyzed signal undesirable and
receiver C deems it a desirable signal, it would not be ben-
eficial to influence the current propagation. Figure 3 shows
the received power of all three analyzed receivers, depending
on all RIS settings under consideration. It shows all received
power values for all receivers and will be used depending on
the current role of a particular receiver.

3.1. Case 1 - Spectrum Occupancy Detection

For the first use case, i.e. the one in which the spectrum
occupancy detection processes performed by receiver B are
to be improved, preliminary simulations showed that in the
first scenario, correct detection is challenging. In the second
scenario, correct detection is possible for 31.25% of the
time, and in the third scenario, for 79.17% of time there
is a possibility of correct detection. The received power in the
second scenario (depending on the RIS angle) is presented
in Fig. 3 – see RX A. The last scenario depends, to a large
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Fig. 3. Received power in receivers versus RIS setting.
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Fig. 4. Received power map for a specific RIS setting (angle 20◦).

extent, on the algorithm used and its purpose. But even if
only information about the current RIS setting is available,
this allows the sensor to assume that the occupancy decision
is updated only at a particular time.
This approach is not ideal, and its effectiveness depends very
much on the transmission characteristics (frequency, length
of transmission, etc.). The solution, which assumes the ability
to control the RIS even in a very simple scenario, enables,
for example, periodic “combing” of all available settings and
then maintaining one setting (or several alternating settings)
for a certain period of time. In the considered system with
one sensor, it is possible to correctly set the RIS for the entire
observation period after a short time, achieving almost 100%
of the detection time available. Figure 4 presents the received
power map with the best RIS setting for receiver A which is
considered to be a spectrum detection sensor in this particular
use case.

3.2. Case 2 - Received Signal Level Improvement

For the second use case, i.e., improving the received signal
level for receivers B and C, the preliminary results of the
simulation show that in the first scenario, receiver B cannot
receive the signal correctly, while receiver C can receive the
signal all the time. In the second scenario, for 35.29% of the
time, receiver B receives a signal with a sufficient power level,
while receiver C receives it for 41.18% of the time. In this
case, we notice the advantage stemming from the ability to
service the receiver that was in the “shadow” of the signal and
could not receive the signal without changing its position.
In the third scenario, however, it was assumed that for an
initial period of time, RIS checks all available settings and
then, based on reports from the receivers, alternately uses the
best-reported settings. As a result, receiver B could receive
the signal for 45.1% of the time and receiver C for 47.06% of
the time.
At this point, it is worth mentioning traffic steering algorithms
used to adjust the duration of settings for individual receivers.
For example, in Fig. 5, a received power map with the best
RIS setting for receiver B is shown.
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Fig. 5. Received power map for a specific RIS setting (angle –15◦).

3.3. Case 3 - Interference Reduction

For the third use case, i.e., interference reduction in receiv-
er C, preliminary simulation results show that in the first
scenario, the receiver encounters significant interference for
100% of the time. In the second scenario, the interference
exceeds the threshold 35.29% of the time. It is worth men-
tioning that the average observed interference level decreases
by approx. 3.715 dB, the median by approx. 7.972 dB, and
the 10th percentile by approx. 24.762 dB. The 90th percentile
remains the same. The knowledge of the RIS setting could at
least provide information about the occurrence of potential
interference - which can, for example, be used in the transmis-
sion planning process. In the third scenario, we once again
assume a specified period of checking all RIS settings and
then, based on the report from receiver C, set up a configu-
ration that causes minimum interference. Thanks to such an
approach, it was possible to reduce the time with interference
above the threshold value from 100% to approx. 19.61%.
This time, the outcomes are of course hugely dependent on
a given configuration and the presence of other devices. Fig-
ure 6 presents the received power map with the best RIS
setting for receiver C treating the analyzed signal as interfer-
ence. It should be remembered that the simulations assumed
a constant transmission throughout the entire experiment.
Temporary signal transmissions for all three use cases would
be an additional challenge for the algorithm that controls the
operation of the RIS.

3.4. All Use Cases Combined

An additional experiment was carried out combining all three
use cases analyzed, i.e. receiver A as a spectrum occupancy
detection sensor, receiver B as a receiver of the analyzed sig-
nal (desired signal), and receiver C as not a receiver of the
analyzed signal (unwanted signal). It needs to be borne in
mind that in the benchmark scenario, the objectives of none
of the receivers are met. Then, RIS operating according to the
following scheme was used: initially, all possible RIS config-
urations are checked, and then all the best settings reported
by the receivers are used alternately.
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As a result of preliminary simulations, receiver A can suc-
cessfully detect the signal for approx. 43.4% of the time;
receiver B can successfully receive the desired signal for ap-
prox. 45.28% of the time, and receiver C is free of significant
interference for approx. 79.25% of the time. In addition, the
average interference power observed at receiver C decreases
by approx. 8.58 dB. The received power in the time domain
for each receiver is shown in Fig. 7.

4. Conclusions

The simulations presented in the paper show that using RIS,
even with the most straightforward control mechanism, can

benefit each of the analyzed use cases. However, much better
results can be obtained by adding a simple algorithm to the
RIS control mechanism and providing the interested receivers
with information about the current RIS setting. Such an
approach offers a very flexible solution that should be carefully
considered. In particular, the nature of the environment,
the nature of the signal source or sources, potential signal
receivers, their positions, and the intended use should be
taken into account. On the one hand, the presented concepts
allow to direct the signal to previously inaccessible locations.
However, this situation may bring about both positive and
negative outcomes, because there is a risk of introducing
interference at a location where it has not been occurring so
far. This problem is exacerbated in the case of devices that are
unaware of the existence and presence of RIS. Nevertheless,
the ideas presented in this paper seem promising in terms of
potential gains for specific applications.
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Abstract  Designing a finite impulse response (FIR) filter with
minimal group delay has proven to be a difficult task. Many re-
search studies have focused on reducing pass band and stop band
ripples in FIR filter design, often overlooking the optimization
of group delay. While some works have considered group delay
reduction, their approaches were not optimal. Consequently, the
achievement of an optimal design for a filter with a low group
delay value still remains a challenge. In this work, a modified
differential search optimization algorithm has been used for the
purpose of designing a minimal group delay FIR filter. The re-
sults obtained have been compared with the classical techniques
and they turned out to be promising.

Keywords  differential search optimization algorithm, FIR filter,
optimization, small group delay

1. Introduction

Recently, digital finite impulse response (FIR) filters have
caught the interest of researchers in a range of fields, including
seismic and satellite signal processing, pattern recognition,
biomedical signal processing and more. This is primarily be-
cause of their desirable characteristics, such as linear phase,
inherent stability, suitability for multi-rate applications, and
ease of implementation. FIR filters are known for their sta-
ble nature, low sensitivity, and ability to maintain a linear
phase [1].
However, one common drawback of FIR filters is that they
require higher filter orders to meet specific requirements,
thus resulting in increased memory usage and processing de-
lays. To ensure effective and reliable operation of FIR filters,
a well-defined design procedure is necessary. Various ap-
proaches have been proposed to generate coefficient sets that
aim to meet the desired specifications. Design engineers face
such challenges as passband ripples (PBR), stopband ripples
(SBR), and find it difficult to achieve sharper cutoffs with
minimal filter orders. Apart from frequency domain specifi-
cations, a properly designed filter should also minimize group
delays, as their high values lead to increased power consump-
tion.
The motivation behind this study is to design filters that not
only meet the desired frequency specifications, but also pro-

vide minimal delay once implemented in their hardware form.
Group delay is impacted by the electrical length of the digital
signal processing (DSP) system and can cause distortion of
the output signal. Linear phase FIR filters offer constant group
delay in the passband, if designed symmetrically. However,
a major disadvantage is that they provide an overall group de-
lay of N/2, where N represents the filter order. This large
group delay reduces the speed of processing the signal by the
filters, thus necessitating the mitigation of group delay in or-
der to speed up signal processing.
A group delay reduction approach based on multirate tech-
niques was proposed for active noise control systems in [2].
This approach utilizes polyphase decomposition and requires
the design of multiple filters and multirate signal processing,
consequently increasing design complexity and hardware re-
quirements.
Other methods have explored small group delay for FIR filters
using minimax constrained optimization, convex optimization
based on semi-definite programming, quasi-convex optimiza-
tion using second-order cone optimization, and minimax
group delay reduction with the implementation in all-pass
filters. However, the optimization approaches employed in
these methods were not globally optimal, and the considered
examples of filters were characterized by high orders, thus
requiring significant power and chip area for implementation.
Designing a minimum group delay filter using a global opti-
mization approach still remains a rather challenging task.
Previously, evolutionary optimization algorithms, such as the
genetic algorithm (GA), particle swarm optimization (PSO),
simulated annealing (SA), artificial bee colony (ABC), bacte-
ria foraging algorithm (BFO), cat swarm optimization (CSO),
differential evolution (DE), and orthogonal harmony search
(OHS) have been utilized for solving complex, nonlinear, mul-
tidimensional FIR filter design problems. However, none of
these approaches specifically considered the design of a low
group delay FIR filter.
In this work, the optimization-based function for group delay
reduction is formulated. The conventional differential search
algorithm (DSA), bijective differential algorithm (BDSA),
and the proposed differential search algorithm (mDSA) are
employed to solve the problem of optimizing the design of
a minimal group delay FIR filter. The effectiveness of the
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proposed approach is evaluated by comparing the designed
filters with existing methods.
The article is structured as follows. Section 2 presents the
mathematical formulation of the problem, specifically focus-
ing on the design of a minimum group delay FIR filter. This
formulation enables the application of the proposed algorithm
called mDSA. Section 3 contains a description of specific
optimization algorithms, such as DSA, BDSA, and mDSA.
In Section 4, the results obained upon implementing DSA,
BDSA, and mDSA are discussed. Finally, conclusions con-
cerning the techniques proposed in the article are presented
in Section 5.

2. Model of a Minimum Group Delay
FIR Filter

The output y(t) of a signal processing system whose impulse
response is h(t), for an input x(t) is given by:

y(t) = (h ∗ x)(t) =
∫ ∞
−∞

x(d) h(t− τ) dτ , (1)

where τ is the unit sample delay in time domain. In the
frequency analysis, the same can be represented as:

Y (s) = [H(s)] [X(s)] , (2)

where
X(s) = L

{
x(t)
}
def
=

∫ ∞
−∞

x(t) e−st dt , (3)

and
H(s) = L

{
h(t)
}
def
=

∫ ∞
−∞

h(t) e−st dt , (4)

where h(t) is the time-domain impulse response of the LTI
system, X(s), Y (s), H(s) are the Laplace transforms of the
input x(t), output y(t), and impulse response h(t), respec-
tively. H(s) is called the transfer function of the LTI system
and, like the impulse response h(t), fully defines the input-
output characteristics of the LTI system.
The main objective of this work is to formulate an objective
function for optimizing the design of a low group delay FIR
filter. The main requirement of an appropriately designed
filter, as formulated in this work, is lower group delay with
minimum pass band ripple, stop band ripples with smaller
transition width. The objective function has been framed as
deviation from the desired filter response to the designed filter
response. The deviation of pass band ripple is:

f1(b) =| (max[e(ω)]− δpm)− 1 | for ω ¬ ωp , (5)

where δpm is the maximum pass band ripple, wp is the pass-
band edge frequency, e(ω) is the error difference between the
desired filter response Bd(ω) and the actual filter response
B(ω) which is written as:

e(ω) = [Bd(ω)−B(ω)] . (6)

The second part of the objective function is the deviation
from the desired filter response to the designed filter response
of stop band ripple which can be written as:

f2(b) =| (max e(ω)− δsm) | for ω ­ ωs , (7)

where δsm is the maximum stop-band ripple, ws is the stop-
band edge frequency. The frequency responseB(ω) of a linear
phase designed FIR filter design is:

B(ω) =
M−1∑
m=0

b(m) e−j(mω) , (8)

where b(m) = h(m) for m = 0, 1, . . . ,M − 1, h(m) is the
impulse response, and m is an integer. The third part of the
objective function is formulated as group delay. It is calculated
as a derivative of phase with respect to angular frequency
ω. The group delay response of a filter is a measure of the
average delay of the filter as a function of frequency. It is the
negative first derivative of the phase response of the filter. If
the frequency response of a filter is H(e jω), then the group
delay is:

τg(ω) = −
dφ(ω)

dω
, (9)

whereφ(ω) is the phase, or argument, ofH(e jω). Group delay
is considered to be the third part of the objective function for
optimization:

f3(b) = τg(ω) . (10)
The overall objective function optimization is:

f = f1 + f2 + f3 . (11)

The optimization problem given by Eq. (11) has been solved
using DSA, BDSA and the proposed mDSA optimization
algorithm discussed in Section 3.

3. Differential Search Algorithm

DSA is a well-known population-based meta-heuristic opti-
mization algorithm that is based on the migration behavior of
superorganisms [3]. The availability of food resources varies
throughout the year due to varying climate conditions. As
a result, many live species move. Migration behavior permits
living organisms to move from an inefficient, food-limited
habitat to a productive, food-rich environment. Ants and birds,
for example, follow a regular migration pattern. During mi-
gration, species develop superorganisms made up of several
individuals. Superorganisms start relocating to more produc-
tive locations to suit their needs. They can linger at the new
place for a while before moving on to more productive areas.
In DSA, an artificial-superorganism is a population that con-
sists of arbitrary solutions to the corresponding problem.
During migration, an artificial superorganism decides where
to stop. Individuals of the superorganisms that discovered it
would immediately reside there and would continue their mi-
gration to the global minimum value.
In DSA, the artificial organism can be represented as Xi, i =
1, 2, . . . , Npop and the superogranism made up of these artifi-
cial organisms is defined as superorganismg = [Xi] where
g = 1, 2, . . . , G contains the members according to the size
of the problem such that xij , j = 1, 2, . . . , D where Npop
represents the number of individuals, and D signifies the size
of the problem, while G is the maximum generation or it-
eration number. In such case, the operation of DSA can be
described by the following steps:
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1. Initialization of artificial-organism. The first step is to
initialize each member of the artificial-organism to its random
position such that:

xij = lbj + rand[0, 1]× (ubj − lbj) , (12)

where rand[0, 1] is the random value between 0 and 1 and
ubj , lbj are the upper bounds and lower bounds of j-th di-
mension of the respective problem, respectively.
2. Initialization of control parameters. The DSA algorithm
has only two control parameters p1 and p2 which are used to
determine the number of disturbances corresponding to the
position of each member of the artificial-organism. Scale is
used to determine the magnitude of change in the position
of an individual member of the artificial organism. The val-
ue of scale is generated by gamma random number generator
randg so the values of p1, p2, and scale can be calculated
as:

p1 = 0.3× rand1 and p2 = 0.3× rand2 , (13)
scale = randg × (2× rand3)× rand4 − rand5 , (14)

where rand1, rand2, rand3, rand4, and rand5 are the uni-
form random number generators. In this way, the artificial
organism may radically change its direction within the habi-
tat.
3. Compute the stop-over site. During the migration process,
the stop-over site is a randomly shuffling intermediate position
assumed by the artificial organism based on the Brownian-
like random walk model. In order to calculate the stop-over
site, the algorithm creates stop-over vector Si,G which can be
calculated as:

Si,G = superorganism(Xi,G) + scale

× (superorganism(Xi,G)− donor) , (15)

where donor refers to the generation of the direction matrix
based on the random shuffling of individual members of the
artificial organism moving towards the target, such that:

donor = Xrandom_shuffling(i) . (16)

4. Selection of next generation. The selection operator
G = G + 1 is used to calculate the next generation be-
tween the artificial organism population and the stop-over
vector population. This selection is based on the fitness value:

Si,G+1 =

{
Si,G, if f(Si,G) ¬ f(Xi,G)
Xi,G, if f(Si,G) > f(Xi,G)

. (17)

5. Check the termination criterion. If the stop-over site is
more fruitful then the source owned by the artificial organism,
then the artificial organism shifts to the newly discovered
position. However, the superorganisms continue to migrate
until the global optimum (best solution) is reached.

3.1. Bijective Differential Search Algorithm (BDSA)

The bijective differential search algorithm has been explored
by Civicioglu [3] based on stochastic permutation of the
original population of the algorithm. It is different from
the original differential search algorithm in terms of scale
factor R and the section method. In BDSA, the scale factor is

defined with the help of the stochastic walk of the population
replacing the Brownian walk relied upon in the differential
search algorithm.

3.2. Modified Differential Search Algorithm

The DSA and BDSA do not guarantee to find global optima
in all types of situations, and the rate of exploitation at the
local optima is relatively modest. Therefore, in this work,
a modified differential algorithm has been proposed which
utilizes a quantum-based selection operator. In the quantum-
inspired differential search algorithm [4], the superorganism
|ψ > is represented by a pair of complex numbers, as a vector
[αβ]T :

|ψ >= α|0 > +β|1 > , (18)
where α and β are probabilities with the relation between
them being α2 + β2 = 1, while |0 > and |1 > are qbit (i.e.
representation of a quantum bit). The superorganism of length
n is represented by a qbit.

q =

[
α1
β1

][
α2
β2

] [
. . .

. . .

] [
αn
βn

]
. (19)

One example of a superorganism of this type, having two
qbits, can be represented as:

q =

[
1√
2
−1√
2

][ 1
2√
3
2

]
. (20)

In quantum differential equations, there are NP individuals
and each individual is composed of D qbits. Because the
probability of states of every qbit satisfies the relationship
of α2 + β2 = 1, qbits can also be represented by sin θ and
cos θ. After generation of the superorganism, other control
parameters are initialized as real numbers, which are later on
converted to qbits. Now, the stop over site is also calculated
with the help of the quantum mechanism. In this operation,
diversity of the population is maintained by the donor and
it is increased because of the quantum-based representation
of population. The Brownian motion of the stop over site is
more diverse because of the quantum representation. The next
generation is selected with the help of qbits represented by
sin θ and cos θ. Therefore, Eq. (17) can be modified as:

θi,G+1 =

{
θi,G, if f(θi,G) ¬ f(θi,G)
θi,G, if f(θi,G) > f(θi,G)

. (21)

These quantum operators increase the diversity of the popu-
lation, thus expanding the algorithm’s search space.

4. Results and Implications

In this work, the proposed technique has been tested and
evaluated using Matlab. The performance of the proposed
technique has been evaluated under three scenarios. In the
first case, it has been tested in terms of standard benchmark
functions. In the second case, it has been tested in connection
with designing a low pass FIR filter. For each algorithm,
the population size has been taken as 100. Each algorithm
is executed over 500 iterations. The algorithm’s parameters
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Fig. 1. Normalized magnitude response of the FIR filter.

have been set after number of trials. In order to take into
account randomization of the optimization algorithm, 50 trials
have been performed for each algorithm, with the minimum
and maximum values of the parameters being calculated
with a standard deviation. The statistical hypothesis test is
performed using the t test to evaluate the significance of the
proposed technique.

4.1. Case 1 – Benchmark Function Evaluation

For evaluating the impact of the proposed technique on bench-
mark functions, five multimodal, non-linear benchmark func-
tions are considered (Tab. 1). The benchmark functions have
been tested at 30 dimensions. The DSA, BDSA and the pro-
posed mDSA approaches have been applied to these selected
benchmark equations.
The best and normalized values of the benchmark functions
are presented in Tab. 2, where optimized results are shown,
after normalization. The value in each row 50 is the repre-
sentation of the minimum value and other values are scaled
corresponding to this value. Thus, the proposed mDSA is ca-
pable of finding optimum results while performing standard
benchmark functions. DSA performs better than BDSA for
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Fig. 2. Normalized PBR response of the FIR filter.

Tab. 1. Benchmark functions.

No. Function Search range Optimized value
(min. at)

F1 Griewank −512 ... 512 f(0, . . . , 0) = 0

F2 Ackley −32 ... 32 f(0, . . . , 0) = 0

F3 Rastringin −5.12 ... 5.12 f(0, . . . , 0) = 0

F4
Schwefel’s

2.21 −100 ... 100 f(0, . . . , 0) = 0

F5 Whitley −10.24 ... 10.24 f(1, 1, . . . , 1) = 0

Tab. 2. The best results of benchmark functions.

Benchmark function DSA BDSA Proposed
mDSA

F1 (Griewank) 129 76 50
F2 (Ackley) 156 121 50

F3 (Rastringin) 142 124 50
F4 (Schwefel’s) 130 154 50
F5 (Whiteley) 80 164 50

Schewelfel 2.21 and Whiteley functions. However, for Ackley,
Griewank and Rastringin functions, BDSA performs better
than DSA. Therefore, it may be concluded that the proposed
quantum-inspired differential search algorithm finds a better
solution.
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Tab. 3. Specifications for the desired FIR filter.

Parameter Value

Order of designed filter 20.00
Pass-band edge frequency (normalized) 0.45
Stop-band edge frequency (normalized) 0.55

Normalized transition width 0.10
Normalized maximum pass band ripple 0.01
Normalized maximum stop band ripple 0.01

Maximum group delay 0.00

Tab. 4. The normalized pass band ripple in FIR low pass filter.

Algorithm Max. Min. Avg. Std. dev.

GA [7] 0.11926 0.01007 0.01932 0.00722
PSO [8] 0.11740 0.08230 0.10071 0.00789
ABC [8] 0.16620 0.09970 0.12800 0.02380
MFO [8] 0.15170 0.10210 0.12580 0.01900
BFO [9] 0.12900 - - -
CSO [6] 0.16400 - - -
DE [10] 0.04000 - - -
OHS [6] 0.14000 - - -
IOT [8] 0.11630 0.08890 0.10515 0.00535

DSA 0.03613 0.03177 0.03289 0.00079
BDSA 0.03536 0.03354 0.03412 0.00031

Proposed
mDSA 0.02786 0.02634 0.02653 0.00021

Tab. 5. The normalized stop band ripple in FIR low pass filter.

Algorithm Max. Min. Avg. Std. dev.

GA [7] 0.04521 0.01250 0.02131 0.00681
PSO [8] 0.0186 0.0122 0.014877 0.001104
ABC [8] 0.1189 0.0825 0.09483 0.08711
MFO [8] 0.02773 - - -
BFO [9] 0.02773 - - -
CSO [6] 0.01980 - - -
DE [10] 0.03900 - - -
OHS [6] 0.1746 - - -
IOT [8] 0.0175 0.0131 0.01417 0.00093

DSA 0.02873 0.02631 0.02756 0.00092
BDSA 0.05891 0.04376 0.05623 0.00090

Proposed
mDSA 0.02781 0.02667 0.02730 0.00081

4.2. Case 2 – Low Pass FIR Filter Design

In this work, in order to check the effectiveness of the pro-
posed technique, a low group delay filter has been designed
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by applying DSA, BDSA and the proposed optimization tech-
niques. The upper limit of the solution is set as +1 and lower
limits of filter coefficients have been set as –1. The design pa-
rameters are given in Tab. 3. These filter parameters related
to pass band cut-off frequency, stop band cut-off frequency,
transition width and stop band ripple are the same as shown
in [5], [6]. In this work, pass band ripple of 0.1 is considered,
being a better value than that achieved in past research.
Such specifications as pass band ripple, stop band ripple,
group delay pass band cut-off frequency, stop band cut-off
frequency and transition width of the low pass filter designed
with the use of the proposed techniques have been compared
with the results obtained using DSA, BDSA and other known
techniques, i.e. GA [7], PSO [8], ABC [8], MFO [8], BFO [9],
CSO [6], DE [10], OHS [6] and IOT [8].
The comparison concerning pass band ripple is shown in Tab.
4. It can be concluded that the proposed algorithm provides
best results compared with other state-of-the-art techniques
listed in the table, in terms of maximum, average and mini-
mum PBR values (Figs. 1–5).
The normalized stop band ripple (SBR) obtained using the
proposed technique is also compared with DSA, BDSA and
other evolutionary optimization techniques listed earlier. It
can be summarized from Tab. 5 that the proposed technique
provides comparable results in terms of maximum, average
and minimum stop band ripple (SBR) values.
The importance of the transition width is presented in Tab.
6. The proposed method offers a transition width hat is very
similar to the desired specifications (see Tab. 3). However,
the transition width reported in many previous works that are
based on state-of-the-art techniques is violating the assumed
limits.
The main objective of this research was to design a low group
delay filter and the group of the filters designed using the
proposed techniques is shown in Tab. 8. The group delay
presented in this table is the average value obtained from 50
iterations of the proposed algorithm.
It can be clearly observed from the Tab. 8 that the proposed
mDSA approach outperforms all other optimization-based
filter design techniques. In the majority of the previously
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Tab. 6. Normalized transition width in an FIR low-pass filter.

Algorithm Max. Min. Avg. Std.
dev.

GA 0.186 0.152 0.163 0.002
PSO [11] 0.087 - - -
ABC [12] 0.102 - - -
BFO [9] 0.092 - - -
CSO [6] 0.095 - - -
DE [10] 0.180 - - -
OHS [6] 0.099 - - -

DSA 0.158 0.133 0.134 0.002
BDSA 0.131 0.122 0.120 0.001

Proposed
mDSA 0.119 0.098 0.102 0.001

reported FIR filter design approaches, group delay is not con-
sidered and symmetric coefficients are used which provide
a constant group delay of 10 on a normalized scale. There
are some approaches for filter design. These approaches do
not provide better ripple specifications at lower orders in the
range of 20.

5. Conclusions

In this work, low group delay FIR filters have been designed.
The objective function has been formulated by considering
the difference between the designed filter and the desired
specification. Classical differential algorithms have been used
to solve the filter design problem. Furthermore, the bijective
differential search algorithm (BDSA) was also used during the
design process. Inspired by modern quantum theory, a modi-
fied differential search algorithm (mDSA) has been developed.
The improved mDSA algorithm enhanced accuracy and con-
vergence parameters by exploring a larger search space. The
results obtained have been compared with those achieved by
deploying existing FIR filter design methods. The proposed
technique has outperformed all other approaches in terms of
group delay and other filter specifications.
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Abstract  This paper proposes a zone-based three-level het-
erogeneous clustering protocol (ZB-TLHCP) for heterogeneous
WSNs. In ZB-TLHCP, the sensor field/region is divided into
zones where super, advance, and normal nodes are deployed
uniformly and randomly. The performance of the proposed
ZB-TLHCP system is compared with that of zonal-stable elec-
tion protocol (Z-SEP), distributed energy efficient clustering
(DEEC), and threshold-based DEEC (TDEEC) protocol by vary-
ing the number of super and advance nodes, their energy levels
for the fixed sensor field, and the total number of nodes. Mat-
lab simulation results revealed that the proposed ZB-TLHCP
solution performed better than Z-SEP, DEEC, and TDEEC
protocols, as it increased the instability period, prolonged the
network’s lifetime, and achieved higher throughput values.

Keywords  clustering, heterogeneous, network lifetime, stability
period, zone-based WSN

1. Introduction

Wireless sensor networks (WSNs) comprise numerous self-
governing, low-energy, lightweight, densely deployed sensor
nodes communicating via the wireless medium [1]. WSNs are
widely used in the military, various industries, in environment
protection schemes, in multimedia, as well as in underwater,
home control/automation, forest fire detection, transportation,
logistics, monitoring, parking slot management, biomedical,
health and other settings [2], [3]. Due to the dense deployment
of sensor nodes, WSNs provide more information and collect
data to the mutual collaboration of nodes, thus ensuring more
accurate and comprehensive results. The field deployment of
sensor nodes defines the communication architecture of sen-
sor networks [4]. These nodes collect information from the
physical medium and transmit it to the base station (BS) in

Sensing
unit

Processing
 unit

Power source

Transceiver

Mobilizer

Power unit

Location finding system

Fig. 1. Sensor node architecture.

multi-hop or single-hop transmission processes. Sensor node
architecture [4] consists of four modules: a power unit, a pro-
cessing unit, a transceiver unit, and a sensing unit, as shown
in Fig. 1. The sensing unit comprises an analog-to-digital
converter (ADC) and a MEMS sensor. Sensors sense data
in the analog form, and ADC converts it into digital data for
further processing. The processing unit consists of a storage
block and a computational unit, processing the digital data re-
ceived from the sensor and store it based on the requirements
of a specific application. The transceiver unit either transmits
or receives the data through the communication medium. The
power unit supplies energy to all the modules. Along with
these four modules, there is a GPS-based location-finding
system and a mobilizer for establishing mobile communica-
tions.
Sensor nodes within the network are deployed in harsh envi-
ronments, where battery replacement is expensive and hu-
man entry is discouraged [4]. This makes the sensor nodes
power-constrained, emphasizing the need for efficient ener-
gy utilization. The BS is assumed to have a sufficient power
supply in any wireless sensor network communication archi-
tectures. The clustering technique is an effective solution to
reduce the sensor node’s energy consumption in WSNs [5]
(Fig. 2). The nodes are organized into clusters and each clus-
ter chooses one node to serve as its cluster head (CH). Within
the specified TDMA schedule, CH gathers data from cluster
nodes. After performing data aggregation and integration, the
information is transferred, in a single-hop or with the use of
multi-hop communication, to the BS. At the BS, this data is
uploaded to the Internet, making it accessible to end-user [5].
The remaining sections are structured as follows. Section 2
discusses related research work concerned with the proposed
protocol. Section 3 discusses the implementation steps. Simu-

Internet normal node
cluster head

End user

Cluster Cluster Cluster

Base station

Fig. 2. Clustering architecture in WSN.
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lation results and related discussions are presented in Section
4. In Section 5, a conclusion based on the findings and out-
comes of the proposed protocol is presented, along with the
suggested direction of future research.

2. Related Work

Homogeneous and heterogeneous clustering networks are the
two main types of WSNs that need to be taken into account
when considering the amount of energy used. All sensor
nodes deployed within a homogeneous clustering network
have the same level of energy, while nodes in a heterogeneous
clustering network are deployed with different energy levels.

2.1. Homogeneous Clustering Protocols

A low energy adaptive clustering hierarchy (LEACH) proto-
col was developed by Heinzelman et al. [6] for homogeneous
WSNs. LEACH is considered a benchmark for the various
clustering algorithms in WSNs. In this protocol, each node
behaves, at least once, as a CH. Data transfer from nodes
to the BS is divided into two phases: the setup phase and
the steady phase. During the setup phase, sensor nodes are
grouped into a cluster by choosing one node to serve as their
CH. Each node randomly selects a number between 0 and 1
and compares it with the threshold value. If the chosen num-
ber is below the threshold, the node acts as the CH. In the
steady state, the CH gathers information from cluster nodes,
performs data aggregation and fusion, and transmits it to the
BS. In terms of functionality, LEACH increases stability pe-
riod and network lifetime by distributing energy load among
all sensor nodes, unlike in conventional protocols.
Farman et al. in [7] presented an improved grid-based hy-
brid network deployment (IGHND) approach for grid-based
WSNs. In IGHND, data transfer from nodes to the BS is
achieved by selecting a zone head (ZH) and by developing
topology phases. During the topology development phase, if
the number of nodes in a zone falls below the lower thresh-
old, then the nodes in that zone will be combined with those
in an adjacent zone, based on density and distance. A zone
will be divided into sub-zones if the node count rises above
the upper threshold. In the ZH selection phase, distance from
the zone’s center point, distance from neighboring nodes in-
side the zone, residual energy of a node, number of times
a node has undergone ZH, and whether a node is merged pa-
rameters, are considered for ZH selection. Using this scheme,
the IGHND prolongs network lifespan and increases network
stability in IoT-based WSNs.
Singh et al. [8] proposed the LEACH – uniform size clusters
(LEACH-USC) protocol, being an improved version of the
balanced cluster size Formation (BCF) protocol. The BCF
protocol achieves balanced cluster size formation in two phas-
es: the initial cluster formation phase and the rescue phase.
In this method, the CH selects and forms balanced clusters in
the initial cluster formation phase. In the rescue phase, nodes
not clustered join nearby clusters as normal nodes. Instead
of a rescue phase, the LEACH-USC protocol uses a cluster

refurbishment phase as the second phase, in which excess
nodes from large clusters are joined with other clusters as the
second-best choice of the CH.
Kumar et al. [9] introduced a divide and rule sectorization
(DRS) scheme for homogeneous WSNs to reduce the energy-
hole creation problem. The DRS scheme divides the sensor
field into sectors and inner circle regions. These sectors,
in turn, are divided into segments and nodes are deployed
in these segments uniformly. The three-tier communication
model transfers data from the node to the BS by dynamically
selecting forward nodes. The DRS scheme increases the net-
work’s lifetime by reducing the amount of energy consumed
by nodes and provides better stability than existing protocols.

2.2. Heterogeneous Clustering Protocols

In paper [10], Verma et al. presented a new cost and sub-
epoch-based stable energy-efficient clustering (CSSEEC)
protocol for heterogeneous WSNs. The CSSEEC protocol us-
es a cost function to reduce the energy consumption of sensor
nodes and a modified sub-epoch to balance energy among
the nodes. The CSSEEC protocol ensures better network life-
time, network throughput, and stability period than existing
protocols. Rawat et al. [11] proposed an energy-efficient het-
erogeneous clustering protocol, a two-level network model
consisting of normal and power nodes. To select the appropri-
ate CH, the residual energy of the node, total network energy
and initial node energy are introduced into the threshold equa-
tion. The model reduces the amount of energy consumed by
the nodes, prolongs network lifetime, and increases network
throughput in comparison with existing protocols.
In [12], Faisal et al. described the Z-SEP protocol, a varia-
tion of the SEP protocol based on zones. SEP is a two-level
heterogeneous clustering protocol comprising advance and
normal nodes. Advance nodes are equipped with extra ener-
gy levels compared with normal nodes. In Z-SEP, the sensor
field is divided into zone 0 and two head zones. Normal nodes
are deployed only at zone 0 and send he sensed data direct-
ly to the BS, while advance nodes are deployed in both head
zone 1 and head zone 2, uniformly and randomly. These data
is sent to the BS using the CH. Z-SEP offers a longer net-
work life and a longer stability period compared with existing
protocols. Khan et al. [13] proposed the advanced Z-SEP
(AZ-SEP) protocol, an enhancement of Z-SEP. In the AZ-SEP
protocol, zone 0 nodes send data to the BS in a single-hop,
while nodes in head zone 1 and head zone 2 transfer data to
the BS in a multi-hop transmission. CHs in head zone 1 or
head zone 2 transfer data to the nearby CH in head zone 1 or
head zone 2, respectively. The AZ-SEP protocol optimizes
average energy consumption and increases the stability peri-
od and network throughput compared to existing protocols.
Rowayda et al. [14] introduced the hybrid IoT (Hy-IoT) proto-
col for IoT applications, where the sensor field is divided into
two regions: superior and regular. The superior region con-
sists of higher energy nodes, while the regular region consists
mainly of normal nodes and includes a minority of higher en-
ergy nodes. The superior region uses the LEACH protocol
for CH selection, while the regular region uses the SEP pro-
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tocol. The Hy-IoT protocol prolongs the network lifetime and
increases its throughput and instability period compared with
existing protocols.
A two-level heterogeneous clustering protocol in which the
sensor field is divided into two regions is proposed by Abidi
et al. in [15]. Normal nodes are deployed in region 1, near
the BS, and advance nodes are deployed in region 2, far from
the BS. Nodes in region 1 do not participate in the CH se-
lection process, and directly send information directly to the
BS. Nodes in region 2 participate in CH selection and send
information to the BS through selected CHs. The proposed
protocol gives a better network lifetime, stability period, and
network throughput compared with the Z-SEP protocol.
Chithra et al. [16] researched an energy-efficient concen-
tric circular clustering protocol (EECCCP). Three concentric
circular zones make up the sensor field in EECCCP. The
nodes are deployed in three zones: normal, advance and su-
per. Nodes in normal and super zones submit data directly
to the BS, while nodes in advance zone sent data to the BS
using the clustering technique. The proposed protocol increas-
es network lifetime and throughput compared with existing
protocols. Tyagi et al. [17] introduced a lifetime extended
multi-level heterogeneous routing (LE-MHR) protocol with
k-levels horizontal heterogeneity. In LE-MHR, data trans-
mission is divided into two stages: cluster formation and data
transmission stage. These are similar to the setup and steady
phases of the LEACH protocol. The authors presented four
theorems for implementing the LE-MHR protocol. Several
advanced nodes were implemented at each level of the net-
work’s hierarchy. The proposed protocol was simulated by
varying energy heterogeneity parameters and initial energy
values. The results reveal that LE-MHR enhances stability
period, network lifetime, and ensures better distribution of
cluster heads compared with existing protocols.
Alsafi et al. [18] and Qureshi et al. [19] presented a compara-
tive performance analysis of distributed energy efficient clus-
tering (DEEC), Developed DEEC (DDEEC), extended DEEC
(EDEEC), and threshold-based DEEC (TDEEC) protocols.
All these protocols follow a similar pattern in transferring da-
ta. If the nodes are close to the BS, relative to the nearby CH,
the data is transferred directly to the BS. Otherwise, nodes
clustered near the CH transfer data to their respective CH. The

normal modeadvanced mode base station

Head zone 2

Head zone 1

100
0

20

80

100

CH

CH

Zone 0

Fig. 3. Z-SEP network communication model.

DEEC and DDEEC protocols are designed for multi-level
networks. In the DEEC protocol, advance nodes continue
to punish energy consumption even after their energy level
becomes low, compared with the normal node. EDEEC and
TDEEC are designed for three-level networks comprising
normal, advance, and super nodes. By incorporating residual
and average energy levels in the current round into the thresh-
old value equation, the performance of the EDEEC protocol
was improved. TDEEC outperforms all other protocols in
terms of network throughput, lifetime, and stability period.

3. Proposed Heterogeneous Clustering
Protocol

TDEEC is a three-level heterogeneous clustering protocol
consisting of normal, advance, and super nodes. These nodes
are placed randomly in the sensor field. In the Z-SEP protocol,
the sensor field is split into three regions, zone 0, head zone
1, and head zone 2, as depicted in Fig. 3. Only zone 0 has
normal nodes deployed which communicate directly with the
BS. Advance nodes are randomly and uniformly distributed in
head zones 1 and 2, and these transfer data to the BS through
the elected CH in either head zone 1 or head zone 2. From
Fig. 3, the following conclusions can be drawn:
– Normal nodes in zone 0, close to the CH in head zone 1 or

head zone 2, but far from the BS, only send data to the BS.
As a result, normal nodes far from the BS consume more
energy and perish quickly;

– Advance nodes are deployed only in the lower and upper
parts of the sensor field, so normal nodes in the left- and
right-hand parts dissipate more energy than those in the
lower and upper parts of the sensor field.

Considering the problem formulated above, the following
approach has been implemented to increase the network’s
lifespan and reduce node energy consumption:
– Instead of two-level networks, three-level networks are

used for a longer network lifetime;
– Making normal nodes in zone 0 participate in cluster

formation by considering nodes that are closer to the CH
than the BS, only clustered into respective CH cluster
formation;

– Making zones on each side of the sensor field and deploy-
ing high-energy nodes in the corners of the sensor field
instead of the sides of the sensor field helps balance energy
consumption.

By putting all these solutions together, we proposed a new
zone-based three level heterogeneous clustering protocol (ZB-
TLHCP) for energy optimization in WSNs.

3.1. Network Model

As shown in Fig. 4, the sensor field is split into nine zones,
based on the distance from the BS. We assume that n_zone
will end at d0 distance from the BS. All normal nodes are
deployed in n_zone only, all advance nodes are deployed
uniformly in a_zone 1 ... 4 and super nodes are deployed
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Fig. 6. The radio energy model for WSN.

uniformly in s_zone 1 ... 4. Nodes from n_zone will not par-
ticipate in the CH selection phase. In the cluster formation
phase, all nodes in n_zone calculate the distance from CHs
and the BS. If the node is close to the BS, data packets are
sent directly to the BS. Otherwise, the nodes join the nearby
cluster’s CH. Nodes not located in n_zone and not selected as
CH join the nearby CH, as shown in Fig. 5.

3.2. Radio Energy Model

During data transmission, the sensor node consumes energy
[19]–[21], as shown in Fig. 6. The energy required by a sensor
node to send an L-bit message over distance d is:

ETX =

{
L× Eelec + L× εmp × d 4, d ­ d0
L× Eelec + L× εfs × d 2, d < d0

, (1)

where ETX is the energy consumed by the transmitter, Eelec
is energy consumed during the transmission by the companion
device, εmp, εfs are multipath and free space amplification

factors, respectively, and d0 =
√
εfs
εmp

is the threshold dis-
tance.
The energy needed by a sensor node to receive an L-bit mes-
sage is:

ERX = L× Eelec , (2)
where Eelec is receiver circuit energy consumption.
The amount of energy left after either transmission or recep-
tion of the L-bit message is called residual energy ER and is
given by:

ER = ETOTAL − (ETX + ERX) . (3)

In the proposed protocol, regular nodes have an energy level
of E0, while advance nodes have an additional energy level
of a. Super nodes are equipped with an extra energy level of
b, such that a < b. The total initial energy of the network is:

ETOTAL = N(1−m)E0 +N m(1−m0)
×(1 + a)E0 +N mm0(1 + b)E0

, (4)

where N is the total number of nodes, m0 is the share of
super nodes andm is the share of advance nodes. After CH
selection and cluster formation, all nodes send data packets
are sent to the BS as one round.
The energy consumption in one round is:

ERound = 2LN Eelec +N EDA + k εmp

× d 4toBS +N εfs d 2toCH
, (5)

where EDA denotes the data aggregation energy, k is the
number of clusters in the current round, dtoCH is the distance
between cluster member nodes and the CH, and dtoBS is the
distance between the nodes and the BS, such that:

dtoCH = 0.765
M

2
,

dtoBS =
M√
2πk
,

Kopt =

√
N

2π
.

√
εfs
εmp
.
M

dtoBS
2 . (6)

In Eq. (6),M denotes the sensor field size, Kopt is an op-
timum number of clusters for efficient energy consumption
(k = Kopt). The total maximum rounds for WSNs can be
estimated using Eqs. (4) and (5):

R =
ETOTAL
ERound

. (7)

In order to identify which CH is best in a given round of
iteration, the probability of threshold T (Si) is introduced.
If the probability threshold T (Si) is exceeded, the node is
chosen as the CH for that round.

T (Si) =

{
Pi

1−Pi(r% 1
pi
)
.
Ei(r)
¯E(r)
, Si ∈ G

0, otherwise
, (8)

where r is the current round, Pi is the probability used for
CH selection and G is the collection of nodes that have not
been chosen as CHs in previous 1/Pi rounds.

Pi =


Popt.Ei(r)

1+m(a+m0b).Ēr
, Si ∈ normal node

Popt.(1+a)Ei(r)
1+m(a+m0b).Ēr

, Si ∈ advance node
Popt.(1+b)Ei(r)
1+m(a+m0b).Ēr

, Si ∈ super node

. (9)
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In Eq. (9),Ei(r) is residual energy, Popt is the reference value
of the average probability of Pi, ¯E(r) stands for the estimated
energy that acts as standard reference energy for each node
and is equal to:

Ē(r) =
1
N
ETOTAL

(
1− r
R

)
. (10)

The algorithm for the proposed ZB-TLHCP protocol is given
as Algorithm 1.

Algorithm 1. Pseudo code of the proposed
ZB-TLHCP protocol
1: Initialize sensor network parameters
2: Initialize population and energy for each sensor node
3: Sensor nodes deployment
4: for r = 0 to maximum rounds do
5: Check nodes’ eligibility to become CH using

mod(r, round 1P ) == 0
6: Calculate average energy Ē(r) of network in

current round using Eq. (10)
7: Check status of each node alive or dead.
8: for i = 1 to N do
9: if Ē(r) then
10: Allot Pi respectively using Eq. (9)
11: if ER > 0 then
12: temprand → node assume some random

value between 0 to 1
13: if node not in n_zone & temprand ¬ T (Si) then
14: N node considered as CH
15: end if
16: end if
17: end if
18: end for
19: for i = 1 to N do
20: if ER > 0 then
21: if node in n_zone then
22: Node check distance from BS and CH
23: if node near to BS then
24: Data directly sent to BS
25: else node is clustered to near CH and sends data to

that respective CH
26: end if
27: if node not in n_zone & not selected as CH then
28: Node is clustered to near CH and sends data to

that respective CH
29: end if
30: end if
31: end if
32: end for
33: end for

4. Results and Discussion

We simulated our model by considering the parameters given
in Tab. 1. Four performance parameters are considered:

Tab. 1. Parameters used for simulation.

Parameters Notation Value

Number of nodes N 100
Transmit or receive

energy Eelec 50 nJ/bit

Initial energy E0 0.5 J
Data aggregation

energy EDA
5

nJ/bit/message
Multipath loss

constant εmp
0.0013

pJ/bit/m4

Free space loss
constant εfs 10 pJ/bit/m2

Data packet size L 4000 bits
Network size M 100 × 100 m2

Probability Popt 0.1
Maximum rounds R 100,000

– Stability period – Time from when networks become
active to when the first node runs out of energy,

– Instability period – Time from the first node dying to
the last node running out of energy, or the entire network
collapsing,

– Network lifetime – Time from when a network becomes
active until the final node runs out of energy or the entire
network collapses,

– Throughput – The overall network data transmission rate.
The rate of data transmission from nodes to the BS as well
as from CHs to the BS.

By altering the number of advance nodes and super nodes,
as well as their energy levels for given N andm value, we
could examine overall performance.
The proposed model is simulated for the following four cases:
– Case 1:m = 0.3,m0 = 0.2, a = 1.2, b = 2,
– Case 2:m = 0.4,m0 = 0.3, a = 1.3, b = 2.5,
– Case 3:m = 0.5,m0 = 0.4, a = 1.5, b = 3,
– Case 4:m = 0.6,m0 = 0.5, a = 1.6, b = 3.2.
We simulated the model ten times, and then averaged the
results.

4.1. Matlab Simulation Results

In case 1, DEEC, Z-SEP, TDEEC [18], and ZB-TLHCP com-
prise 70 normal nodes, each with an energy level of E0. In
the DEEC protocol, 30 advanced nodes are considered, each
with the energy level of (1 + rand× 1.2)× E0. In Z-SEP,
30 advance nodes have an energy level of 2.2E0. In TDEEC
and ZB-TLHCP, 24 advance nodes are simulated, each with
the energy level of 2.2E0 and six super nodes, each with the
energy level of 3E0.
According to Fig. 7a, the longest stability period of the net-
work (in descending order) is achieved by: Z-SEP, ZB-TLHCP,
DEEC, and TDEEC. The order for the network lifetime is:
ZB-TLHCP, TDEEC, Z-SEP, and DEEC (Fig. 7b). From Fig.
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Fig. 7. Simulation results for case 1: a) stability period, b) network lifetime, and c) throughput.

7a and Fig. 7b, we can say that the results concerning net-
work instability period are: ZB-TLHCP, TDEEC, Z-SEP, and
DEEC. The throughput of the network is, in descending or-
der: ZB-TLHCP, Z-SEP, TDEEC, and DEEC (Fig. 7c).
In case 2, it is assumed that DEEC, Z-SEP, TDEEC, and
ZB-TLHCP have 60 normal nodes, each with an energy level
of E0. In the DEEC protocol, 40 advanced nodes, each with
the energy level of (1 + rand × 1.3) × E0 are simulated.
In Z-SEP, 40 advance nodes have an energy level of 2.3E0,
while in TDEEC and ZB-TLHCP, 28 advance nodes, each
with the energy level of 2.3E0 and 12 super nodes, each with
the energy level of 3.5E0 are considered.
According to Fig. 8a, the longest stability period of the net-
work (in descending order) is: Z-SEP, ZB-TLHCP, DEEC,
and TDEEC. From Fig. 8b, the order for network lifetime
is ZB-TLHCP, TDEEC, Z-SEP, and DEEC, while results
concerning instability period of the network are, in descend-
ing order: ZB-TLHCP, TDEEC, Z-SEP, DEEC (Fig. 8a-b).
The throughput of the network is, in descending order: ZB-
TLHCP, Z-SEP, TDEEC, DEEC (Fig. 8c).
The results for case 3 are as follows. DEEC, Z-SEP, TDEEC
[18], and ZB-TLHCP have 50 normal nodes, each with an en-
ergy level ofE0. In the DEEC protocol, there are 50 advanced
nodes, each with the energy level of (1 + rand× 1.5)×E0.
In Z-SEP, 50 advance nodes have an energy level of 2.5E0.
In TDEEC & ZB-TLHCP, 30 advance nodes are simulated
each with the energy level of 2.5E0 and 20 super nodes, each
with the energy level of 4E0.
According to Fig. 9, the longest stability period of the net-
work is achieved by Z-SEP, ZB-TLHCP, DEEC, and TDEEC.
The results for the network lifetime are: ZB-TLHCP, TDEEC,
Z-SEP, and DEEC, while those concerning the instability pe-
riod of the network are: ZB-TLHCP, TDEEC, Z-SEP, DEEC.
From Fig. 9c the one can see that the order related to the
highest throughput of the network is: ZB-TLHCP, Z-SEP,
TDEEC, DEEC.
In the last simulated case 4, DEEC, Z-SEP, TDEEC, and
ZB-TLHCP have 40 normal nodes, each with an energy level
ofE0. In the DEEC protocol, 60 advanced nodes are analyzed,
each with the energy level of (1 + rand× 1.6)× E0, while
in Z-SEP, 60 advance nodes have an energy level of 2.6E0. In
TDEEC and ZB-TLHCP protocols, 30 advance nodes, each

with the energy level of 2.6E0 and 30 super nodes, each with
the energy level of 4.2E0.
From Fig. 10 we can conclude the that the longest stabili-
ty period of the network is achieved by Z-SEP, ZB-TLHCP,
DEEC, and TDEEC. The sequence for network lifetime is:
ZB-TLHCP, TDEEC, Z-SEP, and DEEC and the results re-
lated to instability period of the network are: ZB-TLHCP,
TDEEC, Z-SEP, and DEEC. The network throughput is, in
descending order: ZB-TLHCP, Z-SEP, TDEEC, and DEEC.

4.2. Overall Analysis

Here, by increasing the number of advance and super nodes
and their energy levels, we examine the performance of the
proposed protocol by combining all results in one figure. The
results shown in Fig. 11a indicate that the stability period re-
main almost at the same level as the number of advance nodes
and super nodes, as well as their energy levels, increase. In
case 1, the proposed ZB-TLHCP protocol offers an improve-
ment in stability period of 2.25% and 22.81% over DEEC
and TDEEC protocols, respectively, and an improvement in
instability period of 61.63% over the Z-SEP protocol.
In case 2, the proposed ZB-TLHCP provides an improvement
in stability period of 22.82% over the TDEEC protocol and
an improvement in instability period of 222.84% and 90.15%
over DEEC and Z-SEP protocols, respectively. In case 3, the
proposed ZB-TLHCP solution offers an improvement in sta-
bility period of 5.97% and 26.49% over DEEC, and TDEEC
protocols, respectively, as well as an improvement in instabil-
ity period of 99.15% over the Z-SEP protocol.
In case 4, the proposed ZB-TLHCP offers an improvement
in stability period of 1.36 % and 37.75% over DEEC and
TDEEC protocols, respectively and an improvement in in-
stability period of 106.30% over the Z-SEP protocol. In all
four cases, ZB-TLHCP ensures higher better when compared
with TDEEC, while lacking in terms of stability when com-
pared with Z-SEP. Among these, Z-SEP performs better than
ZB-TLHCP, DEEC, and TDEEC protocols. Due to the high
network lifetime, the instability period of all protocols is in-
creasing.
According to the results shown in Fig. 11b, the network life-
time of all protocols increases with a higher number of ad-
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Fig. 8. Simulation results for case 2: a) stability period, b) network lifetime, and c) throughput.
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Fig. 9. Simulation results for case 3: a) stability period, b) network lifetime, and c) throughput.
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Fig. 10. Simulation results for case 4: a) stability period, b) network lifetime, and c) throughput.
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vance nodes and super nodes and their energy levels. In case
1, ZB-TLHCP provides an improvement of 98.21%, 37.62%,
and 18.56% over DEEC, Z-SEP, and TDEEC protocols, re-

spectively. In case 2, ZB-TLHCP ensures and improvement
of 128.29%, 57.49%, and 8.01% over DEEC, Z-SEP, and
TDEEC protocols, respectively. In case 3, ZB-TLHCP of-
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fers an improvement of 123.59 %, 68.26%, and 2.97% over
DEEC, Z-SEP, and TDEEC, respectively. In case 4, ZB-
TLHCP achieves an improvement of 129.21 %, 73.60%, and
2.85% over DEEC, Z-SEP, and TDEEC, respectively. Hence,
ZB-TLHCP achieves the longest network lifetime compared
to DEEC, Z-SEP, and TDEEC, in all four scenarios.
Figure 11c, shows that the network throughput increases along
with the number of advance nodes, super nodes, and their en-
ergy levels. In case 1, ZB-TLHCP provides an improvement
of 292.64%, 3.30%, and 140.26% in throughput compared
to DEEC, Z-SEP, and TDEEC, respectively. In case 2, ZB-
TLHCP guarantees and improvement of 341.49%, 11.62%,
and 87.56% in throughput compared to DEEC, Z-SEP, and
TDEEC, respectively. In case 3, ZB-TLHCP ensures an im-
provement of 366.27%, 20.78%, and 55.66% in throughput
compared to DEEC, Z-SEP, and TDEEC, respectively.
In case 4, ZB-TLHCP offers an improvement of 438.92%,
32.76%, 41.98% in throughput compared to DEEC, Z-SEP,
and TDEEC, respectively. Hence, ZB-TLHCP has the highest
throughput compared to DEEC, Z-SEP, and TDEEC in all
four cases.

5. Conclusions and Future Work

This paper proposes a heterogeneous clustering protocol for
WSNs, known as ZB-TLHCP. It divides the sensor region in-
to zones, based on distance from the BS. Sensor nodes are
deployed uniformly and randomly within the zone. The pro-
posed model is simulated by varying the number of super and
advance nodes and their energy levels for four different cases.
The results reveal that the proposed protocol prolongs the
network lifetime and increases the instability period and net-
work throughput. In the future, this protocol can be integrated
with nature-inspired algorithms [21], [22] to further enhance
the effectiveness of the proposed protocol.
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