Mansoura Engineering Journal

Volume 47 | Issue 6 Article 3

12-1-2022

Evaluation of Energy Detection-Based Spectrum Sensing for
Cognitive Radio Applications

Rania. A. Youssef
Researcher of Electronics and Communications Engineering Department, Mansoura University, Mansoura,
Egypt, raniausif@std.mans.edu.eg

Mohamed. A. Mohamed
Professor at the Electronics and Communications Engineering Department, Mansoura University,
Mansoura, Egypt, mazim12@gmail.com

Ahmed A. Kabeel
Assistant Professor at the Electronics and Communications Engineering Department, Higher institute of
engineering and Technology in New Damietta, New Damietta, Egypt, ahmede_kabeel@hotmail.com

Follow this and additional works at: https://mej.researchcommons.org/home

Recommended Citation

A. Youssef, Rania.; A. Mohamed, Mohamed.; and A. Kabeel, Ahmed (2022) "Evaluation of Energy
Detection-Based Spectrum Sensing for Cognitive Radio Applications," Mansoura Engineering Journal: Vol.
47 :1ss. 6, Article 3.

Available at: https://doi.org/10.21608/bfemu.2022.151033.1290

This Original Study is brought to you for free and open access by Mansoura Engineering Journal. It has been
accepted for inclusion in Mansoura Engineering Journal by an authorized editor of Mansoura Engineering Journal.
For more information, please contact mej@mans.edu.eg.


https://mej.researchcommons.org/home
https://mej.researchcommons.org/home/vol47
https://mej.researchcommons.org/home/vol47/iss6
https://mej.researchcommons.org/home/vol47/iss6/3
https://mej.researchcommons.org/home?utm_source=mej.researchcommons.org%2Fhome%2Fvol47%2Fiss6%2F3&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.21608/bfemu.2022.151033.1290
mailto:mej@mans.edu.eg

MANSOURA ENGINEERING JOURNAL, (MEJ), VOL. 47, ISSUE 6, DECEMBER 2022 E:l

Mansoura University e
Faculty of Engineering
gl = Mansoura Engineering Journal I I
{f" '% /(\_/' x
\vig ' i [
T
By
T —
Evaluation of Energy Detection-Based
Spectrum Sensing for Cognitive Radio
Applications
Rania. A. Youssef*, M. A. Mohamed and A. Kabeel
KEYWORDS: Abstract— In this paper, a novel design of cognitive radio (CR) system based
microstrip antenna, on a tunable ultra wide-band antenna is suggested; it offers a quick and cheap

Ultra-wide band, tunable
antenna, cognitive radio,
spectrum sensing,
Energy Detector

method for effectively locating spectrum gaps spanning. The frequency ranges of
9.30 to 13 GHz with three operating bandwidths (BW) of 1.11GHz ,0.8 GHz, and
0.36GHz. Frequency is scanned by using a tunable Ultra-Wideband, the antenna
has a small size with five gaps that are used as a Switch 2 mm x 3 mm and the
partial ground 30 mm x 30 mm, these Switches can offer a tuning capability. The
suggested antenna is constructed on a Rogers RT5880 substrate with a relative
permittivity (er) =2.2 and a dielectric thickness of 1.575 mm. This design of antenna
has a number of benefits, including small size, low cost, easy to fabricate, and band
accessibility that is elastic, the ground and patch antenna are fabricated on copper.
At 10 GHz, an overall realized gain of 8.65dBi is achieved. The low VSWR < 2
antenna presented has a suitable radiation characteristic to gratify the needs of
existing and future wireless communication systems. Return loss simulation
findings for different switch states and radiation patterns at different frequencies

are also shown, at the end both simulation and measurements are presented.

I. INTRODUCTION

ireless applications are developing quickly,

so some frequency bands are busy, while others

are infrequently used. Cognitive radio (CR) is

thought to be a one-of-a-kind solution for bandwidth shortages
that keeps balancing spectrum usage[1] . The most essential
feature of the CR system is its awareness of the surrounding
radio frequency (RF) environment. This is accomplished
through the spectrum sensing, which is the constant observation
of wireless channel activity [2]. The most difficult aspect of
spectrum sensing is its practical application, which necessitates
a reconfigurable forward future [3]. UWB system can be
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thought of as a gradation starting at close range. You might
think of the employment of UWB systems as a gradation,
starting with short-range communications and ending with
security systems, ground- and object-penetrating radar, and
other technologies, vehicle radar, and measurements
applications. Their high data rate, large packaging for multi -
path interference, and low power requirements for this [4]. The
suggested antenna for UWB systems faces major challenges
because to its wide frequency band coverage and handling of
high-speed pulses. The antenna should respond extremely well
to the UWB antennas designed applications described in [5]
additional to having a high bandwidth, efficiency, and small
size. You can communicate over a number of specified
frequency bands by adjusting the ultra-wideband (UWB) sensor
antenna. With the development of a number of applications
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requiring portable, short-range UWB antennas, the ability to
reconfigure has been realized effectively. Some published
research examined to operate in ultra-wideband antennas [6],
[7]. We are based on an Energy detector, also known as
radiometric, which is an extremely popular technique for
spectrum applications (e.qg., setting metal of copper to touch the
gap of the patch as an ON switch state (1) and removing it for
the OFF case (0)). Printed circuit board-based omnidirectional
antennas are favored. Recently developments in this area have
been reported in[8]-[12].

Because application complications and processing are not
present, reconfiguring cognitive radios to use the same antenna
for sensing and contact sensing[13]-[19]. It's also more popular
(in comparison to other ways) because recipients don't need to
know which information about the primary users. By
contrasting the output of the energy detector with the threshold
that counts on the noise floor, the signal is identified[20]. The
threshold for detecting primary users of the energy detector has
many sensory problems, such as inability to differentiate
between interference principal users and noise, and poor
performance during signal to noise ratio (SNR) reevaluation.
[19]. The goal of this study is to design a microstrip patch
antenna and Study how switching affects antenna parameters
like gain, return loss, and VSWR, and radiation pattern. We
have 32 different measurement scenarios because of the various
switching configurations that have been presented in this
research. CST Microwave Studio was used to perform out the
simulation[21].

The remainder of the paper will be arranged as follows: in
the second section, there is an Energy detector, antenna design
is covered in the third section and section 4 is about manual
tuning, simulated and measured results are discussed in section
5. Finally, the conclusions of section 6 and the paper's future
work.

Il. ENERGY DETECTOR

We used energy detection and the techniques of this system
uses energy identification for spectrum sensing to determine the
existence of primary users. This occurs when the received
signal levels exceed a predetermined threshold A; otherwise, the
primary user signal is disabled. This method is simple to use
and requires no prior awareness of PU. The probability of false
alarm, the probability of detection, SNR, and the number of
samples are all calculated using the energy detection method,
which is written in MATLAB. The ratio of times the signal
exceeds the threshold value and the total number of traces was
evaluated to determine the probability of detection [22], and
Due to its low processing and application measure of
complication, this is the most ideal strategy for adjusting
unknown signals when the noise is known. This is the most
optimum technique to adjust the unknown signals when the
noise is known due to it having low processing and application
measure of complication.

A crucial phase of the cognitive radio cycle is spectrum
sensing. It targets basically to choose between two states:

RANIA. A. YOUSSEF, M. A. MOHAMED AND A. KABEEL

primary user signal absence by HO, or primary user signal
presence H1. These two states can be explained as (1), (2)

Hy: y(n) = w(n)
Hi:y(n) = x(n) + wn)

(1) The signal is absent
(2) The signal is present

The received signal is represented by y(n), the transmitted
signal is represented by x(n), and the noise affecting the
transmitted signal is represented by w(n).

As shown in Fig. 1, the squared magnitude of the Fast
Fourier Transform (FFT) of the received N samples, averaged
across N samples, is used to determine the energy of these
samples [20], [23], [24], using (3)

TED = ¥, (Y[n])? ®)

The energy TED is then contrasted to a pre-determined
threshold A pto determine the sensing decision:

TED > A p: PU signal absence
TED < Ap:PU signal presence

The probability of false alarm P, and The probability of
detection P, can be used to evaluate the algorithm's detection
display. The probability of detection is calculated by dividing
the number of true detections (PU present) by the total number
of sensing experiences, whereas the probability of false alarm
is calculated by dividing the number of times the PU is
incorrectly detected by the total number of sensing experiences.
The probabilities are as follows:

P, = Pr(TED < Ap;H;) 4

A p is the sensing threshold, and TED works with the
energy of N samples as defined by equation (3).Following
[23], the probability of detection P, and false alarm Py are is
given by:

A—N(U‘EV+U;%)

Pa = Q (7 omvan (6)
_ AD—NG‘%/
PFA _Q(Uﬁ/ ZN) (7)

. .2
Where Q-function Q(x) = % J, exp (Tu) du, o, and

0, are the standard eccentricity of the noise and the PU signal,
and N is the number of samples, threshold A ,, that is
obtained (7) and served :

Ap = oy (Q7 ' (Pra)V2N + N)) 8
where Q~1(.) is the reverse of the Q-function.

The goal probability of a false alarm, the noise contrast, and
the sample count are the basis for this threshold. Building an
accurate threshold requires prior knowledge about the amount
of noise that affects the received signal.
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Fig. 1 block diagram of energy detector

For spectrum sensing, the probability of a false alarm should
be low. To avoid the detector coming to the wrong conclusion,
picks up the main signal H, rather than signal H,. Because the
detector lost the probability of detecting the free channel in this
state, the secondary user would not use it.

A. Detection Performance Evaluation

Fig. 2 shows how MATLAB plots the probability of
detection against the probability of false alarm. The simulated
curve is based on one microstrip antenna element, M=1, small
number of samples, N=1000, and a low signal-to-noise ratio,
SNR= -20dB.

Probability of detection
© ©o © © © o o
© & o @ N ®» ®©

=]
[N

01 o

0 01 02 03 04 05 06 07 08 09 1
Probability of False Alarm

Fig. 2 the probability of detection P, against the probability of
false alarm Py, curve are at proposed energy detector at M=1,
N=1000 samples, and SNR= -20dB.

B. Noise Effect on Detection Performance

The exhibited energy detector's detection performance is
rated, as well as the effect of white Gaussian noise, Fig. 3.
shows the simulated probability of detection against SNR using
MATLAB at M=1 element, N=1000 samples, and Pz, =0.1. It
shows the highest performance, especially at SNR (= —7 dB).

Energy Detection

1

09
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06

a 051

045

03r
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011

-16 ~‘;4 4‘2 -1‘0 ~;3 '.6 -4

SNR (dB)
Fig. 3 The probability of detection against SNR for the proposed energy
detector at M=1, N=1000 samples, and P, =0.1
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C. Impact of Number of Samples on P,

The number of received signal samples N is a very
leading parameter to realize the detection requirements.
Any increase in N will lead to perfection in detection
performance. So, the probability of detection versus the
number of samples is plotted using MATLAB as shown in
Fig. 4 using M=1 element and Pr, =0.1 at SNR = -20 dB
for N=3000, the P; of the suggested energy detector
reached the maximum value. Energy detectors exhibit high
performance whatever N increases.

—— Simulated P
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~
T

Frobability of Detection
o =)
o @

=}
=

o
w

0.2
1] 1000 2000 3000 4000 5000 6000 7000 8OO0 9000 10000

Number of samples
Fig. 4.The probability of detection against number of samples using
M=1and Pz, =0.1at SNR =-20 dB

I1l. IMPACT OF ANTENNA ARRAY

A uniform linear array (ULA) with similar antenna elements
is used in the case of antenna array, elements are uniformly

distributed apart by an alignment of (A =A4/2) where 1
represents the signal's wavelength as it is being received.is the
wavelength of the signal being received. The ULA is made to
pick up signals received in narrowband by primary users. The
antenna array's received signal is provided by:

y(n) = Ax(n) + w(n) n=1,2,...N 9
where

ym) = [y ()y, () ... yu(m)]” (10)
x(m) = [x;(M)x, (1) ... x4(M)]" (11)
w(n) = [w;(Mw, () ... wy(M)]” 12)

Where X(Nn) and W(N) are the vectors of the signal and noise
columns, respectively. Complex white Gaussian noise
(CWGN) with a zero mean is taken for granted as the noise
type. The transposition operator is [.]". A is the M x d steering
matrix can be written as

A = [a(u)a(uy). . a(ug)] (13)
Where a(14,) is the steering vector which is given by
a(p)) = [ewi g2l . e=iM-Dul]T i =1.2,..,d (14)
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Substituting equation (14) in equation (13), the steering
matrix can be rewritten a
A= 1 1 1

L e JH2 e JHa

eI M-Dpy  omi(M-Dpz _ o=i(M-Dug (15)

2 .
ch Asin®;, where

the carrier frequency is f_, C is the speed of lightand &, is

the direction of arrival (DOA). On the receiving end, it is
assumed that the direction of arrival is known. The additional
phase shifts caused by propagation delays from each element to
the first reference point are represented as spatial frequencies.

AVARA

ﬁ / == 0? f:”j "
\ v o fowﬁ

0

It depends on spatial frequencies y; =

Fig. 5 block diagram of the proposed energy detector based on
the antenna array

Fig 5 shows the block diagram of the proposed energy
detector using a large number M of antennas. n; is a variance-
containing zero-mean circularly symmetric Gaussian variable
o2, d= A/2 , the system uses time-division duplexing to
function. We presume that every piece of equipment, whether
it be an access point or user devices, has a large antenna array
with each device using one antenna when transmitting and the
entire array when receiving. It is assumed that the first
component is at the starting point. The issue with binary
hypothesis testing is now presented as

Ho:y(n) = w(n)
Hy:y(n) = Ax(n) + w(n)

(16) signal absence
(17) signal presence

When the noise variance is known, one of the most common
detectors is the traditional energy detector using several antenna
elements. It includes a test statistic provided by [25]

1

Ten(oz) ) = sz Zhber Tt im0 (18)
> A ED(03) Hy
TED(U‘,ZV) { < A £D(3) H, (19)

Where y,,, (n) is the sampled signal received at m** element and
A £p (o2, the decision threshold, When the variance of the noise
is unknown, the estimated noise variance 632 is used instead of
02 in (18). This estimate may not be correct and is subject to
mistake [26]. This inaccuracy is additionally known as noise
uncertainty a . The anticipated range for the estimated noise

power is [% 02 ,ac] where a > 1. Additionally, to achieve the

appropriate false alarm probability under low SNR scenarios, a
high number of samples are required. This issue is also known
as SNR wall [27]. Table | displays an overview of the test
statistics as well as the energy detection method's theoretical
thresholds.

RANIA. A. YOUSSEF, M. A. MOHAMED AND A. KABEEL

TABLE |
FORMULA FOR TEST STATISTICS AND THEORETICAL THRESHOLDS OF
THE ENERGY DETECTOR

Method Test statistic Theoretical threshold
1 M N
ED(s3) T D P 2037 (1= Pra, MN)
w m=1n=1
1 M N
ED(} ) w7 D D @I Q7 (1 = Pray M, L)
w m=1n=1

Where Ti~?! is the inverse of the gamma function that is incomplete, Q* is the

inverse of F-distribution function, and L is used as a smoothing factor.

A. Detection Performance Evaluation

One of the most popular Receiver Operating Characteristic
(ROC) curves is provided in this case to evaluate the
effectiveness of the energy detector. The ratio of the probability
of detection P,to the probability of a false alarm Pg, of the
proposed energy detector are presented in Fig. 6 and Fig. 7
using small size ULAs consisting of M=2 elements up to M =
15 elements, N = 50 samples, and a low signal to noise ratio of
SNR = -10dB.

probability of detection

0 0.1 02 03 0‘4 0‘5 0‘6 0‘7 08 09 1‘
probability of false alarm
Fig. 6 Probability of detection P; versus probability of false P, for
energy detector using single antenna element M=1 and ULAs up to M=9
elements, N = 50 samples, and a low signal to noise ratio of SNR = -10 dB

probabilty of detection
e
I

0 I I I I I I I I
0 01 02 03 04 05 06 07 08 09 1
probability of false alarm

Fig. 7 Probability of detection P; versus probability of false P, for
energy detector using ULAs consisting of M=10 elements up to M=15
elements, N = 50 samples, and a low signal to noise ratio of SNR = -10 dB

B. Noise Effect on Detection Performance Employing
Different Number of Antenna Elements

In this test case, the proposed energy detector's detection
capabilities are evaluated in relation to the impact of AWGN.
The simulated probability of detection P; versus SNR at using
single antenna element and ULAs consisting of M=2 elements
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up to M =10 elements, N = 100 samples, and Pz, = 0.1 is shown
in Fig. 8. It offers the probability of detection across the entire
SNR range —25 dB < SNR <5 dB. It is clear that as the number
of antenna elements increases, the probability of detection
increases under the same noise effect.

probability of detection

-25 -20 -15 -10 -5 0 5
SNR (dB)

Fig. 8 Probability of detection P, versus SNR at using single antenna
element and ULAs consisting of M=2 elements up to M = 10 elements,
N =100 samples, and Pz, =0.1.

C. Impact of Number of Samples On P,

The received signal must be sampled N times in order to
meet the detection requirements. Any increase in N should
logically result in better detection performance. Fig. 9. Shows
the probability of detection versus number of samples using
M =10 elements and Pz, = 0.1 at SNR = -20dB. It is clear that
as the number of samples increases, the probability of detection
increases under the same noise effect.

probability of detection
o
X

°
T

0.1 F 4

0.05 - 4

. . . . . . . |
50 100 150 200 250 300 350 400 450 500
Number of samples

Fig. 9 Probability of detection versus number of samples N using M = 10
elements and P, = 0.1 at SNR =- 20dB.

1V. PROPOSED TUNABLE ANTENNA DESIGN

In this subsection, a microstrip patch antenna design for
ultra-wideband applications is explained. Fig.10 shows the
proposed UWB antenna element structure. This shape is
utilized as it provides wide operating frequency band, and the
proposed slots can be covered by a small copper to form a
manual switch that changes the operating frequency of the
antenna. Table Il List the antenna's dimensions in millimetres
(mm). The suggested antenna's predicted return loss S|

against frequency is plotted in Fig. 11, which covers a large

E:5

frequency range from 9.30 to 13 GHz. Below -10 dB for |S;,|
Fig. 12 showing Simulated |S,,| parameter of the antenna
element (Q9). The Ultra-wideband is used for the frequency
scanning (UWB) using a manual switching technique that is
described in the next section.

L1

~
) )
7

— 1T —*

| |

Fig. 10 Proposed UWB antenna element structure.

S-Parameters [dB]

-25
12 13 14 15

Fig 11. Simulated |S;,| parameter < —10dB.

TABLE Il
DIMENSIONS OF THE PROPOSED UWB ANTENNA ELEMENT IN MM
Value Value
Symbol (in mm) Symbol (in mm)
W 30 W6 4
W1 16 L 30
W2 24 L1 5.5
W3 4 L2 13
W4 3.64 L3 8
W5 18 L4 9
0
—5
%o
£
15
-20
8 14 15

K 10 Frec}ﬁancy fGHz] -

Fig. 12. Simulated |S,, | parameter of the antenna element (Q9)
without switch.
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V. MANUAL TUNING

The antenna of a wireless system is crucial because it
controls data transmission and reception at the physical layer.
Numerous benefits can be derived from an antenna that has
been properly tuned. It can increase a wireless device's effective
range while consuming less power. In this design, we have five
copper switching plates of dimensions (2 mm x 3 mm) of
copper that we can place them manually in specific places, so
we have the possibility of 32 tunning frequencies. Existence of
a switch means (1) and the non-existence means (0). We named
this probability (Q) and we have from Q1 to Q32. Table I lists
the frequency , |S;;| and the bandwidth. The antenna has a
wide tunning range from 9.30 to 13 GHz. Using the gain
comparison approach, the antenna gain is measured Fig. 13
shows the antenna gain for Q9, Q12.

V1. SIMULATED AND MEASURED RESULTS

Fig. 14 shows the fabricated microstrip antenna using a PCB
different switching conditions. A small antenna was used to
measure the radiation pattern, and Fig. 15 shows the |Su]
parameter was measured using the ROHDE & SCHWARZ
ZVB vector network analyzer. We have five witches to make
the antenna more useful and meaningful, we got 20 frequencies
in the range, and switches are placed such that they touch the
antenna patch at the junction point, as indicated as indicated
Table 111 frequency, |S1|, and BW. Five switches put on a gap
of 0.4 mm, includes a shift between them, allowing us to
achieve several frequencies from a single design. The gain and
VSWR are listed in Table IV

Frequency / GHz
10.5

9.5
8.5
7.5
6.5
5.5

4.5

Q12 gain Q9 gain

Fig 13 The antenna gain for Q9, Q12.

00000 (Q9) 00100 (Q3) 01110 (st)

RANIA. A. YOUSSEF, M. A. MOHAMED AND A. KABEEL

01111 Q(22) 10010 (Q14)
Fig. 14 Fabricated microstrip antenna using a PCB at different
switching conditions.

™

Fig. 15 |S;;| measurement by usiﬁg the ROHDE & SCHWARZ
ZV/B vector network analyser.

Fig. 16 explains the antenna's radiation. The antenna has
excellent radiation characteristics and a gain of 8.65dBi at 10
GHz as shown in Fig 12 Q9 without switch and Q12 with three
switches A, C, and D are ON and B, E is OFF . Over The y-z
and x-y plane patterns can be noticed.

Farfield Drectivity Abs (Phi=90) Farfield Drectiviy Abs (Phi=90)

(@ (b)
Fig.16 radiation pattern (a) Q9 , (b) Q28

Also Fig. 17 depicts the comparison of simulated and
measured |S;,| , where [S;,] is less than -10dB. Furthermore,
|S11] measurements are close to |S;,| simulated , Table V lists
the simulated and measured |S,,| in different Q result's.
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$-Parameters [dB]
hA Py |
w o w

N
o

o

©

10 11 12 13 14 15

Frequancy [GHz]
e 511 measur 00100

s11 Q3 simulated

S11.Q(3)

0

s 5
4
I3

@ -10
£
o

& 15
»

-20

8 10 12 14
Frequancy [GHz]
511 Q9 measuerment e 511 Q9 simulated
S11.Q(9)
0
5
10
15
0
8 9 10 11 12 13 14 15

511 Q22 measurment

s11 Q22 simulated

S11Q(22)

0
5
10
5

511 Q22 simulated

s11 Q22 measurment

S11.Q (28)

Fig. 17 The comparison of simulated and measured |S,;,| results.

TABLE V
THE SIMULATED AND MEASURED |S;;| IN DIFFERENT
Q RESULT'S.

Q | Frequency(GHz) [S14] [S11] (dB)

(dB) measurement
simulated

Q3 9.39 -19.29 -17.41
Q9 10 -17.22 -10.6
Q22 11.7 -20.33 -15.38
Q28 12.73 -13.90 -11.99

The overall VSWR is improved by changing the switches
and multiplicity frequency, as shown in Fig.18 the comparison
of simulated and measured VSWR results, VSWR < 2 because
of the smoother transmission from the feedline to the
microstrip, as shown in Fig.18. Table VI lists the simulated and
measured VSWR in different Q (Q3, Q9, Q22 and Q28) results.

20
18

16
14
12
10

8

Frequency / GHz

oN MO

e \/SWR Q3 measurement

VSWR Q3 simulated

VSWR Q (3)
18

13

8

3

21

s \/SWR Q9 measuremant — e \/SWR Q9 simulated

VSWR Q (9)

20

15
10
5

Frequancy / GHz

e \/SWR Q22 measurement

VSWR Q (22)

VSWR Q22 simulated

40

30
20
10
10 14

0

Frequency / GHz .
VSWR Q28 measurment = s \/S\WR Q28 simulated

VSWR Q (28)

Fig. 18 The comparison of simulated and measured VSWR
results
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TABLE VI
THE SIMULATED AND MEASURED VSWR IN
DIFFERENT Q RESULT'S.

Q Frfgt;'ezr;cy simulated measured
Q3 9.39 1.29 131
Q9 10 131 1.83
Q22 | 117 121 1.39
Q28 | 12.73 15 1.35

Voltage Standing Wave Ratio (VSWR)

18
16 y\
14 \
12
10 \
11.675, 1.2196133

9.302, 1.3592061 7 x

8

s ]

s —

2 N ‘&/- 12.844, 1.9034206
0

10.03, 1.3324659

RANIA. A. YOUSSEF, M. A. MOHAMED AND A. KABEEL

VII. CONCLUSION

This work proposes a novel design of a cognitive radio (CR)
system based on a Tunable ultra-wideband antenna, which
offers a quick and inexpensive method for effectively detecting
spectrum holes in the frequency range from 9.30 to 13 GHz.
High gain and radiation efficiencies of 8.65dBi and 80% are
realized at 10 GHz. The antenna has excellent radiation
characteristics and low VSWR < 2. In addition, simple and
cheap materials were employed. The simulated and measured
results show that the suggested CR system is more reliable and
efficient.

APPENDIX

TABLE Il
32 FREQUENCY Q1 70O Q32 (WHITE SELECTION IN THE RANGE, GRAY
SELECTION OUT OF THE RANGE, ARRANGEMENT BASED ON THE
FREQUENCY ASCENDING).

frequenc

8 9 10 11 12 13 14 15 A B C D E Q y |s11| BW
ot a3 0 |1 0 1 1 Q1 9.30 -18.27 | 0.13
Q2 Q9 Frequancy / GHz
) i ated 0 |1 0 1 0 Q2 9.30 -22.16 | 0.12
Fig 19 The simulated VSWR o o 1 0 0 Q3 | 939 1929 | 059
1 |o 1 0 0 Q4 | 94 -20.49 | 0.60
Fig. 19 shows the simulated VSWR. Table VII contains a 1 |1 1 0 0 Q5 0.42 1875 | 0.62
comparison of this work with related literary works. This 1 |1 0 0 0 Q6 0.87 1528 || 0.38
comparison demonstrates that the suggested antenna has 1 |1 1 1 0 Q7 9.90 -13.50 | 0.33
number of switches, number of bands, size of mm,and a 1 |1 0 1 0 Q8 | 991 -13.67 | 0.33
substrate material. Fig. 20 shows the comparison between 0o |o 0 0 0 Q9 10 -17.22 | 0.43
simulated and measured radiation patterns (normalized (a) Q9, 1 |o 0 0 0 Q10 | 10.01 -16.18 || 0.41
(b) Q28). 0 |o 1 1 0 Q11 | 10.02 -14.73 | 0.37
1 |o 1 1 0 Q12 | 10.03 -13.81 | 0.34
TABLE VII 0 0 0 1 0 Q13 10.04 -15.42 | 0.39
A COMPARISON OF THE SUGGESTED STRUCTURE AND RELATED 1 0 0 1 0 Q14 10.05 -14.54 0.37
LITERARY WORKS - : .
No. of No. of 0 |o 0 0 1 Q15 | 10.54 578 | -
References swi.tch baﬁ ds Size (mm) substrate 1 0 0 0 1 Q16 | 10.55 -5.60 -
[28] 4 3 40x40 FR4 0o |o 1 1 1 Q17 | 10.91 545 | -
[29] 3 6 25%x27 R0O4350B 1 1o 1 1 1 Q18 | 10.94 517 |-
[30] 2 2 45x38 FR4
[31] 5 7 26x30 FR4 0 |o 0 1 1 Q19 | 11.06 391 | -
[32] 3 3 20x20 FR4 1 |o 0 1 1 Q20 | 11.08 365 | -
[33] 3 6 68.5%60 Taconic RF35 0 0 1 0 1 Q21 11.5 -5.36 -
. Rogers
This work 5 15 3030 RT5880 0 |1 1 1 1 Q22 | 11.69 -20.33 | 0.65
1 |o 1 0 1 Q23 | 11.72 630 | -
el s o0 0 |1 0 0 1 Q24 | 11.91 6.83 | -
B, T © 1 |1 1 1 1 Q25 || 11.99 -11.51 | 0.36
% N\ » 1 |1 0 1 1 Q26 | 12.24 538 | -
(/ ’\2 0 |1 0 0 0 Q27 | 1237 | 772 |-
¢ \ ’) ° 0 |1 1 1 0 Q28 | 12.73 -13.90 | 0.18
! N P 1 |1 1 0 1 Q29 | 12.87 -10.44 | 0.08
\J 0 |1 1 0 1 Q30 | 13.00 -10.74 | 0.1
= 0 [T [T |0 |0 |03t |00 | -1126| 012
(@ (b) 1 |1 0 0 1 Q32 | 13.39 578 | -

Fig. 20 The comparison between simulated and measured radiation
patterns (normalized (a) Q9, (b) Q28)
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TABLE Iv

VSWR, GAIN (WHITE SELECTION IS IN THE RANGE, THE GREY
SELECTION IS OUT OF THE RANGE).

A|lB|C|D]|E Q VSWR Gain
0 1 0 1 1 | Q1 1.27 5.84
0 1 0 1 0 | Q2 1.16 5.46
0 0 1 0 0 | Q3 1.24 8.3
1 0 1 0 0 | Q4 1.20 8.46
1 1 1 0 0 | Q5 1.26 8.27
1 1 0 0 0 | Q6 1.41 7.76
1 1 1 1 0 | Q7 1.53 773
1 1 0 1 0 | Qs 1.52 7.67
0 0 0 0 0 | Q9 1.31 8.40
1 0 0 0 0 | Q10 1.36 8.53
0 0 1 1 0 | Q11 1.44 8.49
1 0 1 1 0 | Q12 1.51 8.65
0 0 0 1 0 | Q13 1.40 8.46
1 0 0 1 0 | Q14 1.46 8.61
0 0 0 0 1 | Q15 321 5.45
1 0 0 0 1 | Q16 3.20 5.46
0 0 1 1 1 | Q17 3.28 5.65
1 0 1 1 1 | Q18 3.45 5.75
0 0 0 1 1 | Q19 451 5.81
1 0 0 1 1 | Q20 481 5.92
0 0 1 0 1 | Q21 3.34 8.12
0 1 1 1 1 | Q22 1.21 8.15
1 0 1 0 1 | Q23 2.87 8.02
0 1 0 0 1 | Q24 2.66 7.08
1 1 1 1 1 | Q25 1.72 7.25
1 1 0 1 1 | Q26 3.23 6.59
0 1 0 0 0 | Q27 2.39 5.28
0 1 1 1 0 | Q28 15 5.59
1 1 1 0 1 | Q29 1.85 49
0 1 1 0 1 | Q30 1.81 5.65
0 1 1 0 0 | Q31 1.75 5.04
1 1 0 0 1 | Q32 3.11 6.97
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