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Dual Band-Notched WIMAX/WLAN of a Compact Ultrawideband
Antenna with Spectral and Time Domains Analysis
for Breast Cancer Detection

Abdelmoumen Kaabal® *, Mustapha El halaouil, Saida Ahyoud?, and Adel Asselman?®

Abstract—A compact Ultra Wideband (UWB) antenna with Worldwide Interoperability for Microwave
Access (WiMAX) and Wireless Local Area Network (WLAN) with dual-band notched characteristics is
presented in this article. The antenna design parameters have been optimized by the High Frequency
Structural Simulator (HFSS) and CST Microwave Studio to be in contact with biological breast tissues
over 3-13 GHz frequency range with dual band-notched characteristics. The proposed antenna is a
polygon printed on a low dielectric FR4 substrate fed by a 50-) feed line and a partial ground plane
in other side. The results exhibit that the proposed antenna shows a wide bandwidth covering from
3GHz to at least 13 GHz with VSWR < 2 and observing band elimination of WiMAX and WLAN
bands. The proposed UWB antenna has omnidirectional radiation patterns with a gain variation of
0.5dBi to 5.2dBi and low distortion group delay less than 1ns over the operating frequency range.
The simulation and measurement results show a good agreement. And good ultra-wideband linear
transmission performance has been achieved in time domain with a compact dimension of 28 x 20 mm?.

1. INTRODUCTION

Ultra-wideband (UWB) communication systems have become a most promising candidate for short-
range high-speed indoor data communications since the US-FCC released the bandwidth from 3.1 GHz
to 10.6 GHz in 2002 [1,2]. Higher data rates, saturation of the frequency spectrum and low power
consumption are some of the reasons that ultra-wideband has received increased interest over the
past years [3-8]. UWB systems, in comparison with conventional or narrowband systems, use a large
bandwidth to transmit the information. The power used over the whole band is much lower than the
power used by narrowband systems. Furthermore, the existence of other wireless narrow bands requires
rejection of certain frequencies within the UWB band [9-11]. Due to the frequency characteristic
variation of the ultra-wideband technology, the antennas should be analyzed in the time domain as
well [12]. One important characteristic of ultra-wideband technology is the transmission of very short
pulses in time having a very broad frequency spectrum [13]. The frequency characteristics of narrowband
antennas are constant over their operational bandwidth, hence they can be fully characterized in the
frequency domain. Standard parameters such as return loss, gain and radiation efficiency have been
defined for narrowband antennas. However, UWB antennas are meant to transmit not continuous pulsed
signals. Most simulation tools present the results in the frequency domain, and many limitations were
encountered, even if they use a time domain technique to compute the fields, showing that the available
techniques do not analyze the most important parameters of UWB antenna simultaneously [14]. So
analyzing them only in the frequency domain is not enough to fully evaluate their performance, as pulse
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distortion is an important parameter that should be controlled. When characterizing the performance of
UWB antennas, such as fidelity, transfer function (impulse response in the time domain), wave response
and group delay will be necessary [15]. This is therefore a strong motivation to analyze the antenna
behavior when transmitting pulses signals. An antenna should be able not only to radiate over the
entire desired frequency band, but also to radiate a pulse without any distortion, or as small distortion
as possible [16,17]. The objective of this article is to implement a UWB antenna with WiMaX/WLAN
dual band-notched characteristics in the time domain analysis. Different characterization methods
available today were studied in order to identify the most important parameters describing UWB
antennas. Furthermore, measurements of the available methods are not always possible to realize
using the available equipment, which is typically in frequency domain for antenna analysis. The UWB
antenna will be in contact with biological breast tissue to expel the impact of the proximity of the
biological tissue for detection of tumors within the breast of women [18-20].

2. THE PROPOSED ANTENNA CONFIGURATION

2.1. Antenna Design Geometry

The design geometry process of the proposed antenna is shown in Fig. 1. The antenna optimized to
operate at UWB range frequencies with a width band of 3 GHz to at least 13 GHz as well as voltage
standing wave ratio less than two (VSWR < 2) and to radiate nearly omnidirectionally. The proposed
antenna has been designed by selecting a polygon patch of five edges and printed on the side of an FR4
substrate whose surface is 28 mm x 20 mm, with thickness of 1.6 mm, permittivity of 4.4, loss tangent of
0.02 and copper foil thickness of 35 um. On a partial ground plane to support UWB range frequencies in
the opposite side of the substrate, a defected slot is added in the middle of the ground plane to increase
the reflected power [10]. The antenna is excited using a 50-Q feed line and optimized using HFSS and
CST Microwave Studio. The detailed geometry and parameters are shown in Fig. 1 and Table 1.
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Figure 1. Geometry of proposed UWB antenna. (a) Top view without EBG, (b) top view of the
proposed antenna, (c) bottom view and (d) side view.

Table 1. Optimal design parameters of UWB antenna.

Parameter | value (mm) | Parameter | value (mm) | Parameter | value (mm)
L 28 S 3.2 t 0.035
w 20 R1 8.5 T 1
a 7.8 R 8 P 0.5
l 3.5 e 3.1 b 9.3
k 2.8 I 0.7 c 2.4
h 1.6 g 0.4 d 15
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2.2. Antenna Results and Discussion

The antenna results and discussion are divided into two parts which consist of parametric study and
experimental results with a discussion. The parametric study including the simulated results of return
loss with different effects of design parameters, such as gain, radiation efficiency and radiation patterns
of the proposed antenna, are presented in Part I. In Part II, measurement results of the fabricated
antenna are presented and discussed.

2.2.1. Parametric Study

The antenna design is optimized with the study of some parameters’ effect. Fig. 2 shows the return loss
against frequency of antennal according to the radius (R) of the polygon. It is observed that for values
of R between 6.5 mm and 9mm, the reflected power increases over the operation frequency range when
R decreases.
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Figure 2. Effect of radius R for antennal. Figure 3. Effect of radius R1 for antenna2.

For the notched UWB antenna, the antenna accompanies firstly with a ring slot of radius R1
and surrounds the polygon radiator element to reject WiMAX band from 3.2 GHz to 4.2 GHz. The
effect of radius R1 and s parameters for R = 8 mm are shown in Fig. 3. It is found that high value
of R1 forces the antenna to operate at lower frequencies less than 3 GHz, whereas the notched band
tended to move toward lower frequencies. On the other hand, for the same value of R1, high value of
s parameter moves the notched band towards higher frequencies. The s parameter is changed to avoid
the intersection between the ring slot and polygon radiator element, or to avoid to be outside of the
antenna dimension. It can be noted that the position of the notched band is changed when this antenna
is associated with EBG structures. To obtain a dual notched band antenna, a pair of EBG structures
is added to antenna2. The EBG parameters are optimized by calculating the reflection phase response
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Figure 4. The unit cell setup of reflection phase Figure 5. Reflection phase response of EBG
model in HFSS with the boundary conditions. structures.
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Figure 6. Return loss of the proposed UWB Figure 7. Simulated peak gain and radiation
antenna. efficiency of the proposed UWB antenna.

using ansoft HF'SS, and the optimal values are shown in Table 1. The unit cell of the structure under
investigation has to be drawn with periodic boundary conditions applied in the appropriate directions
(Fig. 4). The reflection phase response (Fig. 5) of the EBG structure shows a stop band obtained in the
frequency range 5 GHz to 6 GHz with a reflection phase in the range of +90° 4+ 45° [21]. Finally, Fig. 6
shows the final simulation results from CST Microwave Studio and HF'SS.

Figure 7 gives the peak gain and radiation efficiency of the proposed UWB antenna. It can be
seen that the peak gain varies between 0.5dBi and 5.2dBi within the operating frequency band of
the antenna, while the radiation efficiency reaches values greater than 80%. Both the peak gain and
radiation efficiency have a significant drop in the rejected band where the antenna incorporates the EBG
structure and ring slot. The radiation patterns of the proposed antenna at 3 GHz, 4.5 GHz, 5.5 GHz,
7GHz and 10 GHz for the elevation plane pattern and azimuth plane pattern are illustrated in Fig. 8.
It can be seen that the antenna almost achieves omnidirectional radiation pattern over the whole UWB
frequency range.

e {=3 GHz
e {=4.5 GHz
f=5.5 GHz
m— {=17 GHz
=== {=10 GHz

Figure 8. Simulated radiation pattern, (a) elevation plane pattern, (b) azimuth plane pattern.

2.2.2. Measurement Results and Discussion

Figure 9 shows a prototype of the proposed antenna. The antenna has been fabricated using conventional
printed circuit board (PCB) design techniques. Fig. 10 shows the simulated and measured results of the
proposed antenna integrated with EBG structure and ring slot to obtain a dual band-notched antenna
for WIMAX (3.2 GHz to 4.2 GHz) and WLAN (5 GHz to 6 GHz). There is a good agreement between
the measured and simulated results. The results have validated that the proposed antenna design can
eliminate the interference among UWB application for breast cancer detection and WiMAX/WLAN
systems.
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Figure 9. Prototype of the proposed antenna. Figure 10. Simulated reflection coefficients with
variation of the width of the two elements.

3. CHARACTERIZATION OF PROPOSED UWB ANTENNA PERFORMANCE IN
TIME DOMAIN

3.1. Waveform Response

In CST Microwave Studio, the UWB antenna is inspired by the transient Gaussian pulse, and the
frequency spectrum covers the entire UWB frequencies [22,23]. The input signal and the magnitude
power spectrum at the transmitting antenna terminal is illustrated in Fig. 11.
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Figure 11. Normalized excitation signal and its spectral density.

The waveform response and frequency spectra of the reflected and transmitted signals of the antenna
are plotted as shown in Fig. 12. As shown in Fig. 12(b), the rejected bands of frequency spectra are
observed at corresponding notched band. The waveforms are obtained by placing a pair of identical
antennas face-to-face with a distance of 150 mm to determine the waveform distortion and time delay.
To appraise time-domain performances of the antenna more objectively, group delay of the transmitted
signal and correlation coefficient are calculated in the following section.

3.2. Group Delay

The essential factor of a high-quality UWB antenna is minimal pulse distortion. To avoid waveform
distortion, a linear phase response of antenna (constant group delay) is desired to characterize its time-
domain property. Group delay is a measure of the transit time of a signal through a device versus
frequency (Eq. (1)).
Ap
delay = ——— 1
group delay A (1)

where ¢ is the phase of transmission coefficient S1o and w = 27 f.



168 Kaabal et al.

0.009 i
-
0.008 | »
0.007 [Band-Noched —
0.0086 |
L]

. . . . , . , L . . . . h a
o 0.5 1 1.5 2 2.5 3 3.5 L] 1 2 3 4 5 T B a 10 11 12 13 14
Time (ns) Frequency (GHz)

(a) (b)

Figure 12. Waveform responses of the antenna (a) in the time domain and (b) in the frequency domain.
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The results are exhibited in Fig. 13. The variation in group delay is caused by signal distortion,
whereas a constant group delay implies perfect signal transmission.
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Figure 13. (a) Phase of Sj2, (b) group delay responses.

In this figure, a sharp variation of group delay with a narrow width in the vicinity of the dual
band-notched antenna is observed, indicating the effect of EBG structure and ring slot, which can
break down the constant group delay requirement. However, the variation of group delay is very small,
even negligible, less than 1 ns within the operating frequency range, which indicates good linear phase
responses and assures that the energy is concentrated on the pass band of the proposed antenna.

3.3. Correlation Coefficient

The correlation coefficient is a measure of similarity of two waveforms as a function of a time-lag applied
to one of them. It compares the incident signal S (¢) and receiving signal Sa(t) (the electric field intensity
signal or the receiving antenna signal) at far-field region. The incident signal, S;(t), of UWB antenna
undergoes a distortion induced by the antenna, and this signal distortion can be quantified first by
finding the correlation between the incident signal and receiving one. The correlation function is:

+oo

H(r) = / s1(8)s(t — 7)dt @)

—0o0
The received signal Sy(t) can be obtained by virtual probes at the far-field placing in 150 mm distance
from transmitting antenna, and the correlation coefficient can be found by determining the maximum
value of the weighted correlation between S;(t) and Sa(t) [24, 25]:

+o0
/ s1(t)sa(t — 7)dt
p= — (3)

[ o) ()
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where 7 is the time delay of the signal and 0 < p < 1. Ideally, the correlation coefficient should be as
close to 1 as possible, indicating low distortion created by the antenna and a perfect signal transmission.
A value of 0 means the received pulse is completely different from the one at the input antenna port. The
transmitted signal is totally distorted, and the received pulse amplitude is nil. The time domain analysis
is a measurement technique where the electric probe is placed at different positions to investigate the
transmitted and received pulse signals. Virtual probes measuring the electric field placed at a distance
of 150 mm from the input signal at the transmitting antenna terminal and the far-field receiving signal
for various angles are shown in Fig. 14.
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Figure 14. Location of the probes around the Figure 15. Multi-layer inhomogeneous model of
antenna in the vertical y = 0 plane. the breast designing in HFSS.

Table 2. The correlation coefficient values for deferent values.

Position of Electric field intensity signal at deferent position
0 =0deg | 0 =45deg 0 = 90deg
Correlation coefficient | 0.941106 0.901518 0.785813

The values of the correlation coefficient derived from electric field intensity signal for various angles
are calculated using Eq. (3) and presented in Table 2.

It is found from the table that the values of the correlation coefficient are larger than 0.7.
Nevertheless, the correlation coefficient is lower at # = 90deg than at # = 0deg by almost 16.5%.
The low correlation coefficient coincides with the low gain points in its gain pattern.

4. APPLICATION OF THE ANTENNA TO DETECT BREAST CANCER

4.1. Breast Model

The compact UWB antenna is designed to be in contact with biological breast tissues over 3—13 GHz
frequency range with dual notched-band. After establishing the transmitted signal, this signal was
transmitted through an antenna and into a sample of a biological breast tissue [26]. A breast model
should be designed with an inhomogeneous medium to capture all phenomena during the design process,

Table 3. Dielectric properties for the different tissue types found in the breast.

Tissue type | Dielectric constant (mm) | Conductivity (S/m) | Masse density (kg/m?) (mm)

Skin 36 4 1010

Fat 9 0.4 928
Gland 16 1 1035
Muscle 50 7 1040

Tumor 50 7 1040
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and the multilayer model is used to represent the inhomogeneous medium of the breast tissues including
skin, fat, gland and muscle as shown in Fig. 15. The dielectric properties for the different tissue types
found in the breast are given in Table 3 [27-30]. The dielectric parameters for the tumor are assumed
to be the same as those of muscle.

4.2. Waveform Response and Detection of the Breast Cancer

The proposed antenna is designed to operate in contact with stacked layers of biological tissue in a
detection system. Using UWB pulses, the scattering parameters of antenna made it easy to observe
differences between the transmitted signal through the breast tissue and the tumor cells. The electric
field waveforms as a function of the observation angle in the vertical direction at a constant distance
of 150 mm between the antenna and virtual probes at the far-field in vacuum and in the presence of
a biological breast tissue with and without tumor were obtained and presented in Fig. 16. From this
figure, it is observed that the amplitude of the transmitted signal is very large in the vacuum because
of the homogeneity of the medium. Otherwise, the existence of the biological tissue produces multiple
reflections on the surfaces of each layer constituting the breast, and consequently, there are energy losses
during transmission, so the transmitted signal amplitude decreases. Furthermore, the existence of the
tumor in the gland decreased energy which transmitted in a very strong manner due to the dielectric
properties varied with respect to those of the gland. On the other hand, face-to-face position (Fig.16(a))
is the best position of the breast cancer detection because the energy transmitted in the existence of
tumor is very low in this direction due to strong reflection across the tumor. For other positions, the
signal undergoes a partial reflection across the tumor, which leads to increasing the transmitted signal
amplitude and consequently, the bad position when 6 = 90 deg (Fig. 16(c)). Finally, due to the variance
of the dielectric properties between the breast tissue and the tumor cells, the breast cancer detection
becomes possible. We cannot avoid the power reflections (between tissues) caused by inhomogeneities
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Figure 16. Wave response: (a) # = 0deg, (b) § = 45deg and (c) 6 = 90 deg.
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in the breast media, and the antenna must provide as much energy as possible in order to receive
transmitted signals with reasonable amplitudes from breast tissues. Therefore, for women with larger
breast sizes, the detection of the pulse will be difficult considering maximum allowable power.

4.3. Propagation of EM Wave in Breast Tissue

Figure 17 visualizes the propagation of electromagnetic waves in the dielectric properties of breast tissue.

E Field[¥_per_m E Field[¥_per_m
8. BE23e+002
&, DE0BE+0E2
4, 327 0e+0E2
2.3413e+0E2

4 BEEGE+RO2
2, B714e+B02
1.2500e+202

1. 2666e+0@2 . 3221eg+B@l
B, 852Be+0E1 2 B97Ee+EE1
5, 706Be+EE1 1. 367%e+0@1
2. @853 +081 6. 9310=+008
1. @848e+@81 3. 513Ze+008
5. 6667¢+000 1. 7687 +008
3, 174Ge+080 9.B26ze-ROL
1. 7175e+BE@ 4 5752e-201
9,2914%e-BE1 2.3191e-01
5.0265e-881 1.1755e-081
2.7192e-0E1 . 9583e-@A2
1.4718e-081 3.8292:-882
| 15399087 |
(a) 6 GHz
E Field[¥_per_m E Field[¥_per_m
8. BRRAe+002 8. BERAe+0a2
4. 3278e+0@2 3. 9121e+202
2, 3413e+B02 1.9131e+B02
1. 2666E+902 9. 3552e+201
6. 8520e+201 4, S74Ge+001
3. 705Ge+ROL 2. 2371e+0@1
2.8055%e+001 1.894A5+801
1. B345e+001 5. 3498e+B08
5. BBE7e+000 2. 6161e+000 | |
3. 1748e+008 1. 2793e+000
1, 7175e+208 6. 256@e-BO1
9. 2914e-Ba1 3.B593e-001
5.B2E5e-001 1. 4956@e-201
2,7192e-001 7.3158e-B012
1. 4710e-BAl 3.57758-802

(b) 7GHz

E Field[¥_per_m

E Field[¥_per_m
7.2198e+082
0. DoBRE+RO2
. 32T7Ge+E0Z
I4iZe+B02
ZBEEe+B02
852Ae+001
7A8Ee+0a1
Bas3e+Ea1
B848e+801
0607 e+008
1745e+008
7175e+000
2914e-8@1
5.8265e-001
2.719Ze-881
1. 471@e-201

3,91106+802
2,1189+002
1.1479¢+602
6, 21915+001
3,3693¢+001
1.82546+801
9. 8892e+000 | |
5. 3576e+000 | f
2, 98266+508
1.5725¢+608
5193601
4, 61556001
2, 5805¢-001
1.35476-801
7.33926-002
3,97626-802

[T T R N T

o

(c) 8 GHz

Figure 17. Propagation of F-field intensity in breast tissue. (a) 6 GHz, (b) 7GHz, (c¢) 8 GHz.

It is observed from this figure that the E-field is more intense in the vicinity of the antenna, which
shows significant absorption by the breast tissue. Otherwise, during propagation, the amplitude of the
FE-field is attenuated due to the multiple reflections across various mediums constituting the breast.
However, the existence of a tumor prevents the electromagnetic waves to propagate and behaves as an
electric wall, which means the decrease in amplitude of the transmitted signal through the breast tissue
presented in Fig. 16.
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5. CONCLUSION

In this paper, we proposed a UWB antenna for breast cancer detection. The optimization of the
proposed antenna has been obtained, which covers an impedance bandwidth of 3 GHz to 13 GHz.
Besides, a simulation of radiation patterns, antenna gain, group delay and correlation coefficient were
shown. Furthermore, to improve the antenna’s performance, the ring slot and EBG structure were
added to the proposed antenna, in turn providing a stop band approximately 3.2 GHz to 4.2 GHz and
5GHz to 6 GHz, respectively, which is capable of reducing potential interference between UWB and
WIMAX/WLAN communication systems. The EBG structure and ring slot had a little effect on the
antenna’s performance and had a high distortion of transmitted signal on the notched WIMAX and
WLAN bands. The group delay variation was less than 1 ns, which indicated that the antenna presented
had a good pulse preserving capability. A comparison between simulation and measurement showed
an excellent agreement among the results and validated the design process presented in this paper.
A negligible dispersion over the operating frequency range and a small size 28 x 20mm? of antenna
reduced the error associated with antenna’s position, and thus, improved the accuracy of the system,
which made it suitable for UWB breast cancer applications.
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