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Abstract: This paper investigates the time-domain performance of a switchable filter impulse radio
ultra-wideband (IR-UWB) antenna for microwave breast imaging applications. A miniaturized
CPW-fed integrated filter antenna with switchable performance in the range of the Worldwide
Interoperability for Microwave Access (WiMAX) and Wireless Local Area Network (WLAN) bands
could operate well within a 3.0 to 11 GHz frequency range. The time-domain performance of the
filter antenna was investigated in comparison to that of the designed reference wideband antenna.
By comparing both antennas’ time-domain characteristics, it was seen that the switchable filter
antenna had good time-domain resolution along with the frequency-domain operation. Additionally,
the time-domain investigation revealed that the switchable filter wide-band antenna performed
similarly to the reference wide band antenna. This antenna was also utilized for a tumor detection
application, and it was seen that the switchable filter wide-band antenna could detect a miniaturized
irregularly shaped tumor easily, which is quite promising. Such an antenna with a good time-domain
resolution and tumor detection capability will be a good candidate and will find potential applications
in microwave breast imaging.

Keywords: WiMAX (Worldwide Interoperability for Microwave Access); WLAN (Wireless Local
Area Network); IR-UWB; switchable antenna behavior; microwave breast imaging; tumor detection

1. Introduction

Since 2002, the Federal Communication Commission (FCC) has permitted ultra-wideband (UWB)
communication within the frequency range of 3.1–10.6 GHz, which has led to potential applications
in the fields of microwave imaging, microwave sensors, surveillance systems, wireless vital sign
monitoring, radio-frequency identification (RFID), tumor detection, wireless body area networks,
etc. [1–5]. Due to high-speed data rates and good time-domain resolution, such technology has
attracted researchers and become one of the hot topics for antenna engineers since the last decade [6].
In microwave imaging sensing applications, wideband radars are explored, and they have found
corresponding applications due to multipath effects. Some early work has also been performed on
malignant tumor detection and analyzing multilayered breast phantom models [7,8].

In microwave imaging applications, researchers have tried to develop techniques for breast cancer
detection, since it is one of the diagnosed cancers in women with the highest chance of incidence.
According to a report by the American Cancer Society (ACS), 25% of the cancer diagnoses that occur
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globally are related to breast cancer. Additionally, the survival rate is almost 80% to 90% at an early
stage, which eventually falls to 24% in the corresponding advanced scenarios. Thus, early-stage
detection and cost-effective techniques are some of the utmost requirements. Microwave imaging
techniques for breast cancer detection have therefore been studied over the past years to meet such
requirements [9,10].

Since we know that the UWB spectrum falls within 3–11 GHz, however, we know that certain
other standards fall within this spectrum. Such frequency bands create an unavoidable overlap
among UWB communication systems and affect their corresponding applications for utilization
such as microwave imaging applications. These frequency bands include WLANs operating at 5 to
6 GHz, with sub-standards of lower WLAN having frequencies ranging from 5.15 to 5.35 GHz and
upper WLANs ranging from 5.725 to 5.825 GHz, WiMAX that works in the 3.30–3.60 GHz range,
X-band for satellite communication functioning in the 7.15–7.60 GHz range, and the International
Telecommunication Union (ITU 8-GHz) band functioning at 7.90–8.60 GHz [10–12]. Hence, it is of
utmost importance to remove this overlap in the frequency domain without distorting the time domain.
Frequency domain mitigation has been highly studied in the literature previously, and a lot of different
techniques are proposed and investigated in this regard. However, most of them did not investigate its
effects in the time domain, which is also an important requirement.

It is well established that the corresponding notched band is generated by introducing slot
resonators within the reference antenna such as complementary split-ring resonators, fractal-based
different proposed resonators, etc. [13–15]. Parasitic resonators, defected ground structures, matching
stubs, and filter integration within the reference antenna are also some other techniques that are widely
explored [7,16–18]. However, all these techniques have limitations in the sense that they perform
well within the frequency domain but have a poor resolution in the corresponding time domain.
To eliminate such narrowband frequency ranges from within the UWB spectrum, we need a filter
antenna that has the characteristics of continuously tuning the corresponding filter band, which will
improve the time domain resolution performance. Great interest of researchers has been seen in the
frequency domain analysis of band-notched antennas; however, very limited attention has been seen
towards time-domain performance.

Additionally, different antennas have been tried and developed in this regard, to meet the
time-domain requirements, but they only have a stationary notched band [14,19,20]. Upon tuning or
switching notched bands, their corresponding time-domain performance degrades, and there arises an
enormous ringing, which needs to be eliminated by some special post-processing ringing removal
technique. The analysis and parameters that should be considered while performing the time-domain
analysis of antennas are well described in [21,22]. They analyzed notched band UWB antennas in
both the time domain and frequency domain. The band notching behavior is achieved by utilizing a
combination of the techniques discussed above. The effect of the modulated Gaussian pulse is studied
in different scenarios in detail, and the corresponding time-domain response is provided. A huge
amount of ringing has been seen in the time domain as compared to with a UWB antenna without a
band notch. One such late time ringing mitigation technique is proposed in [23], which is basically an
E-pulse technique that reduces the ringing arising from the notched band’s performance. However,
utilizing such a technique for a wide-band antenna and implementing it in microwave imaging made
it expensive and complex.

This paper is focused on the investigation of the time-domain performance of a switchable filter
impulse radio ultra-wideband antenna for microwave breast imaging applications. A miniaturized
CPW-fed integrated filter antenna with switchable performance in the range of WiMAX and WLAN
bands is analyzed, and its corresponding response in the frequency domain is first provided for
validation purposes only. The frequency-domain performance shows that the antenna can operate well
within a 3.0 to 11 GHz frequency range, having a switchable notched band ranging from 3.3 to 6 GHz
upon changing the capacitance of the integrated capacitor within the resonator. The time-domain
performance of the filter antenna is investigated in comparison to that of the designed reference
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wideband antenna. By comparing both antennas, it is seen that the switchable filter antenna has good
time-domain resolution along with the frequency domain operation. This antenna is also utilized for
tumor detection applications, and it is seen that the switchable filter wide-band antenna can detect a
miniaturized irregularly shaped tumor easily, which is quite promising.

The arrangement of this manuscript is as follows: Section 2 briefly presents the selection and
design of the reference antenna. Section 3 then briefly presents details regarding the selection and
design of a switchable filter antenna. Section 4 deals with the time-domain resolution of the reference
and switchable filter antenna with a focus on the measurement setup and S21 calculation. This section
is also devoted to important time-domain parameter investigation. Section 5 describes the potential
application of the antennas in microwave breast imaging including irregularly shaped miniaturized
tumor detection, which is followed by a conclusion section.

2. Reference Wide-Band Antenna Design

The first reference wide-band antenna was developed using a conventional UWB geometry as
shown in Figure 1a. As can be observed from Figure 1a, it is a CPW-fed wide-band antenna with
the main radiator shaped cylindrically for miniaturization purposes and to achieve good radiation
efficiency and realized gain. The substrate used for the reference wide-band antenna design was
Rogers RO4003, with a thickness of 1.5 mm and relative dielectric constant, εr = 3.38. The overall
antenna dimensions were optimized to 24× 30.5 mm2 including the partial ground plane. This antenna
was simulated by means of the commercially available software Ansoft HFSS, and the corresponding
reflection coefficient vs. frequency plot is displayed in Figure 1b. Additionally, the corresponding
realized gain of the reference wide-band antenna is also provided in Figure 1c, which reveals that this
wide-band antenna possesses an acceptable gain within the operating range. The response indicates
that this radiator possesses the best operation within the 3 to 11 GHz frequency range.
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Figure 1. Reference wide-band antenna; (a) Geometry of reference wide-band antenna; (b) Reflection
coefficient of reference wide-band antenna; (c) Realized gain of reference wide-band antenna.

3. Switchable Filter Wide-Band Antenna Design

Secondly, a switchable filter wide-band antenna was developed and optimized as shown in
Figure 2a. As can be seen, a square-shaped filter was integrated within the partial ground plane of the
reference antenna to achieve filtered performance. Furthermore, this filtered performance was made
switchable by integrating two similar capacitors within the filter, which made the response tunable.
This antenna was also fabricated on the Rogers RO4003 substrate with a substrate width and length
of Wsub = 24 mm2, Lsub = 30.5 mm2, respectively. The utilized switchable filter wide-band antenna
was also simulated and measured, and the corresponding reflection coefficient vs. frequency plot
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is provided in Figures 2b and 3b, respectively. A zoomed-in view of the resonators with integrated
capacitors is shown in Figure 2c to demonstrate the position of the capacitors clearly. Additionally,
the prototype of the antenna is depicted in Figure 3a. It is observed that the antenna filter performance
is switching by altering the capacitance of the corresponding capacitors integrated, without any cost
of radiation pattern deterioration and gain due to the placement of the filter in the ground plane.
The corresponding realized gain of the reference and WiMAX filtered wide-band antennas is also
shown in Figure 2d.
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 4 of 10 

 

Additionally, the prototype of the antenna is depicted in Figure 3a. It is observed that the antenna 
filter performance is switching by altering the capacitance of the corresponding capacitors integrated, 
without any cost of radiation pattern deterioration and gain due to the placement of the filter in the 
ground plane. The corresponding realized gain of the reference and WiMAX filtered wide-band 
antennas is also shown in Figure 2d. 

 
Figure 2. Switchable filter wide-band antenna; (a) Geometry of switchable filter wide-band antenna, 
(b) Reflection coefficient of switchable filter wide-band antenna at different capacitor values;  
(c) Zoomed in view of resonators with integrated capacitors; (d) Realized gain of reference and 
Worldwide Interoperability for Microwave Access (WiMAX) filtered wide-band antennas. 

 
Figure 3. (a) Fabricated switchable filter wide-band antenna; (b) Reflection coefficient of fabricated 
switchable filter wide-band antenna with a filter at Wireless Local Area Network (WLAN) range. 

4. Time-Domain Investigation 

A time-domain investigation of both the reference and switchable filter antennas was performed 
in an anechoic chamber as demonstrated in Figure 4a,b, respectively. The measurement setup was 
comprised of two antennas (either reference or switchable) and was placed in the far-fields of each. 
As can be observed from Figure 4, the transmitting antenna was placed at φ = 0°, while the 
corresponding receiving antenna was rotated at φ = 0°, 90°, 180°, and eventually, the S21 response was 
measured by means of a vector network analyzer (VNA) in each case, which was connected to the Tx 
and Rx antennas via radio frequency (RF) cables. 

Figure 3. (a) Fabricated switchable filter wide-band antenna; (b) Reflection coefficient of fabricated
switchable filter wide-band antenna with a filter at Wireless Local Area Network (WLAN) range.

4. Time-Domain Investigation

A time-domain investigation of both the reference and switchable filter antennas was performed
in an anechoic chamber as demonstrated in Figure 4a,b, respectively. The measurement setup
was comprised of two antennas (either reference or switchable) and was placed in the far-fields of
each. As can be observed from Figure 4, the transmitting antenna was placed at ϕ = 0◦, while the
corresponding receiving antenna was rotated at ϕ = 0◦, 90◦, 180◦, and eventually, the S21 response was
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measured by means of a vector network analyzer (VNA) in each case, which was connected to the Tx
and Rx antennas via radio frequency (RF) cables.
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filter wide-band antenna.

Various parameters from the frequency domain are presented as well to characterize the antenna
performance in the corresponding time domain. The most important parameter that incorporates the
frequency, time, and space together is the fidelity factor (FF), which was analyzed based on [24] and
calculated based on our experiment for the reference and switchable filter antenna. The experimental
setup is shown in Figure 4a,b for the calculation of the S21 performance of the corresponding reference
and switchable filter wide-band antennas, respectively. Then, utilizing Fourier transform, we could
calculate the received signal waveform. The fidelity factor could then be calculated using the following
equations:

Rx(ω) = [H(ω)Tx(ω)] (1)

where the system transfer function H(ω) is composed of the transfer functions of the transmitting antenna
HTx, the receiving antenna HRx, and the channel HCh. Simply, it can be written as H(ω) = HTxHChHRx.

Rx(t) = IFFT[Rx(ω)] (2)

FF = max
n


∫
∞

−∞
Tx(t)Rx(t + τ)dτ[∫

∞

−∞
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∣∣∣2dt

]
.
[∫
∞

−∞

∣∣∣Rx(t)
∣∣∣2dt

] 1
2

 (3)

where Tx(t) represents the transmitted excitation signal, Rx(t) represents the received antenna radiated
signal, H(ω) represents the system transfer function, t signifies time, ω signifies frequency, and τ
represents the shift in the corresponding transmitted excitation signal and received radiated signal
in convolution.

The magnitude of the S21 of the reference and switchable filter antennas are shown in Figure 5.
The S21 characteristics were almost linear over the whole frequency range for reference antennas at ϕ
= 0◦, 90◦, and 180◦. Similarly, the S21 characteristics of the switchable filter antenna were consistent
with the reference antenna having a corresponding shift at higher frequencies, which is usual and
arises due to differences in the gain of both antennas at higher frequencies and higher-order harmonics.
However, the results are valid and acceptable for both antennas, and we can say that both possessed
good performance in the time domain as well as in the frequency domain.
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Figure 6 depicts the incident pulse utilized for excitation, which fell within the FCC indoor
emission mask for UWB devices, as clear from Figure 6b, and it is observable from the normalized
received waveform in Figure 7 that the switchable and reference antennas are in good agreement,
which is quite promising. The corresponding output signals for both antennas were also calculated
and are demonstrated in Figure 7. Different order Gaussian pulses are achieved based on the
following equation.

gn(t) = Anp
dn

dtn e−2π
(

t
µp

)2

(4)

where A is the amplitude factor, n represents the order, and µp is a factor that influences the amplitude
and the width of the Gaussian pulse, also called the time normalization factor; the width of a pulse
becomes narrower when the µp is reduced.
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The fidelity factor was calculated from Tx(t) and Rx(t); it is also summarized in Table 1 at different
receiving antenna orientations. A fidelity factor greater than 0.8 implies that the corresponding source
signal can propagate in a material medium undistorted and, thus, the corresponding received waveform
can be completely characterized in such a scenario [25]. The fidelity factor values calculated for the
reference and switchable filter antennas are listed in Table 1, both in simulations and measurements.
Additionally, the proposed table indicates the fidelity factor at ϕ = 0◦, 90◦, and 180◦, and it is seen that
the difference in each orientation is very small and acceptable. Good agreement is observed among the
simulation and measurement results here as well. It must be noted here that the reference antenna
will always have a good fidelity factor in comparison to the switchable antenna due to the integration
of the filter structure within the reference antenna. However, still, the results show that the selected
switchable filter antenna has good performance in the time domain and meets all the requirements.

Table 1. Fidelity factor of the reference and switchable filter antennas.

Fidelity Factor of Both Antennas

ϕ
Reference Ant.

(Sim.)
Reference Ant.

(Meas.)
Switchable

Filter Ant. (Sim.)
Switchable Filter

Ant. (Meas.)

0◦ 0.93 0.90 0.93 0.89
90◦ 0.89 0.85 0.86 0.82
180◦ 0.87 0.85 0.83 0.80

5. Application in Microwave Imaging

The effectiveness of the antenna was tested using a canonical breast model. The electromagnetic
properties of the breast tissue and the tumor utilized here were defined as follows. The skin was
modeled by using a conductivity σ = 4 S/m, a relative permittivity εr = 36, and a thickness of
1.8 mm. Breast tissue was represented by using a first-order Debye model with εs = 12, ε∞ = 6.5,
and σ = 0.14 S/m. The tumor utilized had an irregular, small geometry, as shown in Figure 8a. This is
because regular tumors are easy to detect and analyze but irregular tumors have not been studied in
detail. Additionally, the practical tumor is not always regular and there are always some variations
from the regular geometrical shape. The tumor’s electromagnetic properties are given in terms of a
Debye model with εs = 51, ε∞ = 3.5, and σ = 0.7 S/m. The tumor was assumed to be placed inside
the breast model near the skin tissue. Utilizing the microwave imaging technique with the aperture
scanning method [26–28], the tumor was studied, and it was analyzed for detection. The CST EM
solver was used to study the performance of the antenna using the scanning method. The spatial
sample rate was selected as 5 mm for the whole phantom model, and the corresponding S21 was
obtained. The images that were obtained from the corresponding calibrated S21 at 6 GHz for both the
reference and switchable filter antennas are shown in Figure 8b,c, respectively. A tumor was detected
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as shown in these figures in both cases; however, the exact shape could be viewed and analyzed in
much more detail in the switchable case than in the reference one.
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Figure 8. Image of tumor detection by selecting and placing irregular miniaturized tumor; (a) Irregularly
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The proposed imaging setup comprises two antennas, one for transmitting the UWB signal and
another for receiving it to achieve a 2D scan in the (y, z) plane. For the reference antenna case, we used
two similar reference antennas for transmitting and receiving, and for the switchable case, we used
two similar switchable antennas for transmitting and receiving. The breast was compressed between
these similar antennas in each scenario, and the antennas were made movable by scanning the breast
completely. The steps involved in image formation were as follows: First, the phantom was placed
between two antennas having no tumor, and the S-parameters were recorded in this case at each
position and termed as Sback

21 (y, z). Secondly, the phantom was placed between the two antennas having
irregularly shaped miniaturized tumors and the S-parameters were again recorded in this case at each
position and termed as Ssim

21 (y, z). Finally, the image was extracted by subtracting the S-parameters in
the case of no tumor from the corresponding S-parameters in the case of a tumor at each step position
and then taking the absolute value using the following equation.∣∣∣∣Simage

21 (y, z)
∣∣∣∣ = ∣∣∣Ssim

21 (y, z) − Sback
21 (y, z)

∣∣∣ (5)

6. Conclusions

We investigated the time-domain performance of a switchable filter impulse radio ultra-wideband
(IR-UWB) antenna for microwave breast imaging applications. A miniaturized CPW-fed integrated
filter antenna with switchable performance in the range of the WiMAX and WLAN bands was studied,
and its potential applications were explored. The time-domain performance of the filter antenna was
investigated in comparison to that of the designed reference wideband antenna, and it was shown that
the switchable antenna had a good time-domain resolution. Both antennas were then utilized for a
tumor detection application, and it was seen that the switchable filter wide-band antenna could detect
a miniaturized irregularly shaped tumor easily, which is quite promising. This antenna will be one of
the promising candidates for microwave breast imaging.

Author Contributions: Conceptualization, A.H. and M.R.; methodology, A.H. and M.R.; software, M.N.;
validation, A.H. and M.R.; formal analysis, A.H.; investigation, A.H. and M.R.; resources, M.N. and H.S.K.; data
curation, A.H. and M.R.; writing—original draft preparation, A.H., M.R., and M.N.; writing—review and editing,
A.H. and H.S.K.; supervision, A.H. and H.S.K.; funding acquisition, H.S.K. All authors have read and agreed to
the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant funded by the
Korean government (MSIT) (No. 2019R1A4A1023746, No. 2019R1F1A1060799) and Strengthening R&D Capability
Program of Sejong University.

Conflicts of Interest: The authors declare no conflict of interest.



Sensors 2020, 20, 4302 9 of 10

References

1. The Federal Communications Commission. Revision of Part 15 of the Commission’s Rules Regarding
Ultra-Wideband Transmission Systems; First Report and Order, FCC 02-48; The Federal Communications
Commission: Washington, DC, USA, 2002.

2. Jafari, H.M.; Deen, M.J.; Hranilovic, S.; Nikolova, N.K. A study of ultrawideband antennas for near-field
imaging. IEEE Trans. Antennas Propag. 2007, 55, 1184–1188. [CrossRef]

3. Rahman, M.; Park, J.-D. The Smallest Form Factor UWB Antenna with Quintuple Rejection Bands for IoT
Applications Utilizing RSRR and RCSRR. Sensors 2018, 18, 911. [CrossRef] [PubMed]

4. Kwon, S.; Lee, S. Recent advances in microwave imaging for breast cancer detection. Int. J. Biomed. Imaging
2016, 206, 1–26. [CrossRef] [PubMed]

5. Fear, E.C. Confocal microwave imaging for breast cancer detection: Localization of tumors in three dimensions.
IEEE Trans. Biomed. Eng. 2002, 49, 812–822. [CrossRef]

6. Schueren, M.V. Safety Assessment of Microwave Radar Breast Imaging in the 0.434–9 GHz Range.
Master’s Thesis, McGill University Montreal, Montreal, QC, Canada, June 2011.

7. Rahman, M.; NaghshvarianJahromi, M.; Mirjavadi, S.S.; Hamouda, A.M. Resonator Based Switching
Technique between Ultra Wide Band (UWB) and Single/Dual Continuously Tunable-Notch Behaviors in
UWB Radar for Wireless Vital Signs Monitoring. Sensors 2018, 18, 3330. [CrossRef]

8. Alirotehand, M.S.; Arbabian, A. Microwave-induced thermo-acoustic imaging of subcutaneous vasculature
with near-field RF excitation. IEEE Trans. Microw. Theory Tech. 2018, 66, 577–588. [CrossRef]

9. American Cancer Society. Cancer Facts & Figures 2019. Available online: https://www.cancer.org/cancer/
breastcancer/about/howcommon-is-breastcancer.html (accessed on 9 March 2019).

10. Vitual Medical Centre. PET Scan (Positron Emission Tomography). Available online: https://www.myvmc.
com/investigations/pet-scan-positron-emission-tomography.html (accessed on 12 November 2019).

11. Nejatijahromi, M.; Rahman, M.; Naghshvarianjahromi, M. Continuously Tunable WiMAX Band-Notched
UWB Antenna with Fixed WLAN Notched Band. Prog. Electromagn. Res. Lett. 2018, 75, 97–103. [CrossRef]

12. Nejatijahromi, M.; Rahman, M.; Naghshvarianjahromi, M. A New Compact Planar Antenna for Switching
between UWB, Narrow Band and UWB with Tunable-notch Behaviors for UWB and WLAN Applications.
Appl. Comput. Electromagn. Soc. J. 2018, 33, 400–406.

13. Ding, J.; Lin, Z.; Ying, Z.; He, S. A compact ultra-wideband slot antenna with multiple notch frequency bands.
Microw. Opt. Technol. Lett. 2007, 49, 3056–3060. [CrossRef]

14. Gao, G.; Hu, B.; He, L.; Wang, S.; Yang, C. Investigation of a reconfigurable dual notched UWB antenna by
conceptual circuit model and time-domain characteristics. Microw. Opt. Technol. Lett. 2017, 59, 1326–1332.
[CrossRef]

15. Rahman, M.; Khan, W.T.; Imran, M. Penta-notched UWB antenna with sharp frequency edge selectivity
using combination of SRR, CSRR, and DGS. AEU Int. J. Electron. Commun. 2018, 93, 116–122. [CrossRef]

16. Rahman, M.; NaghshvarianJahromi, M.; Mirjavadi, S.S.; Hamouda, A.M. Bandwidth Enhancement and
Frequency Scanning Array Antenna Using Novel UWB Filter Integration Technique for OFDM UWB Radar
Applications in Wireless Vital Signs Monitoring. Sensors 2018, 18, 3155. [CrossRef] [PubMed]

17. Rahman, M.; Ko, D.S.; Park, J.D. A Compact Multiple Notched Ultra-Wide Band Antenna with an Analysis
of the CSRR-TO-CSRR Coupling for Portable UWB Applications. Sensors 2017, 17, 2174. [CrossRef]

18. Rahman, M.; NagshvarianJahromi, M.; Mirjavadi, S.S.; Hamouda, A.M. Compact UWB Band-Notched
Antenna with Integrated Bluetooth for Personal Wireless Communication and UWB Applications. Electronics
2019, 8, 158. [CrossRef]

19. Malik, J.; Patnaik, A.; Kartikeyan, M.V. Time-domain performance of band-notch techniques in UWB
antenna. In Proceedings of the IEEE 2016 Asia-Pacific Microwave Conference (APMC), New Delhi, India,
5–9 December 2016; pp. 1–3.

20. Yang, Y.Y.; Chu, Q.X.; Zheng, Z.A. Time-domain characteristics of band-notched ultrawideband antenna.
IEEE Trans. Antennas Propag. 2009, 57, 3426–3430. [CrossRef]

21. Rahman, M.; Khan, W.T.; Imran, M.; Awais, M. Time-domain analysis of a compact UWB antenna acting as a
band stop filter in five narrow frequency bands. In Proceedings of the 2017 IEEE Asia Pacific Microwave
Conference (APMC), Kuala Lumpur, Malaysia, 13–16 November 2017; pp. 783–786.

http://dx.doi.org/10.1109/TAP.2007.893405
http://dx.doi.org/10.3390/s18030911
http://www.ncbi.nlm.nih.gov/pubmed/29562714
http://dx.doi.org/10.1155/2016/5054912
http://www.ncbi.nlm.nih.gov/pubmed/28096808
http://dx.doi.org/10.1109/TBME.2002.800759
http://dx.doi.org/10.3390/s18103330
http://dx.doi.org/10.1109/TMTT.2017.2714664
https://www.cancer.org/cancer/breastcancer/about/howcommon-is-breastcancer.html
https://www.cancer.org/cancer/breastcancer/about/howcommon-is-breastcancer.html
https://www.myvmc.com/investigations/pet-scan-positron-emission-tomography.html
https://www.myvmc.com/investigations/pet-scan-positron-emission-tomography.html
http://dx.doi.org/10.2528/PIERL18010819
http://dx.doi.org/10.1002/mop.22892
http://dx.doi.org/10.1002/mop.30535
http://dx.doi.org/10.1016/j.aeue.2018.06.010
http://dx.doi.org/10.3390/s18093155
http://www.ncbi.nlm.nih.gov/pubmed/30235784
http://dx.doi.org/10.3390/s17102174
http://dx.doi.org/10.3390/electronics8020158
http://dx.doi.org/10.1109/TAP.2009.2028708


Sensors 2020, 20, 4302 10 of 10

22. Cho, Y.J.; Kim, K.H.; Choi, D.H.; Lee, S.S.; Park, S.O. A miniature UWB planar monopole antenna with 5-GHz
band-rejection filter and the time-domain characteristics. IEEE Trans. Antennas Propag. 2006, 54, 1453–1460.
[CrossRef]

23. Rahman, M.; Haider, A.; Naghshvarianjahromi, M. A Systematic Methodology for the Time-Domain Ringing
Reduction in UWB Band-Notched Antennas. IEEE Antennas Wirel. Propag. Lett. 2020, 19, 482–486. [CrossRef]

24. Koohestani, M.; Pires, N.; Moreira, A.A.; Skrivervik, A.K. Time-domain performance of patch-loaded
band-reject UWB antenna. Electron. Lett. 2013, 49, 385–386. [CrossRef]

25. Singhal, S.; Singh, A.K. CPW-fed hexagonal Sierpinski super wideband fractal antenna. IET Microw. Antennas
Propag. 2016, 10, 1701–1707. [CrossRef]

26. Inum, R.; Rana, M.; Shushama, K.N.; Quader, M. EBG based microstrip patch antenna for brain tumor
detection via scattering parameters in microwave imaging system. Int. J. Biomed. Imaging 2018, 2018, 8241438.
[CrossRef]

27. Lazebnik, M.; McCartney, L.; Popovic, D.; Watkins, C.B.; Lindstrom, M.J.; Harter, J.; Sewall, S.; Ogilvie, T.;
Magliocco, A.; Breslin, T.M.; et al. A large-scale study of the ultrawideband microwave dielectric properties
of normal breast tissue obtained from reduction surgeries. Phys. Med. Biol. 2007, 52, 6093–6115. [CrossRef]
[PubMed]

28. Abbosh, A.M. Directive antenna for ultrawideband medical imaging systems. Int. J. Antennas Propag. 2008,
2008, 854012. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/TAP.2006.874354
http://dx.doi.org/10.1109/LAWP.2020.2972025
http://dx.doi.org/10.1049/el.2012.3775
http://dx.doi.org/10.1049/iet-map.2016.0154
http://dx.doi.org/10.1155/2018/8241438
http://dx.doi.org/10.1088/0031-9155/52/20/002
http://www.ncbi.nlm.nih.gov/pubmed/17921574
http://dx.doi.org/10.1155/2008/854012
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Reference Wide-Band Antenna Design 
	Switchable Filter Wide-Band Antenna Design 
	Time-Domain Investigation 
	Application in Microwave Imaging 
	Conclusions 
	References

