
UWB Technology  
and its Applications

Edited by Dusan Kocur

Edited by Dusan Kocur

Ultra-wideband (UWB) technology is a radio technology that uses electromagnetic 
waves with a very low power spectral density occupying a bandwidth of more than 

25% of a centre frequency, or more than 0.5GHz, for short-range remote sensing, 
high-bandwidth communications or object positioning. The detailed analyses of state-

of-the-art UWB technology has shown that this technology is very interesting and 
promising with a great application potential. Following these facts, our book attempts 
to present current and emerging trends in research and development of UWB systems. 

The book is focused on basic components of UWB systems such as antennas, filters, 
photonic approach for signal processing methods, as well as on some applications of 

UWB systems (human target analysis, cancer detection).

Published in London, UK 

©  2019 IntechOpen 
©  Kwangmoozaa / iStock

ISBN 978-1-78985-715-3

U
W

B Technology and its A
pplications



UWB TECHNOLOGY AND
ITS APPLICATIONS

Edited by Dusan Kocur



UWB TECHNOLOGY AND
ITS APPLICATIONS

Edited by Dusan Kocur



UWB Technology and its Applications
http://dx.doi.org/10.5772/intechopen.74349
Edited by Dusan Kocur

Contributors

Ikram E Khuda, Rabia Yahya, Makoto Itami, Akira Nakamura, Xuehui Guan, Yuan He, Ke Xu

© The Editor(s) and the Author(s) 2019
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, Designs and 
Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. The book as a whole 
(compilation) cannot be reproduced, distributed or used for commercial or non-commercial purposes without 
INTECHOPEN LIMITED’s written permission. Enquiries concerning the use of the book should be directed to 
INTECHOPEN LIMITED rights and permissions department (permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0 
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided 
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not 
be included under the Creative Commons license. In such cases users will need to obtain permission from the license 
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be 
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those 
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published 
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the 
use of any materials, instructions, methods or ideas contained in the book.

First published in London, United Kingdom, 2019 by IntechOpen
eBook (PDF) Published by IntechOpen, 2019
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, registration number: 
11086078, The Shard, 25th floor, 32 London Bridge Street  
London, SE19SG – United Kingdom
Printed in Croatia

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

UWB Technology and its Applications
Edited by Dusan Kocur

p. cm.

Print ISBN 978-1-78985-715-3

Online ISBN 978-1-78985-716-0

eBook (PDF) ISBN 978-1-83962-069-0



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

4,000+ 
Open access books available

151
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

116,000+
International  authors and editors

120M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

 





Meet the editor

Dušan Kocur was born in Kosice, Slovakia, in 1974. He 
received his M.Sc. and Ph.D. degree in Radioelectronics 
from the Faculty of Electrical Engineering, Technical 
University of Košice, in 1985 and 1990, respectively. 
Nowadays, he is a full professor at the Department of 
Electronics and Multimedia Communications of his 
Alma Mater. His main research interests include ul-

tra-wideband (UWB) radar systems, real-time operating UWB localization 
systems, UWB sensor network and UWB radar with synthetic aperture. He 
has also dealt with UWB radar signal processing focused on short-range 
localization and tracking of moving and static persons and on contactless 
monitoring of breathing frequency and heart rate of human beings. He has 
published more than 230 scientific papers in books, journals and confer-
ence proceedings.



Contents

Preface VII

Chapter 1 Feasibility of the Detection of Breast Cancer Using Ultra-Wide
Band (UWB) Technology in Comparison with Other Screening
Techniques   1
Ikram E Khuda

Chapter 2 Ultra-Wideband FSS-Based Antennas   15
Rabia Yahya, Akira Nakamura and Makoto Itami

Chapter 3 Slot-Line UWB Bandpass Filters and Band-Notched
UWB Filters   43
Xuehui Guan

Chapter 4 Toward Deep Learning-Based Human Target Analysis   59
Yuan He, Xinyu Li and Xiaojun Jing

Chapter 5 UWB Signal Generation and Modulation Based on Photonic
Approaches   75
Ke Xu



Contents

Preface XI

Chapter 1 Feasibility of the Detection of Breast Cancer Using Ultra-Wide
Band (UWB) Technology in Comparison with Other Screening
Techniques   1
Ikram E Khuda

Chapter 2 Ultra-Wideband FSS-Based Antennas   15
Rabia Yahya, Akira Nakamura and Makoto Itami

Chapter 3 Slot-Line UWB Bandpass Filters and Band-Notched
UWB Filters   43
Xuehui Guan

Chapter 4 Toward Deep Learning-Based Human Target Analysis   59
Yuan He, Xinyu Li and Xiaojun Jing

Chapter 5 UWB Signal Generation and Modulation Based on Photonic
Approaches   75
Ke Xu



Preface

Ultra-wideband (UWB) technology is a radio technology that uses electromagnetic waves
with a very low power spectral density occupying a bandwidth of more than 25% of a centre
frequency, or more than 0.5GHz, for short-range remote sensing, high-bandwidth communi‐
cations or object positioning. As UWB systems exploit a very large frequency band, they can
provide high-range resolution for sensors, radars, object positioning and a high transmission
rate for wireless communication systems. This feature of UWB technology has motivated
researchers to develop a range of interesting applications of UWB systems. They include
person localization and tracking at security operation and disaster events, contactless moni‐
toring of breathing frequency and heart rate of human beings, medical and industrial appli‐
cations of microwave imaging, ground penetrating and automotive radars, positioning
systems, impedance spectroscopy, wireless communication systems, etc.

The detailed analyses of state-of-the-art UWB technology has shown that UWB technology
can be considered very interesting, promising and having great application potential. Fol‐
lowing these facts, our book attempts to present current and emerging trends in research
and development of UWB systems as well as some future expectations. The book consists of
five chapters. The chapters are focused on basic components of UWB systems and on some
applications of UWB systems.

The first chapter is devoted to early detection of cancers using UWB technology. By early
detection, we mean identification of tumours before the symptoms become visible. This can
be done clinically using modern instrumentation and procedures referred to as screening. In
this field, UWB microwave imaging has been introduced as a possible tool for replacing pri‐
or screening techniques such as X-rays, ultrasound and MRI to be applied for cancer detec‐
tion. Following this idea, the chapter compares UWB technology with other screening
techniques to be applied for cancer detection. Moreover, selected properties of human tis‐
sues allowing identification of tumours are studied in the chapter.

In the next chapter, an overview of the fundamental applications of frequency selective surfa‐
ces (FSS) in antenna engineering is presented. Here, special attention is paid to antennas for
UWB systems employing FSS. In this field, the basic FSSs such as the capacitive and its com‐
plementary inductive FSSs to design UWB reflectors that can serve improving and stabilizing
the gain of UWB antennas are considered. Thereafter, a proposed UWB single-layer FSS is
used to serve the same purpose. And finally, the FSS is integrated and designed together with
UWB radiators, which has resulted in lower profile along with a good performance.

It is well known that bandpass filters such as resonators (stub-loaded resonator, slot-line res‐
onator, multi-mode resonator) and notch filters are an essential part of UWB systems. These
components of UWB systems are studied in the third chapter. The chapter is focused on mi‐
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crostrip multimode resonator based bandpass UWB filters. Besides that, filters that decrease
the interference between UWB systems and existing communication system such as WLAN
and WiMAX are discussed in the chapter. It is shown that such filters can be obtained by
insertion of notch bands in the UWB passband. Several novel designs have been proposed
and realized to verify the proposed design scheme.

The fourth chapter is focused on human target monitoring using UWB radar. In this chapter,
a novel concept, called range-Doppler surface, for human target analysis using UWB radar
is described. The construction of range-Doppler surface involves range-Doppler imaging,
adaptive threshold detection and isosurface extraction. A Keystone-transform-based range
migration compensation approach is applied to allow high-quality range-Doppler imaging
using UWB radar. Adaptive threshold detection is applied to detect the extended target in
the range-Doppler image. And finally, range-Doppler surface is constructed by extracting an
isosurface from a range-Doppler video sequence defined as a sequence of range-Doppler im‐
ages. In comparison with micro-Doppler profiles and high-resolution range profiles, range-
Doppler surface contains range, Doppler and time information simultaneously. The
importance of the range-Doppler surface in the field of person monitoring is illustrated by
simulations and experimental results. The obtained results show that the range-Doppler sur‐
face applications open a new area in the field of human target analysis.

The final chapter deals with photonic technologies applied for UWB signal processing. It is
well known, that UWB signals generated in the optical domain can benefit the advantages of
the large bandwidth and compatibility with optical fibre network. With regard to the impor‐
tance of this approach, an overview of the UWB signal processing using photonic techniques
is presented in this chapter. The chapter is focused on UWB signal generation and modula‐
tion using photonic approaches. The basic principles of this approach are based on linear
optics, nonlinear optics, electro-optics covering a wide scope of hot topics in photonics area.
The technical implementations rely on optoelectronic components, photonic integrated cir‐
cuits, or novel 2D materials. The working principle, technical implementations, pros and
cons, applications and the prospects are discussed in this chapter.

The contributors hope that readers will find in our book some new and useful insight into
the discussed field of UWB technology and its applications.

Dušan Kocur
Department of Electronics and Multimedia Communications

Faculty of Electrical Engineering and Informatics
Technical University of Kosice, Slovakia
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Abstract

Breast cancer is considered a leading cause of deaths among women. Researches state
that women around the world still face this problem, and because of its unawareness, it
is many times left unattended in the budding stages. If correctly screened and detected
early, then with proper treatment, this could stop the metastasis and reduce the pains
and difficulties of the later stages. Screening methods such as x-ray-based mammography,
ultrasound, PET scan, and magnetic resonance imaging (MRI) clinically exist for breast
tumor investigation. It is very important that screening procedures should have high spec-
ificity and sensitivity for the detection of tumors. Additionally, these methods also have
to placate concerns such as ease of the patient during imaging, high-resolution images for
added precise elucidation, cost effectiveness, and the capacity to detect the malignant-
leading tumors in the early stage. Existing imaging techniques do not meet all of these
conditions concurrently. In this scenario, ultra-wide band (UWB) technology has come
into play the role of a useful alternative for screening and detection of breast tumors. This
chapter discusses firstly probabilistic qualitative metrics which are used in measuring the
quality of testing procedures, and then later UWB testing methods are discussed in brief.

Keywords: cancer, breast cancer, x-rays, MRI, ultrasound, UWB, microwave 
tomography, radars

1. Introduction

Cancer is a syndrome characterized by an uncontrolled anomalous growth of cells, originat-
ing anywhere in the human body and spreading to other nearby tissues and organs as a chain 
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reaction and at an exponentially fast pace. The mass formed by these cells is called tumor. 
These can be malignant or benign. A malignant tumor can grow uncontrollably to other parts 
of the body. Comparatively, a benign tumor can grow but does not spread. Cancers that are 
defined by the existence of tumors are carcinomas and sarcomas. The spreading of cancer 
cells, which also characterize them as malignant, is called metastasis. New metastatic tumor 
in some other organ or tissue is of the same type from where it was originated. For example, 
if breast cancer spreads into the lungs, the cancer cells in the lungs are designated as breast 
cancer cells. Hence, it is quite apparent that early detection of the presence of cancer cells is a 
very important stage to cure it. This early detection is called screening. The whole objective of 
screening is to stop the metastasis stage as early as possible.

Scientists and researchers are always in the continuum to develop the methods which could 
help in the finding of cancer cells well before the symptoms appear or impact of cancerous 
cells could be observed/felt with as convenience as possible to the patients. Modeling new can-
cer screening methods is an area of active research in medicine and biomedical engineering.

Screening methods available or in use at present and clinically accepted include x-ray mam-
mography, ultrasound, and magnetic resonance imaging (MRI) [1–3]. Another screening 
method which is still under experimental research is ultra-wide band (UWB) technology. In 
this chapter we shall discuss about the feasibility of UWB technology for early detection of 
breast cancer.

2. Breast cancer screening techniques

2.1. X-ray mammography

X-rays are electromagnetic waves having wavelengths varying from 0.01 to 10 nanometers, 
belonging to frequencies in the range 30 petahertz to 30 exahertz (3 × 1016–3 × 1019 Hz) and 
having energies from 100 eV to 100 keV. Their wavelength is shorter than UV rays and lon-
ger than gamma rays. X-ray mammography employs controlled dose of these radiations for 
producing images (radiographs) to early detect breast cancer before the symptoms become 
visible. X-ray radiography is noninvasive if used controllably, i.e., in small dose. Exhausting 
a standard measure of radiation dose, millisievert (mSv), the total dose for a screening mam-
mogram with two views of each breast (four images total) is approximately 0.4 mSv [4, 5]. The 
radiation which a woman receives with a screening mammogram is about equal to the dose 
received over 7 weeks from natural surroundings or background radiation. The radiation 
dose from a mammogram is little more than from a chest x-ray. Interestingly, if the radiation 
dose from x-rays is not controlled, then they themselves can become a high risk of produc-
ing breast cancer. This effect is because of the ionizing nature of high-energy x-rays at high 
frequencies. Hence, using x-rays for mammography requires ensuing precise guidelines and 
conducting regular equipment inspections to guarantee that the equipment is safe and uses 
the lowest radiation dose possible for producing high-quality, investigative images. The fre-
quency of x-rays and their energy with duration of emission (dose) set the quality of x-rays 
which are difficult to trade off for each other.

UWB Technology and its Applications2

Penetration of x-rays is directly proportional to the wavelength. So, high-frequency x-rays 
have low power to penetrate than low-frequency x-rays. In comparison, energy of the trans-
mitting x-rays varies inversely with the wavelength and directly with the frequency of trans-
mission. Thus, high-frequency x-rays lead to high-energy photons and also produce better 
resolution of the mammogram. But, at the same time, the higher the penetrating power is of 
the x-rays, the more is their ionizing effect.

So, although x-ray mammography is a conventional method for breast cancer screening, it 
is not easy to trade off between low-frequency x-rays (for higher penetration), low-energy 
x-rays for less ionization, and simultaneously high-energy x-rays for better resolution of the 
mammogram. Also, as reported in [6, 7], the rate of failure in detecting the tumor using x-ray 
mammography is significantly considerable and therefore cannot be neglected. This includes 
false-positive and false-negative probabilities.

2.2. Magnetic resonance imaging (MRI)

An alternative to x-ray mammography is magnetic resonance imaging or MRI for detecting 
breast tumors or other cancer tumors. MRI offers better sensitivity as compared to X-rays, but 
besides the cost of the examination, the specificity is very little and can lead to erroneous diag-
nosis [8]. MRI does not involve x-rays and other ionizing radiations. The frequencies used 
are in 60 MHz range [8]. This is quite low as compared to x-rays. The human body mostly 
comprises water and chemically water molecules (H2O) contain hydrogen nuclei (which are 
protons). They become aligned in a magnetic field. An MRI scanner produces such a strong 
magnetic field (about 0.2–3 tesla), which aligns the proton “spins.” The scanner also pro-
duces a current that creates a varying magnetic field of approximately 60 MHz. The protons 
absorb the energy from the magnetic field and flip their spins. When the field is removed, 
the protons gradually return to their normal spin (precession). The return process produces 
a radio signal that can be measured by the receivers in the scanner and converted into an 
image. Protons in different body tissues return to their normal spins at diverse rates, so the 
scanner can differentiate among various types of tissues. The scanner settings can be adjusted 
to produce contrasts between the body tissues. Surplus magnetic fields are used to produce 
three-dimensional images that may be viewed from different angles. There are many forms of 
MRI, but diffusion MRI and functional MRI (fMRI) are two of the most commonly used forms 
in biomedical imaging. Diffusion MRI measures the way water molecules diffuse through 
body tissues. Certain disease processes—especially tumor—can hamper this diffusion, thus 
helping to diagnose them. In addition to structural imaging, functional MRI can also be used 
to visualize functional activities. Functional MRI, or fMRI, is used to measure changes in 
blood flow to different parts of the tissues or organ.

2.3. Ultrasound waves

This is another alternative for detecting and screening the presence of tumors and specifi-
cally breast tumors. In this testing procedure, high-frequency sound waves are transmitted 
to the effected tissue, and without involving radiations, the received signals are converted 
into images. Ultrasound cannot replace the effectiveness of mammogram or MRI. It is only 
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used to see if the breast lump is filled with cyst or if it is solid. Ultrasound can also be used to 
characterize the type of tumor. They are considered a good extension of physical palpations 
which use touching the breasts to detect the presence of any tumors. But they are limited 
to penetration because of lower frequency as compared to MRI and x-ray mammograms. 
Ultrasound waves have frequencies above about 20 kHz [9, 10].

3. Quality of diagnostic testing procedure

It should be understood that testing the presence of breast tumor (just like any other tumor) 
is a random experiment with probabilities associated with the outcomes. Therefore, the 
quality of diagnostic tests can be measured using the probabilities associated with them. 
A test can be positive (detect tumor) when the tumor is actually present (true positive), 
and a test can also be positive (detect tumor) when there is no tumor at all (false positive). 
Likewise, a test can be negative (does not detect tumor) when the tumor is not present (true 
negative), and a test can also be negative (does not detect tumor) when the tumor is actually 
present (false negative). Out of these four different probabilities, the two which are normally 
used to qualitatively access the diagnostic procedure accuracy are sensitivity which is the 
true-positive rate probability and specificity which is the true-negative rate probability. If T+ 
indicates the test is positive, T− indicates the test is negative, C+ indicates existence of cancer, 
and C− indicates the absence of cancer, then the conditional probabilities stated above are 
shown in Table 1.

Sensitivity, specificity, and other probabilities which are used in the test’s qualitative measure 
can be easily calculated using Bayes’ theorem. If “a,” “c,” “b,” and “d” indicate the test posi-
tive and cancer-carrying persons, test positive and cancer-not-carrying persons, test negative 
and cancer-carrying persons, and test negative and cancer-not-carrying persons, respectively, 
then using Table 2, the probabilities in Table 1 and other percentages can be calculated in 
Table 3 at any confidence interval (CI).

The statistics of the cancer-detecting modalities in Table 4 suggests that despite their rec-
ognized ability to detect tumors they still have their lackings. False-positive rate and false-
negative rate are not negligible. False-positive rates lead to a number of needless surplus 
investigations which could produce ionization. In the context of false-negative rate, if a frac-
tion of the tumors are not detected at an early stage, then this could lead to malignancy and 

Probability name Conditional probability

True positive P(T+/C+)

False positive P(T+/C−)

False negative P(T−/C+)

True negative P(T−/C−)

Table 1. Conditional probabilities associated with cancer diagnostic tests.
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ultimately to metastasis. An important reason for the limitations using the techniques is that 
the contrast between the tumor and the surrounding tissue sometimes can be as low as a few 
percent and therefore it adds to the error of diagnostic procedure.

These and other relevant issues motivated the researchers to seek for an alternative tech-
nology which could provide better statistics and also not be harmful at the same time. This 
alternative technology and methodology is the use of ultra-wide band (UWB) emission and 
imaging system.

Cancer tumor

Test Present Absent Total

Positive a c a + c

Negative b d b + d

Total a + b c + d a + b + c + d

Table 2. Cross tabulation table of conditional probabilities.

S. 
no

Test statistics Computation method Definition/interpretation

1. Sensitivity a/(a + b) It is the true-positive rate. This shows the probability that a 
test result will be positive when the cancer tumor is present

2. False-negative rate 1⁻Sensitivity = b/(a + b) This shows the probability of a negative test result given that 
the cancer tumor is present

3. Specificity d/(c + d) It is the true-negative rate. This shows the probability that a 
test result will be negative when the cancer tumor is absent

4. False-positive rate 1⁻Specificity = c/(c + d) This shows the probability of a positive test result given that 
the disease is not present

5. Positive likelihood 
ratio

Sensitivity/(1⁻specificity) It is the ratio of the true-positive rate to the false-positive rate.

6. Negative likelihood 
ratio

1⁻Sensitivity/(specificity) It is the ratio of the false-negative rate to the true-negative rate

7. Cancer prevalence (a + b)/(a + b + c + d) This shows total probability of the presence of cancer tumor

8. Cancer absence (c + d)/(a + b + c + d) This shows total probability of the absence of cancer tumor

9. Positive predictive 
value

a/(a + c) This shows the probability that the cancer tumor is present 
given the test is positive

10. Negative predictive 
value

d/(b + d) This shows the probability that the cancer tumor is absent 
given the test is negative

11. Accuracy (a + d)/(a + b + c + d) This shows the probability that he patient will be correctly 
classified

Authors in [11] surveyed these test statistics of different breast cancer screening tests, and their results are tabulated in 
Table 4.

Table 3. Calculation methods of test statistics as quality metrics of diagnostic tests for 95% confidence intervals (CI).

Feasibility of the Detection of Breast Cancer Using Ultra-Wide Band (UWB) Technology…
http://dx.doi.org/10.5772/intechopen.79679

5



used to see if the breast lump is filled with cyst or if it is solid. Ultrasound can also be used to 
characterize the type of tumor. They are considered a good extension of physical palpations 
which use touching the breasts to detect the presence of any tumors. But they are limited 
to penetration because of lower frequency as compared to MRI and x-ray mammograms. 
Ultrasound waves have frequencies above about 20 kHz [9, 10].

3. Quality of diagnostic testing procedure

It should be understood that testing the presence of breast tumor (just like any other tumor) 
is a random experiment with probabilities associated with the outcomes. Therefore, the 
quality of diagnostic tests can be measured using the probabilities associated with them. 
A test can be positive (detect tumor) when the tumor is actually present (true positive), 
and a test can also be positive (detect tumor) when there is no tumor at all (false positive). 
Likewise, a test can be negative (does not detect tumor) when the tumor is not present (true 
negative), and a test can also be negative (does not detect tumor) when the tumor is actually 
present (false negative). Out of these four different probabilities, the two which are normally 
used to qualitatively access the diagnostic procedure accuracy are sensitivity which is the 
true-positive rate probability and specificity which is the true-negative rate probability. If T+ 
indicates the test is positive, T− indicates the test is negative, C+ indicates existence of cancer, 
and C− indicates the absence of cancer, then the conditional probabilities stated above are 
shown in Table 1.

Sensitivity, specificity, and other probabilities which are used in the test’s qualitative measure 
can be easily calculated using Bayes’ theorem. If “a,” “c,” “b,” and “d” indicate the test posi-
tive and cancer-carrying persons, test positive and cancer-not-carrying persons, test negative 
and cancer-carrying persons, and test negative and cancer-not-carrying persons, respectively, 
then using Table 2, the probabilities in Table 1 and other percentages can be calculated in 
Table 3 at any confidence interval (CI).

The statistics of the cancer-detecting modalities in Table 4 suggests that despite their rec-
ognized ability to detect tumors they still have their lackings. False-positive rate and false-
negative rate are not negligible. False-positive rates lead to a number of needless surplus 
investigations which could produce ionization. In the context of false-negative rate, if a frac-
tion of the tumors are not detected at an early stage, then this could lead to malignancy and 

Probability name Conditional probability

True positive P(T+/C+)

False positive P(T+/C−)

False negative P(T−/C+)

True negative P(T−/C−)

Table 1. Conditional probabilities associated with cancer diagnostic tests.

UWB Technology and its Applications4

ultimately to metastasis. An important reason for the limitations using the techniques is that 
the contrast between the tumor and the surrounding tissue sometimes can be as low as a few 
percent and therefore it adds to the error of diagnostic procedure.

These and other relevant issues motivated the researchers to seek for an alternative tech-
nology which could provide better statistics and also not be harmful at the same time. This 
alternative technology and methodology is the use of ultra-wide band (UWB) emission and 
imaging system.

Cancer tumor

Test Present Absent Total

Positive a c a + c

Negative b d b + d

Total a + b c + d a + b + c + d

Table 2. Cross tabulation table of conditional probabilities.

S. 
no

Test statistics Computation method Definition/interpretation

1. Sensitivity a/(a + b) It is the true-positive rate. This shows the probability that a 
test result will be positive when the cancer tumor is present

2. False-negative rate 1⁻Sensitivity = b/(a + b) This shows the probability of a negative test result given that 
the cancer tumor is present

3. Specificity d/(c + d) It is the true-negative rate. This shows the probability that a 
test result will be negative when the cancer tumor is absent

4. False-positive rate 1⁻Specificity = c/(c + d) This shows the probability of a positive test result given that 
the disease is not present

5. Positive likelihood 
ratio

Sensitivity/(1⁻specificity) It is the ratio of the true-positive rate to the false-positive rate.

6. Negative likelihood 
ratio

1⁻Sensitivity/(specificity) It is the ratio of the false-negative rate to the true-negative rate

7. Cancer prevalence (a + b)/(a + b + c + d) This shows total probability of the presence of cancer tumor

8. Cancer absence (c + d)/(a + b + c + d) This shows total probability of the absence of cancer tumor

9. Positive predictive 
value

a/(a + c) This shows the probability that the cancer tumor is present 
given the test is positive

10. Negative predictive 
value

d/(b + d) This shows the probability that the cancer tumor is absent 
given the test is negative

11. Accuracy (a + d)/(a + b + c + d) This shows the probability that he patient will be correctly 
classified

Authors in [11] surveyed these test statistics of different breast cancer screening tests, and their results are tabulated in 
Table 4.

Table 3. Calculation methods of test statistics as quality metrics of diagnostic tests for 95% confidence intervals (CI).

Feasibility of the Detection of Breast Cancer Using Ultra-Wide Band (UWB) Technology…
http://dx.doi.org/10.5772/intechopen.79679

5



4. Positron emission tomography (PET)

PET is an imaging procedure that identifies the presence of cancer by using an injection mix-
ture of radioactive materials with sugar and observes how cells react to it. The cancer cells 
having the characteristics to grow faster than normal cells consume nutrients. When this hap-
pens, positrons are emitted. PET makes an image by detecting these positrons. Unlike X-ray, 
CT, and MRI, PET can detect cancer in the very early stages. However, it has low resolution. 
PET scanning is combined with other techniques, e.g., PET and CT scan, for further evalua-
tion. Therefore, PET scans cannot be used to detect small-sized tumors in the breast (in the 
budding stages). But they can be used for identifying the presence of metastasis, spreading to 
other body parts or spreading to lymph nodes.

5. Breast cancer screening using ultra-wide band (UWB)

In the last decade, the alternative technology which has been in focus of research is breast 
cancer detection using ultra-wide band (UWB) electromagnetic radiations, i.e., at microwave 
range. Microwaves provide higher and stronger contrast between healthy tissue and tumors, 
which supports in better tumor detection without the hazard of ionization effects. UWB 
microwave imaging can be done, either using microwave tomography or microwave radar 
imaging. The latter uses power distribution of scattered waves to distinguish between healthy 
and tumor-containing tissues.

Ultra-wide band (UWB) radio is no more an emergent technology, but rather the past two 
decades are full of experimentations with UWB for various research applications in wireless 
communications, radar, and medical fields.

Before the present millennia, UWB was confined totally in military applications. But, since 
2002, Federal Communications Commission (FCC) has increasingly allowed the commercial-
ization of UWB bandwidths. Federal Communications Commission (FCC) has standardized 

Diagnostic procedure Sensitivity Specificity PPV Accuracy

Mammography 67.8% 75% 85.7% 70.2%

Mammography and clinical examination 77.4% 72% 58.6% 75.6%

Clinical examination 50.3% 92% 94% 63.6%

Ultrasound 83% 34% 73.5% 67.8%

Mammography and ultrasound 91.5% 23% 72.3% 70.2%

Mammography, clinical examination, and ultrasound 93.2% 22% 72.4% 70.9%

MRI 94.4% 26% 73.6% 72.9%

Mammography, clinical examination, and MRI 99.4% 7% 70.1% 70.5%

Table 4. Contrast among different breast cancer detection modalities [11].
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that the frequency for the UWB technique is from 3.1 to 10.6 GHz in America. However, 
in Europe, the frequencies include two parts: from 3.4 to 4.8 GHz and from 6 to 8.5 GHz. 
Applications of UWB radar in health and medicine include human body monitoring, remote 
sensing, and imaging. Unlikely with x-ray imaging, UWB radar uses non-ionizing electro-
magnetic waves which have been proved to be harmless to the human body. Additionally, 
the UWB radar has a very low-average power level, power efficiency, and robustness against 
noise. Thus, UWB is a cost-effective way of real-time human body imaging. Categorically, 
some other features of UWB are enumerated as follows.

Penetrating through obstacles. UWB uses RF pulses with high gain. Therefore, UWB can pene-
trate through walls. This makes UWB practicable for wide area presentations where obstacles are 
sure to be met. This uniqueness of UWB makes it feasible to image organs of the human body.

High precision ranging at the centimeter level. UWB provides an effectively precise ranging 
to the centimeter level because of highly short-pulse characteristics. The short UWB pulse has 
a very strong temporal and space-resolving capability, which is appropriate for the localiza-
tion and detection in the medical diagnostic applications of tumors.

Low electromagnetic radiation. UWB also features low electromagnetic radiation because 
of low radiation power of the emitted pulse. According to the standards, these are less than 
−41.3 dBm in indoor communications. Again, the low-powered radiation effects the envi-
ronment very less, which is ideal in medical diagnostic applications involving human body 
where organs are very close to each other.

Low processing energy consumed. As UWB utilizes very short-duration pulses, this per-
mits the use of long-life battery-operated devices. These features are quite analogous with 
the wireless sensor network (WSN) nodes which essentially have to be operable under strict 
power control and high power efficiency.

UWB encompasses numerous utmost sought practical features for any electrical instrumen-
tation used in medical applications. These features include noninvasiveness, low power, 
noncontact remote operation, biocompatibility, biological friendliness, environmental 
friendliness, detection, and localization. But in terms of tissue imaging, their physiological 
understandability by the users, high sensitivity (true-positive rate), and high specificity (true-
negative rate), UWB requires more research. In this respect, the way human tissues behave 
with UWB waves emitted on them, i.e., their channel impulse response, is a very important 
aspect in the research of UWB applications in health monitoring and diagnostic systems.

5.1. UWB microwave tomography

The objective of microwave tomography is to use the inverse scattering method in finding the 
dielectric properties of the tissue under study. This gives a dielectric contrast of it. It produces 
a chart of permittivity and conductivity through inversion scattering.

In a microwave tomography breast cancer investigation system, the breast is lowered into a 
cylinder-shaped antenna system which covers the breast completely. Microwave measure-
ments are then made with all possible combination of antennas, acting as both transmitter and 
receiver, respectively. Since the microwaves are spread, scattered, and reflected when they 
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penetrate inside the tissue, the wave field becomes very complicated. The large amount of 
data generated from the extensive wave field is analyzed with a radical image reconstruction 
algorithm that constructs an image of the internal dielectric properties of the whole body part 
(tissue under examination). This detection technique depends highly on the dielectric and 
electromagnetic properties, which are the permittivity, conductivity, and electrical param-
eters of the cancerous tissue. These properties have been investigated to be much different 
than those of normal breast tissue [12].

Basically, the system comprises of two things: (1) transmitting and receiving antennas and (2) 
image reconstruction algorithm. In the measurements each antenna is operated as a transmitter 
as well as a receiver for every possible combination of antennas. To perform the measurements, 
a network analyzer with switch multiplexer module can be employed to automatically connect 
and disconnect transmitting and receiving antennas to the PNA. The low amount of radiated 
power (typically in milliwatts) is considered harmless for the patient and surrounding environ-
ment. In most of the research work, a 2D or two-dimensional image reconstruction algorithm 
has been used. This is most suitable for imaging 2D objects with dielectric properties that are 
constant in the z-direction which is taken perpendicular to the antenna plane. However, imaging 
a three-dimensional or 3D object, the accuracy of a 2D imaging technique is severely bounded. 
This means that effects would be generating in the z-axis but not being modeled using a 2D 
image reconstruction algorithm. Therefore, a 3D algorithm is required to accommodate all the 
effects. In the current systems to develop a clinical prototype, the most suitable designs consist 
of an antenna array where antennas are placed also outside the plane in a 3D pattern to get 
z-axis effects. This can be obtained by constructing a cylindrical antenna array. Together with 
a 3D reconstruction software, the potential for improved accuracy is optimized. However, this 
has significantly increased computational burden in the reconstruction algorithm.

Although the technique of microwave tomography for detection of cancers has a great 
potential, but still it is in the experimental stages. The clinical practice of it is still underway 
and has not been employed as a regular technique like other modalities discussed above. In 
some clinical studies, the capability to detect breast cancer tumors with microwaves has been 
shown. However, further clinical studies need to be undertaken in order to get a complete 
picture of the prospective for microwave imaging in practice. An important aspect related 
to breast cancer is that depending on the mixture between fatty and glandular tissues in the 
breast the distinction varies largely between individual patients.

5.2. UWB radar imaging

UWB microwave radar imaging rebuilds the image using the reflected wave from objects. 
This technique unlike microwave tomography reconstructs the scattering power distribution 
when microwaves are emitted on the breast and their reflected waves are analyzed. It works 
very much like a ground-penetrating radar (GPR). The origin dates back in 2001 by Hagness 
and Xu Li in Wisconsin University, USA [13]. In this context it therefore becomes very impor-
tant to understand the behavior of human tissues as channel to propagate the UWB-emitted 
waves.

In this relevance, authors in [14] have developed an analytical body propagation model 
equation for human breast tissue in terms of scattering parameters toward (S11 or reflection 
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coefficient and S12 or transmission coefficient) the design goal of a suitable ultra-wide band 
(UWB) transceiver for early breast tumor detection. Both of these scattering parameters 
can be treated as channel impulse response, depending if the communication system is 
using reflection or transmission of waves at the receiver end. The consideration was a het-
erogeneous breast model comprising skin, adipose, and glandular tissues as body (breast) 
channel with one layer of tumor. Due to dispersive nature of heterogeneous breast, S11 
and S12 varied with frequency. Modeling and simulations were performed for a 4.5 GHz 
center frequency UWB system. The backpropagated (reflected/scattered) signals showed 
approximately 63.3% higher amplitude than forward propagated signals for the breast 
channel with tumor. Analytical expressions were derived and formulated for S11 and S12 
scattering parameters and were simulated for UWB frequency band of 1–6 GHz as shown 
in Figures 1 and 2.

In these simulations, the following interpretations can be made readily:

1. The simulations were carried out from 1 to 6 GHz.

2. Reflection and transmission coefficients show 180° out of phase at any frequency.

3. The dispersions are present in reflection and transmission coefficients. The scattering 
parameters are not constants but vary randomly as the frequency changes.

4. The trends are highly nonlinear. This is because the breast tissue is a nonlinear channel.

5. The concern of center frequency is very important.

Figure 1. Trends in reflection and transmission coefficients for normal breast [14].

Feasibility of the Detection of Breast Cancer Using Ultra-Wide Band (UWB) Technology…
http://dx.doi.org/10.5772/intechopen.79679

9



penetrate inside the tissue, the wave field becomes very complicated. The large amount of 
data generated from the extensive wave field is analyzed with a radical image reconstruction 
algorithm that constructs an image of the internal dielectric properties of the whole body part 
(tissue under examination). This detection technique depends highly on the dielectric and 
electromagnetic properties, which are the permittivity, conductivity, and electrical param-
eters of the cancerous tissue. These properties have been investigated to be much different 
than those of normal breast tissue [12].

Basically, the system comprises of two things: (1) transmitting and receiving antennas and (2) 
image reconstruction algorithm. In the measurements each antenna is operated as a transmitter 
as well as a receiver for every possible combination of antennas. To perform the measurements, 
a network analyzer with switch multiplexer module can be employed to automatically connect 
and disconnect transmitting and receiving antennas to the PNA. The low amount of radiated 
power (typically in milliwatts) is considered harmless for the patient and surrounding environ-
ment. In most of the research work, a 2D or two-dimensional image reconstruction algorithm 
has been used. This is most suitable for imaging 2D objects with dielectric properties that are 
constant in the z-direction which is taken perpendicular to the antenna plane. However, imaging 
a three-dimensional or 3D object, the accuracy of a 2D imaging technique is severely bounded. 
This means that effects would be generating in the z-axis but not being modeled using a 2D 
image reconstruction algorithm. Therefore, a 3D algorithm is required to accommodate all the 
effects. In the current systems to develop a clinical prototype, the most suitable designs consist 
of an antenna array where antennas are placed also outside the plane in a 3D pattern to get 
z-axis effects. This can be obtained by constructing a cylindrical antenna array. Together with 
a 3D reconstruction software, the potential for improved accuracy is optimized. However, this 
has significantly increased computational burden in the reconstruction algorithm.

Although the technique of microwave tomography for detection of cancers has a great 
potential, but still it is in the experimental stages. The clinical practice of it is still underway 
and has not been employed as a regular technique like other modalities discussed above. In 
some clinical studies, the capability to detect breast cancer tumors with microwaves has been 
shown. However, further clinical studies need to be undertaken in order to get a complete 
picture of the prospective for microwave imaging in practice. An important aspect related 
to breast cancer is that depending on the mixture between fatty and glandular tissues in the 
breast the distinction varies largely between individual patients.

5.2. UWB radar imaging

UWB microwave radar imaging rebuilds the image using the reflected wave from objects. 
This technique unlike microwave tomography reconstructs the scattering power distribution 
when microwaves are emitted on the breast and their reflected waves are analyzed. It works 
very much like a ground-penetrating radar (GPR). The origin dates back in 2001 by Hagness 
and Xu Li in Wisconsin University, USA [13]. In this context it therefore becomes very impor-
tant to understand the behavior of human tissues as channel to propagate the UWB-emitted 
waves.

In this relevance, authors in [14] have developed an analytical body propagation model 
equation for human breast tissue in terms of scattering parameters toward (S11 or reflection 
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coefficient and S12 or transmission coefficient) the design goal of a suitable ultra-wide band 
(UWB) transceiver for early breast tumor detection. Both of these scattering parameters 
can be treated as channel impulse response, depending if the communication system is 
using reflection or transmission of waves at the receiver end. The consideration was a het-
erogeneous breast model comprising skin, adipose, and glandular tissues as body (breast) 
channel with one layer of tumor. Due to dispersive nature of heterogeneous breast, S11 
and S12 varied with frequency. Modeling and simulations were performed for a 4.5 GHz 
center frequency UWB system. The backpropagated (reflected/scattered) signals showed 
approximately 63.3% higher amplitude than forward propagated signals for the breast 
channel with tumor. Analytical expressions were derived and formulated for S11 and S12 
scattering parameters and were simulated for UWB frequency band of 1–6 GHz as shown 
in Figures 1 and 2.

In these simulations, the following interpretations can be made readily:

1. The simulations were carried out from 1 to 6 GHz.

2. Reflection and transmission coefficients show 180° out of phase at any frequency.

3. The dispersions are present in reflection and transmission coefficients. The scattering 
parameters are not constants but vary randomly as the frequency changes.

4. The trends are highly nonlinear. This is because the breast tissue is a nonlinear channel.

5. The concern of center frequency is very important.

Figure 1. Trends in reflection and transmission coefficients for normal breast [14].
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The simulation in Figures 1 and 2 suggests that investigations along with the body propa-
gation model can lead to more affirmative results to determine and predict the cancerous 
abnormalities in the breast. For example, at 4 GHz, the reflection coefficient of a normal breast 
tissue is reaching to 75%, but at the same, the frequency for a tumor-containing breast is 
reaching to 90%.

6. Research areas in UWB breast cancer detection

6.1. Receiver design

As discussed, screening and diagnostic testing for the presence of cancer is a probabilistic 
process; therefore, UWB should also have a percentage of accuracy, efficiency, and other 
associated probabilities. However, UWB for breast cancer detection is still not completely 
used for clinical testing. So, these probabilities haven’t been determined yet. But it must be 
well understood that increasing the true-positive rate and true-negative rate is very much 
dependent on the accuracy of the received signal. This puts a good responsibility on the 
receiver to detect the signals correctly. Hence, receiver design is very important. In this 
regard, two things could be catered: (1) antenna engineering and (2) inducing intelligence 
in the receiver to separate and classify the signals coming from normal and cancerous 
breast.

Figure 2. Trends in reflection and transmission coefficients for tumor-containing breast [14].
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6.1.1. Antenna engineering and receiver intelligence

In the antenna engineering part of the UWB research, researchers have mostly employed patch 
antenna with their many variants and arrays of them [15–18]. Researchers have also explored 
many beam-forming techniques to associate them with the antenna structures (adaptive 
antennas) so that information could be extracted from the received signal. Researchers have 
used different artificial intelligence tools like neural networks and support vector machines to 
classify the signals coming from cancer cells and normal cells, which have proved to be very 
effective in the laboratory [19, 20].

6.2. Breast phantoms

When coming to experimental investigation of UWB for breast cancer detection, another 
important aspect is the design and development of tissue/organ phantom under investiga-
tion. The results obtained on phantoms are expected to be obtained on real tissues. Therefore, 
phantom making is a research-oriented subject. UWB systems need realistic phantom model 
tailored to the biochemical as well as morphological features of the breast tissue. Existing 
breast phantoms are available both in solid and liquid structures [21]. Solid phantoms as 
compared to liquid phantoms have the ability to hold the desired geometrical shape, thick-
ness, and inhomogeneity as that of multilayered tissues and can be fabricated with controlled 
electrical properties. The concept of a thin, solid tissue phantom along with its analytical 
model is a challenging task and has gained attention only in the recent past. After fabrication, 
extraction of information from such solid phantoms requires precise characterization with 
respect to changes in composition for different breast density characteristics. This could be 
done with proper analytical model or channel impulse response of the tissue phantoms. In 
[22] authors have contributed toward developing a numerical model for both normal and 
cancerous breast tissues using finite-difference frequency techniques.

7. Conclusion

This chapter has briefly discussed about the procedures of different breast cancer screen-
ing and detection including x-ray mammography, MRI, PET, and ultrasound. These are the 
techniques which are clinically being used commonly around the world. However, survey 
showed that these testing methods do not give a very good quality measures. In this regard 
UWB technology for early detection of breast cancers is discussed with their two important 
methodologies, namely microwave tomography and UWB radars.

Although many experimental researches have been conducted, but still the clinical translation 
of this research is not deployed. The clinical practice of UWB will definitely produce new 
problems which would rectify and improve the UWB technology for screening and detection 
of breast tumors. But still because of the advantages that UWB has promised to provide are 
surly to take it a long way and unbeatable competitor against x-ray mammography, MRI, 
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PET, and ultrasound. However, it can be seen that UWB in combination with other screening 
methods can prove useful in early detection of breast cancers. UWB has an advantage of being 
low cost, non-ionizing, and noninvasive. This makes it a human health-friendly technology.
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Abstract

As antennas are indispensable elements in wireless systems, it is necessary to provide 
UWB antennas suitable for UWB systems. The most proposed UWB antennas have omni-
directional radiation, which provides the wide coverage area that is highly demanded 
by many conventional UWB applications. However, directional radiation is more ben-
eficial for other UWB applications and it may even be beneficial for the conventional 
UWB omnidirectional applications in some environments that contain many sources of 
interference and distorting objects, where the omnidirectional radiation leads to high 
interference and loss of power in undesirable directions. Consequently, an immense 
research has addressed the issue of realizing UWB planar antennas with unidirectional 
radiation characteristics. Basically, the main technique used to create unidirectional 
radiation patterns is employing cavity-baking reflectors to redirect the back radiation, 
hence increasing the gain of the radiators. In addition, these reflectors can decouple the 
mounted radiator from the surroundings that can damage its characteristics. Therefore, 
we suggest the employment of UWB reflectors to achieve UWB planar antennas with 
directional radiation. Our research for designing optimal UWB reflectors has led to the 
investigation in the field of frequency selective surfaces (FSSs), which are valuable struc-
tures and can be of great interest to a wide range of applications especially UWB applica-
tions. Subsequently, the main aim of this chapter is to give a review of the fundamental 
uses of FSSs in antenna engineering and the basic physical concepts that have been 
employed to serve the purpose of enhancing antennas’ performances using FSSs with a 
variety of features and characteristics. Furthermore, it is geared toward the presentation 
of our proposed UWB FSS-based antennas. First, we use basic FSSs such as the capacitive 
and its complementary inductive FSSs to design UWB reflectors that can serve improving 
and stabilizing the gain of UWB antennas. Thereafter, a proposed UWB single-layer FSS 
is used to serve the same purpose. Then, the FSS is integrated and designed together with 
UWB radiator, which resulted in lower profile along with good performance.

Keywords: FSS, UWB reflectors, UWB FSS, directional UWB antennas, unidirectional 
radiation
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1. Introduction

The antenna is an important aspect of any wireless system. It ensures the transmission/recep-
tion of the signals and can be designed to comply with the systems’ requirements, especially 
those with imposed regulations that must be respected such as UWB systems. Antennas are the 
components of the wireless communication system that are responsible for shaping and launch-
ing the emission as well as receiving the incoming radiation. As a result, the system’s antennas 
control its coverage range and area. As the antenna directivity gets increased, its coverage area 
gets narrower, which may not be convenient for omnidirectional applications. Meanwhile, 
many real-world environments cause the distortion of the omnidirectional radiation and make 
it more exposed to interference with the surroundings. Hence, in these cases, the directional 
radiation becomes preferable, especially when it ensures a wiser use of the radiated power.

Appropriately designed UWB reflectors can bring directionality to existing UWB omnidirec-
tional antennas, as well as shielding them from nearby metallic objects that would otherwise 
destroy their performance, providing them with the suitability for a variety of applications. It 
is obvious that planar metallic reflectors cannot provide these advantages over an ultra-wide 
bandwidth due to their out-of-phase reflection.

Developments in periodic structures have led to the development of planar surfaces that have, 
among other characteristics, the possibility to act as a perfect magnetic conductor (PMC) with 
in-phase reflection over a narrow bandwidth. The insertion of such surfaces enhances imped-
ance matching, hence improving the efficiency of some antennas (e.g., printed planar anten-
nas) when they have to be installed close to conducting surfaces, and creates a unidirectional 
radiation. These structures can be seen as a combination of frequency selective surfaces (FSSs) 
and conventional metallic reflectors. FSSs have helped to solve some crucial challenges in 
various fields and they have been proposed as UWB reflectors.

Furthermore, by proposing UWB FSSs, the applications of these structures can be extended 
to include UWB communication systems and radars or to enhance the performance of UWB 
components such as antennas, where UWB FSSs can be used as UWB reflectors to increase 
their gain and minimize their back radiation and create pattern diversity.

This chapter is a compendium of FSSs in antenna engineering that gives an introduction to 
how FSSs have been used in antenna fields and their potentials that can serve our purposes. 
Furthermore, it illustrates the principal physical concepts that can be used to explain the inter-
action between antennas and FSSs. Then, it itemizes the designs of the proposed FSS-based 
antennas using the concepts introduced in the first part.

2. Relations between FSSs and well-known structures

Some well-known structures, such as high impedance surfaces (HIS), can be considered as 
evolved versions of FSSs, whereas these structures combine FSSs with metallic ground planes 
and metallic pins (vias). Hence, they can provide two important characteristics, namely, arti-
ficial magnetic conductor (AMC) and electromagnetic band gap (EBG) simultaneously.
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An FSS of metallic patches, like the one indicated in Figure 1(a), can effectively suppress 
surface waves because currents cannot travel across the gaps between the patches. Over the 
frequency range where it prohibits surface waves, it is partially reflective. It is only at very 
high frequencies, when the effective capacitors between neighboring plates behave as shorts, 
that surface waves can propagate. Hence, this FSS transmits low frequencies while reflecting 
high frequencies.

The complementary geometry of this capacitive FSS is the inductive one that consists of an 
array of square slots as shown in Figure 1(b). Since the inductive structure represents the 
complementary of the capacitive one, it has complementary transmission spectra. Thus, the 
latter transmits high frequencies while reflecting low frequencies.

For the inductive surface, the waves that are short compared to the diameter of the holes 
will easily fit through the mesh, while longer waves will see the sheet as continuous metal. 
Therefore, the sheet of metal islands transmits long wavelengths while reflecting short 
wavelengths. At low frequencies, where it can prevent the propagation of surface waves, the 
capacitive sheet is not completely reflective. Conversely, while the inductive sheet is reflective 
at low frequencies, surface waves can propagate easily along the continuous metal wires.

If a ground plane is added to a capacitive FSS, the structure will become completely reflective, 
and it will own the favorable reflection phase properties of high-impedance surfaces, but the 
propagation of surface waves will still be permitted. It is only when both the ground plane 
and the vias are included that the important properties of high-impedance surfaces, namely, 
in-phase, 100% reflection, and suppression of surface current propagation, are obtained [1].

2.1. FSS in proximity to a ground plane

Free-standing doubly periodic arrays of metallic elements were studied for many years in the 
context of FSS and their behavior is well understood. The incident polarization is assumed to 
be suitable to excite the metallic elements, meaning that in the case of linear dipole elements, 

Figure 1. Complementary surfaces. (a) Capacitive surface, (b) inductive surface.
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the electric field should have a component parallel to the direction of the dipoles. It is well 
known that at the resonant frequency of the array, the latter performs as a fully metalized 
screen and the incident waves are fully reflected with a phase reversal. Moreover, at reso-
nance, the current is in phase with the incident field, i.e., the impedance seen by the incident 
wave is purely real, since the capacitive and inductive parts cancel each other. Also, a maxi-
mum current magnitude is excited on the elements.

For periodic arrays in proximity to a ground plane, some differences emerge. Due to the 
ground plane, incident waves are fully reflected at all frequencies. However, in this type of 
structures, careful investigation reveals that two distinct resonant phenomena occur for a nor-
mally incident wave. By assuming a free-standing array in proximity to an all-metal ground 
plane illuminated by a normally incident wave, the array resonance can be defined at the 
frequency where the currents excited on the array are in phase with the incident wave. At 
this frequency, the incident wave is reflected from the periodic array with a phase reverse, 
as in the case of the free-standing array resonance. However, it can be found that there also 
occurs a Fabry-Perot type of resonance at the cavity formed between the ground plane and 
the array. The Fabry-Perot resonance occurs at frequencies different from the array resonance. 
This strong cavity-type resonance excites maximum currents on the elements (which in gen-
eral are out of phase with the incident wave), and the incident wave is reflected with a zero 
phase shift [2].

2.2. AMC resonance cavity

The presence of vias in a mushroom-type structure imposes an EBG at the same frequency 
range as the AMC property. In other words, the mushroom structure exhibits high surface 
impedance for both normally incident and surface waves at the same frequency band. Hence, 
at the same frequency, it reflects a normally incident plane wave with zero phase shift behav-
ing, therefore, as an AMC and supports no surface waves behaving, therefore, as an EBG. It 
was demonstrated that the AMC operation is not directly related to the resonance of the FSS 
array. In fact, it is noticed that with varying array periodicity, the AMC band moves oppo-
sitely to the FSS resonance frequency. On the contrary, it is shown that the EBG frequency 
follows the trend of the FSS resonance [2].

2.3. Complementary arrays

It can be shown that the specular reflection coefficient for one array equals the transmission 
coefficient for its complementary array. This is a simple case of the general “Babinet’s prin-
ciple.” Based on this observation, it is often expected that the investigation of one of the two 
cases is enough. However, this is in general not the case. First of all, the conducting screen 
must be a perfect conductor and “infinitely” thin, typically less than 1/1000 wavelength. If the 
screen is thick, the bandwidth of the dipole array will be larger while the bandwidth of the 
slot array will be smaller. Furthermore, if a thin layer of dielectric is added, the resonant fre-
quency will be lowered somewhat for both the dipole and the slot arrays, but for a dielectric 
thickness of the order of λ/4 or more, the two cases behave vastly different [3].
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3. FSSs in antenna engineering

FSSs’ valuable features emphasized through the analysis above have encouraged their use 
in antenna engineering to improve antenna performance and create further properties that 
would not be achievable otherwise. They have been used, to widen the operating band of 
backing reflectors and to enhance the performance of broadband reconfigurable antennas, as 
superstrates and as reflectors.

3.1. FSSs as reflectors and ground planes

Extending the bandwidth of backing reflectors is among the rich utilizations of FSSs. In [4], 
an FSS is sandwiched between a tightly coupled array and a metallic plane, providing an 
additional reflecting plane for a higher frequency band. In this way, the metallic ground plane 
will operate at lower frequencies and the FSS will cover higher frequencies, which leads to 
an extended bandwidth, while the location of the metallic plane without an FSS would be 
suitable only for a relatively limited frequency range.

Placement of the metallic plane at a quarter wavelength distance from the antenna allows 
obtaining a good matching with only modest degradation of the achievable gain, but the 
improvement of the front-to-back ratio will come at the expense of the antenna bandwidth. 
The targeted application in [4] forces the integration of two frequency bands: one correspond-
ing to the typical radar X-band, 8.50–10.50 GHz, and the other corresponding to a Tactical 
Common Data Link (TCDL) system, 14.40–15.35 GHz. Therefore, the used FSS was designed 
to be reflective at the higher frequency range and to be practically transparent for the lower 
band where the metallic ground plane is in charge of the reflection. More importantly, the FSS 
should separate the two frequency bands. Therefore, a special FSS has been chosen to serve 
the design purposes. The chosen element exhibits a good performance against angular varia-
tion and allows a packed lattice, with a further gain in angular independence.

In [5], a novel FSS design aimed at enhancing the performance of a broadband reconfigu-
rable antenna has been presented. Designing FSSs’ subject to phase requirements was also 
elaborated, revealing that some compromise, in the response magnitude, should be made to 
achieve the desired phase requirements. The broadband requirements also presented the need 
for noncommensurate FSS designs, contrary to previous FSSs that were primarily designed 
on the basis of the reflection coefficient amplitude and were intended for radome applications 
rather than substrates. When traditional broadband antennas such as log-periodic are printed 
on substrates, their bandwidth characteristics are altered, and one approach to regain the 
broadband behavior of the antenna element is to employ frequency-dependent substrates or 
ground planes (GPs). From here comes the suggestion of using FSSs to create substrates on 
which broadband antennas can be printed without affecting their broadband behavior. This 
can be achieved by using multiple layer FSSs as part of the substrate in a similar manner 
to that used for designing broadband microwave filters. Each screen is resonant at a given 
frequency and is placed at a distance, of a quarter of the wavelength at the screen’s resonance 
frequency, away from the antenna’s surface.

Ultra-Wideband FSS-Based Antennas
http://dx.doi.org/10.5772/intechopen.79888

19



the electric field should have a component parallel to the direction of the dipoles. It is well 
known that at the resonant frequency of the array, the latter performs as a fully metalized 
screen and the incident waves are fully reflected with a phase reversal. Moreover, at reso-
nance, the current is in phase with the incident field, i.e., the impedance seen by the incident 
wave is purely real, since the capacitive and inductive parts cancel each other. Also, a maxi-
mum current magnitude is excited on the elements.

For periodic arrays in proximity to a ground plane, some differences emerge. Due to the 
ground plane, incident waves are fully reflected at all frequencies. However, in this type of 
structures, careful investigation reveals that two distinct resonant phenomena occur for a nor-
mally incident wave. By assuming a free-standing array in proximity to an all-metal ground 
plane illuminated by a normally incident wave, the array resonance can be defined at the 
frequency where the currents excited on the array are in phase with the incident wave. At 
this frequency, the incident wave is reflected from the periodic array with a phase reverse, 
as in the case of the free-standing array resonance. However, it can be found that there also 
occurs a Fabry-Perot type of resonance at the cavity formed between the ground plane and 
the array. The Fabry-Perot resonance occurs at frequencies different from the array resonance. 
This strong cavity-type resonance excites maximum currents on the elements (which in gen-
eral are out of phase with the incident wave), and the incident wave is reflected with a zero 
phase shift [2].

2.2. AMC resonance cavity

The presence of vias in a mushroom-type structure imposes an EBG at the same frequency 
range as the AMC property. In other words, the mushroom structure exhibits high surface 
impedance for both normally incident and surface waves at the same frequency band. Hence, 
at the same frequency, it reflects a normally incident plane wave with zero phase shift behav-
ing, therefore, as an AMC and supports no surface waves behaving, therefore, as an EBG. It 
was demonstrated that the AMC operation is not directly related to the resonance of the FSS 
array. In fact, it is noticed that with varying array periodicity, the AMC band moves oppo-
sitely to the FSS resonance frequency. On the contrary, it is shown that the EBG frequency 
follows the trend of the FSS resonance [2].

2.3. Complementary arrays

It can be shown that the specular reflection coefficient for one array equals the transmission 
coefficient for its complementary array. This is a simple case of the general “Babinet’s prin-
ciple.” Based on this observation, it is often expected that the investigation of one of the two 
cases is enough. However, this is in general not the case. First of all, the conducting screen 
must be a perfect conductor and “infinitely” thin, typically less than 1/1000 wavelength. If the 
screen is thick, the bandwidth of the dipole array will be larger while the bandwidth of the 
slot array will be smaller. Furthermore, if a thin layer of dielectric is added, the resonant fre-
quency will be lowered somewhat for both the dipole and the slot arrays, but for a dielectric 
thickness of the order of λ/4 or more, the two cases behave vastly different [3].

UWB Technology and its Applications18

3. FSSs in antenna engineering

FSSs’ valuable features emphasized through the analysis above have encouraged their use 
in antenna engineering to improve antenna performance and create further properties that 
would not be achievable otherwise. They have been used, to widen the operating band of 
backing reflectors and to enhance the performance of broadband reconfigurable antennas, as 
superstrates and as reflectors.

3.1. FSSs as reflectors and ground planes

Extending the bandwidth of backing reflectors is among the rich utilizations of FSSs. In [4], 
an FSS is sandwiched between a tightly coupled array and a metallic plane, providing an 
additional reflecting plane for a higher frequency band. In this way, the metallic ground plane 
will operate at lower frequencies and the FSS will cover higher frequencies, which leads to 
an extended bandwidth, while the location of the metallic plane without an FSS would be 
suitable only for a relatively limited frequency range.

Placement of the metallic plane at a quarter wavelength distance from the antenna allows 
obtaining a good matching with only modest degradation of the achievable gain, but the 
improvement of the front-to-back ratio will come at the expense of the antenna bandwidth. 
The targeted application in [4] forces the integration of two frequency bands: one correspond-
ing to the typical radar X-band, 8.50–10.50 GHz, and the other corresponding to a Tactical 
Common Data Link (TCDL) system, 14.40–15.35 GHz. Therefore, the used FSS was designed 
to be reflective at the higher frequency range and to be practically transparent for the lower 
band where the metallic ground plane is in charge of the reflection. More importantly, the FSS 
should separate the two frequency bands. Therefore, a special FSS has been chosen to serve 
the design purposes. The chosen element exhibits a good performance against angular varia-
tion and allows a packed lattice, with a further gain in angular independence.

In [5], a novel FSS design aimed at enhancing the performance of a broadband reconfigu-
rable antenna has been presented. Designing FSSs’ subject to phase requirements was also 
elaborated, revealing that some compromise, in the response magnitude, should be made to 
achieve the desired phase requirements. The broadband requirements also presented the need 
for noncommensurate FSS designs, contrary to previous FSSs that were primarily designed 
on the basis of the reflection coefficient amplitude and were intended for radome applications 
rather than substrates. When traditional broadband antennas such as log-periodic are printed 
on substrates, their bandwidth characteristics are altered, and one approach to regain the 
broadband behavior of the antenna element is to employ frequency-dependent substrates or 
ground planes (GPs). From here comes the suggestion of using FSSs to create substrates on 
which broadband antennas can be printed without affecting their broadband behavior. This 
can be achieved by using multiple layer FSSs as part of the substrate in a similar manner 
to that used for designing broadband microwave filters. Each screen is resonant at a given 
frequency and is placed at a distance, of a quarter of the wavelength at the screen’s resonance 
frequency, away from the antenna’s surface.
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3.2. FSSs as UWB reflectors

In [6], a reflector consisting of two layers separated by an air gap of a width of 9.5 mm has been 
proposed. The upper layer was designed to be reflective over high frequencies of the UWB 
band and the second layer (lower layer) was used to reflect the transmitted waves through the 
upper layer. In other words, the upper layer operates as a band-stop filter for higher frequen-
cies and a band-pass filter for lower frequencies, and the lower layer has an opposite operation.

In order to gain insights into the operation mechanism of multilayer FSS/antenna combina-
tion, a schematic describing the operating principle is presented in Figure 2. Two reference 
planes have been defined, namely, plane R and plane T. To obtain a prescribed phase varia-
tion, the dual-layer FSS has been optimized over the ultra-wide band. The upper layer, which 
is responsible for providing reflection at higher frequencies, is formed by a set of cross dipoles 
and square loops. The reflection phase from upper layer is noted by   φ  

1
   ,   φ  2      is  the reflection 

phase provided by the lower layer, and   φ  
R
    is the overall phase reflected from the multilayer 

FSS at the reference plane R.

When an antenna is placed at a distance L (mm) above the FSS, the wave radiated toward the 
FSS is reflected. This reflected radiation would be added to the direct outgoing wave radiated 

Figure 2. Operation mechanism of the dual-layer UWB reflector in [6].
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from the antenna in the opposite direction to the FSS reflector. It is expected that the gain of 
the antenna in the presence of the FSS reflector will be maximum when the two wave compo-
nents are added in phase, giving rise to constructive interference.

The evaluation of the phase at the reference plane T is described by the following equations:

   φ  T   =  φ  R   +  φ  S    (1)

where   φ  
R
   = f ( φ  

1
  ;  φ  

2
  )   at reference plane R and   φ  

S
   = 2 ×   2𝜋𝜋f

 ___ C   L is the round-trip free-space propaga-
tion phase delay between the antenna and the top of the FSS reflector.

Note that, for phase coherence,   φ  
T
    should be zero (or an integral multiple of  π ) at all frequencies.

Since the phase delay is frequency dependent and increases with frequency, the ideal FSS 
reflection phase should decrease with frequency at the same rate, which is associated with 
the slope of the curve (lower plot in Figure 2) that is controlled by the spacing between the 
antenna and reflector.

Several UWB antennas have been located above this reflector to verify its functionality. In 
[7], the antenna was located at 10 mm, which is approximately λ/4 at the center frequency of 
6 GHz, above the reflector and a maximum gain of 9.5 dBi was achieved at 4.2 GHz. The gain 
variation, over the frequency band from 3 to 10 GHz, was ±1.5 dB. In [8], a rectangular slot 
antenna, fed through microstrip rectangular patch, was employed as a radiator. An optimized 
height of 10 mm was chosen to separate the antenna structure from the FSS. It was revealed 
that the optimized UWB FSS reflector has a very small effect on the impedance bandwidth 
of the radiator, which is 145% with reflector and 149% without it, while the gain was sig-
nificantly improved due to the reflector. The average peak gain achieved by the slot antenna 
alone is 5.7 dBi, while with the FSS reflector, the average peak gain is 10.9 dBi.

Figure 3. Multilayer FSS for constant gain UWB antenna [9].
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from the antenna in the opposite direction to the FSS reflector. It is expected that the gain of 
the antenna in the presence of the FSS reflector will be maximum when the two wave compo-
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In [9], a four-layer FSS has been used to form a UWB reflector. The four layers are separated by 
dielectric layers of thickness of 1.58 mm, and a UWB microstrip slot antenna is placed at a distance 
of 19 mm above the FSS reflector. With this structure, an average peak gain of 9.3 dB was achieved 
with an oscillation of ±0.5 dBi, versus an average peak gain of 4 dBi and a variation of ±2 dB of the 
UWB microstrip slot antenna without the reflector. Figure 3 illustrates the structure in [9].

4. Design of FSS-based reflectors

In this section, we aim to design reflectors to be able to reflect the incident waves over the 
entire UWB band. A perfect electrical conductor (PEC) plane can be used as a reflector, but its 
performance cannot be guaranteed over a broadband frequency range as UWB band, espe-
cially over the higher frequencies. Frequency selective surfaces can be employed to alleviate 
this limitation as in [4]. As a result, a grounded FSS will serve as a broadband reflector. Also, 
this reflector needs to have a reflection coefficient that varies with frequency in a manner that 
stabilizes the gain of the UWB antennas over the entire operating band. Therefore, a grounded 
FSS with high resonance frequency is used to achieve these two features. Furthermore, a 
single-layer UWB stop-band FSS is designed and will be used as a UWB reflector, and its 
behavior will be compared with that of the other reflectors.

4.1. Grounded FSS reflector

An FSS with an array of conductors is fully reflective at resonance frequency where it acts 
as a metallic sheet, and it remains transparent at other frequencies. This feature of FSS with 
conductor array can be used to design partial reflector with a desirable reflection coefficient 
by choosing the location of its resonance frequency.

An FSS of conductor elements, at a high resonance frequency, is mostly transparent with a 
reflection magnitude that increases with frequency. After that, the transmitted waves can be 
reflected totally using a PEC ground plane. In this way, the grounded FSS will improve the 
gain of the used radiator across the entire UWB band with different amount of enhancement; 
hence, a constant gain can be achieved.

A grounded FSS can also be considered as a grounded dielectric slab loaded with periodic 
patches, which is similar to a high impedance surface with removed vertical vias. Although 
removing the vertical vias from HIS mushroom-like structures leads to the disappearing of 
the EBG, the surface waves can exist over the entire frequency band, and it has little effect 
on the in-phase reflection feature or AMC feature when the plane wave is normally incident, 
which is the main interest for our purpose.

Therefore, as a starting point, we used the initial parameters (2), suggested in [10] to analyze 
EBG ground planes, to design a grounded slab loaded with periodic square shape patches of 
width W and gap width g between the unit cells, as indicated in Figure 4.

  W = 0.12 𝜆𝜆o, g = 0.02 𝜆𝜆o, hu = 0.04 𝜆𝜆o, 𝜀𝜀r = 2.20  (2)

where λo is the wavelength at 7 GHz, which is around the center frequency of the UWB band, 
and hu is the thickness of the substrate of dielectric constant εr.
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The dimensions of the unit cell control the width of the band over which the reflection phase 
varies between −90° and 90°, which can be called the in-phase band [10]. The choice of the 
used substrate is also an effective factor for enhancing the in-phase band. Therefore, we chose 
RT/duroid 5880, of a dielectric constant of 1.96, a dielectric loss tangent of 0.0004, and a thick-
ness of hu =3 mm, to obtain a wide in-phase band. For the same purpose, parametric studies 
of both parameters W and g, around their initial values obtained from (2), were performed, 
from which the values that give a wide in-phase band centered at 7 GHz are selected. These 
values are W = 5 mm and g = 0.25 mm.

Figure 5a shows the reflection phase of the grounded unit cell with the selected parameters, 
computed using CST-MWS by considering the “unit cell” boundary conditions and Floquet 
port. From Figure 5a, we can see that broad in-phase band from 5.5 to 8.5 GHz, and AMC 
feature at 7 GHz are achieved as required.

The reflection magnitude of the unit cell without a ground plane varies, over the UWB band, 
from 0.3 at the lower frequency to 0.8 at the higher frequency, and it is totally reflective 
around 45 GHz, as shown in Figure 5b. As a result, the reflected amount by the ground plane 
is unequal, and it is proportionally decreasing with frequency. This unequal amount of trans-
mission is the key feature to achieve a constant gain across the entire UWB, especially if the 
gain of the used radiator is higher at upper frequencies than it is at lower frequencies, which 
is the case for most UWB planar antennas.

In [9], the stability of the gain is obtained by allowing the transmission through no backed 
multilayer FSS, while here it is achieved by only one partially reflective FSS.

4.2. Complementary reflector

The operation mechanism of the grounded FSS reflector treated in the last subsection can be 
realized differently, in a manner that leads to further improvement, by using the complemen-
tary technique.

Figure 4. Structure of the FSS unit cell.
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The complementary structure of the previously used FSS is an array of square slots of width Wc and 
metallic gap width gc, where Wc and gc have the same values as those of W and g of the grounded 
FSS. The complementary FSS is printed on a similar substrate to that of the grounded FSS. Figure 6 
shows the structure of the complementary unit cell as in comparison with the grounded one.

This complementary structure will have interchanged S-parameters with the original one 
according to Babinet’s principle. As a result, a reflector with similar behavior as the grounded 
FSS can be obtained.

Figure 5. Reflection characteristics of FSS. (a) Phase reflection of the grounded FSS with optimized dimensions, (b) 
reflection magnitude of the FSS without a ground plane.
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While the ground plane of the grounded FSS reflects the partially transmitted waves through 
the square conductor unit cells, the complementary FSS operates by partially transmitting the 
incident waves and reflects most of them with different amount across the frequency band.

As the FSS with aperture unit cells has a high resonance frequency, its reflection magnitude 
decreases with frequency, which can be clearly seen in Figure 7. As a consequence, the amount 
of the transmission through the FSS will be smaller, at lower frequencies than it is at higher 
frequencies.

4.3. UWB FSS reflector

It has been proved, in Section 3.2 that an FSS with UWB stop-band response can serve as a 
good UWB reflector when it can provide linearly decreased reflection phase over the UWB 
band. The proposed UWB FSS offers UWB stop-band response and linearly decreased reflec-
tion phase across the UWB band; hence, it owns the ability to serve as a UWB reflector. To 
design an FSS with UWB stop-band response, we follow the idea of merging two structures 
with the ability to resonate at adjacent frequencies while their dimensions and geometries can 
allow them to be integrated together. So the first step is to find such structures. Loop types 
resonate when their circumference is approximately a wavelength that makes them a good 
choice for our purpose especially that their geometries are flexible enough to be combined 
with each other or even with other types.

The square loop resonates when its four sides’ length takes a quarter of the wavelength as its 
value and the circular ring resonates with a diameter of  D =   λ __ π   . Hence, the square loop reso-
nates with a total length smaller than that of the circular ring. Combining these two structures 
leads to the construction of a dual-band response where the lower resonance frequency is 
dictated by the square loop, and the higher frequency is controlled by the circular ring. The 
pass-band between the two resonance frequencies is governed by the distance separating the 
two structures. As made known in the previous section, the dielectric substrate, over which 
the FSS is printed, plays a vital role in determining the FSS characteristics, especially its size 
at resonance. Therefore, the choice of the FSS dielectric substrate can be beneficial in miniatur-
izing unit cell size, as a high dielectric constant substrate can reduce the size of the unit cell 

Figure 6. Structure of the complementary unit cell in comparison with the original unit cell.
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by a factor of  1 /  √ 
__________

  ( ∈  
r
   + 1)  / 2    compared with a unit cell printed on a foam substrate (with dielectric 

constant equals unity). Consequently, RT/duroid 6010.2LM with a dielectric constant of 10.2, 
a tangent loss of 0.0023, and a thickness of 0.625 mm has been chosen as the dielectric sub-
strate over which the proposed FSSs are printed.

After choosing the geometries of the FSS unit cells that serve our purpose, we need to study 
these unit cells using a 3D simulator for a further investigation of their behavior and how they 
react to the parameter variations.

It is important to mention that all the graphs presented in the next subsections are for 
a normal incidence. Due to the symmetry of all these FSSs, the obtained responses under 
TE-polarization are similar to those obtained under TM-polarization. Hence, for the sake of 
brevity, only the responses obtained under TE-polarization is presented.

We have studied the effects of varying the parameters of the square and circular ring unit 
cells, more details can be found in [11, 12], from which the design guides can be derived. Now, 
we shall study the effect of combining them. Although they respond to the variation of their 
parameters in similar ways, the square loop resonates at smaller dimensions compared to the 
circular ring. Consequently, for a miniaturized unit cell, the circular ring should be integrated 
into the square loop as depicted in Figure 8.

To visualize the effect of the spacing between the two elements, only “Rout” is varied while all 
the other parameters are kept constant, and the transmission coefficient is calculated for each 
case. The results of this study are illustrated in Figure 9.

As “Rout” increases, the resonance frequency of the circular ring decreases, approaching that 
of the square ring. Thus, the band-pass between the two resonance frequencies gets narrower 
while merging both structures results in a UWB band-stop response.

Figure 7. Reflection and transmission magnitude of the complementary unit cell.
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The results of the previous studies can help deliver a design guide of the combined UWB FSS 
as follows:

• The square loop resonates at smaller dimensions compared to the circular ring. As a result, 
the circular ring should be integrated into the square loop to obtain a miniaturized unit cell.

Figure 8. Circular ring inserted within square loop unit cell.

Figure 9. Parametric study of transmission coefficient for different values of Rout.
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Figure 10. Structure of the proposed unit cell.

• The lower edge of the stop-band of an FSS, consisting of square loop unit cells, is governed 
by the external length of the square loop and the gap width between the unit cells; hence, 
they should be chosen so that the desired lower edge of the stop-band is obtained.

• After fixing the external length along with the gap width, for a desired lower edge of 
the stop-band, the width of the band as well as the resonance frequency can be adjusted 
through the variation of the internal length.

• The two element structures can be merged to obtain a UWB band-stop response.

• The outer radius of the circular ring controls the lower edge of its operating band but, in 
here, it also controls the spacing between the combined elements.

• The outer diameter of the circular ring should be equal or slightly superior to that of the 
internal length of the square loop for them to be merged.

• The inner radius of the circular ring can be used to set the desired overall upper frequency.

Taking into consideration the entire design guide mentioned above, the geometry of the pro-
posed UWB stop-band FSS unit cell and its final parameters are illustrated in Figure 10 and 
Table 1, respectively. It is worth mentioning that the above design guide can be generalized 
to implement UWB FSSs with combined elements of different geometries.

Figure 11 indicates the computed reflection and transmission coefficients of the proposed 
FSS. These graphs prove the ability of the proposed UWB FSS to act as a stop-band filter 
over a wide-band from 3 to 12 GHz, which includes the entire UWB band, with a reflection 
magnitude of 0 dB and a transmission magnitude less than -10 dB. At the main resonance fre-
quency, around 7 GHz, the transmission magnitude becomes less than −75 dB. The computed 
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reflection phase of the FSS decreases linearly with frequency and has zero value around 7 
GHz, where the transmission magnitude takes its lowest value.

The linearity of the reflection phase of the proposed FSS is satisfied across the whole band 
from 2 to 14 GHz. This special feature extends the recommended applications of our pro-
posed FSS to include a variety of systems where a linearly decreasing phase is required.

5. Reflectors with UWB radiator

For better evaluation of the proposed design concept, a UWB planar antenna is used as a 
radiator. The original design of this UWB planar antenna has been proposed in [13]. It is a 
CPW-fed circular disc antenna printed on a dielectric substrate as shown in Figure 12. In 
here, the employed substrate is RO4003C with a dielectric constant of 3.38, a dielectric tangent 
loss of 0.0027, and a thickness of 0.508. The dimensions of the CPW line are wf = 3 mm and 
sf = 0.28, where the former is the width of the main line, the latter is the gap between the main 
line of the CPW and the ground plane, and ‘s’ is the slot gap between the circular patch and 
the ground plane.

Lout Lin Rout Rin G

8 mm 6 mm 3.1 mm 2.5 mm 0.25 mm

Table 1. Final dimensions of the proposed FSS unit cell.

Figure 11. Reflection and transmission coefficients of the proposed FSS.
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Figure 12. Structures of the used UWB antenna and the proposed structure.

The dimensions of the used radiator are illustrated in Table 2. The radiator is located at a 
distance “h” above the grounded FSS, complementary FSS, and UWB FSS, as indicated in 
Figure 12.

Many parameters affect the overall performance of the combined structures such as the dis-
tance between the antenna and the reflector and the number of the unit cells that constitute 
the latter.

The parameters of the grounded reflector include W, g and the number of cells n1 that is con-
stituted of, along with the distance “h1” were optimized in terms of maximizing the operating 
band and minimizing the peak gain variation over frequency. Thus, the optimized values that 
give the best performance were selected, and they are given in Table 2. The dimensions of the 
complementary reflector are the same as those of grounded reflector.

The optimization of the grounded reflector parameters reveals that the best results are 
obtained when the length of the square patches is very small (W = 3 mm), which results in a 
higher resonance frequency compared with that associated with the initial value W = 5 mm 

W g La = Wa R S h1 n1

3 0.25 50 14.5 0.35 15.5 24

Table 2. Optimized values of the parameters of grounded and complementary reflectors along with the dimensions of 
the UWB radiator (in mm).

UWB Technology and its Applications30

and hence, a less amount of transmission through the FSS. Moreover, it can be noted that for 
stabilizing the gain, the in-phase reflection should not necessarily be at the center frequency 
of the UWB band and that its location depends on the scattered waves from the ends of the 
reflectors and the different factors that set the added phase through the distance between the 
radiator and the reflector, which is a function of frequency.

Regarding the UWB reflector, the same dimensions of its unit cells, found in Table 1, were 
kept and parametric studies were performed to choose the best values of its distance from the 
radiator and the number of cells. The results of these studies are shown next.

First, the effect of the distance between the radiator and the UWB reflector on the operating 
band is studied through a parametric study of the reflection coefficient of the antenna for dif-
ferent values of “h2,” as shown in Figure 13a. As expected, the FSS affects the matching band 
of the radiator as when “h2” increases, the bandwidth of the antenna increases. Furthermore, 
the influence of this parameter on the radiation behavior of the antenna is clearly illustrated in 
Figure 13b where the peak gain, across UWB band, is computed for different values of “h2.” 
This points out that the gain changes differently over frequency, which can be explained by 
the fact that the phase shift added by h2 is a function of frequency.

As a summary, we can derive that the operating band, stability, and the value of the 
maximum gain of the antenna are highly dependent on how far the radiator is from the 
reflector.

The size of the FSS determines the overall size of the antenna. Therefore, a deep study of the 
effects of the installed FSS size on the provided performance was performed. The results of 
this study are shown in Figure 14. Figure 14a contains the reflection coefficient of the antenna 
for different numbers of cells (n2), which models the size of the FSS, revealing that the match-
ing band of the antenna is mainly affected by the part of the FSS that is located directly under 
the radiator. In other words, when FSS dimensions exceed those of the radiator, the band-
width of the antenna becomes independent of the FSS size.

Figure 13. Parametric studies of the parameter h2. (a) Reflection coefficient, (b) peak gain.
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First, the effect of the distance between the radiator and the UWB reflector on the operating 
band is studied through a parametric study of the reflection coefficient of the antenna for dif-
ferent values of “h2,” as shown in Figure 13a. As expected, the FSS affects the matching band 
of the radiator as when “h2” increases, the bandwidth of the antenna increases. Furthermore, 
the influence of this parameter on the radiation behavior of the antenna is clearly illustrated in 
Figure 13b where the peak gain, across UWB band, is computed for different values of “h2.” 
This points out that the gain changes differently over frequency, which can be explained by 
the fact that the phase shift added by h2 is a function of frequency.

As a summary, we can derive that the operating band, stability, and the value of the 
maximum gain of the antenna are highly dependent on how far the radiator is from the 
reflector.

The size of the FSS determines the overall size of the antenna. Therefore, a deep study of the 
effects of the installed FSS size on the provided performance was performed. The results of 
this study are shown in Figure 14. Figure 14a contains the reflection coefficient of the antenna 
for different numbers of cells (n2), which models the size of the FSS, revealing that the match-
ing band of the antenna is mainly affected by the part of the FSS that is located directly under 
the radiator. In other words, when FSS dimensions exceed those of the radiator, the band-
width of the antenna becomes independent of the FSS size.

Figure 13. Parametric studies of the parameter h2. (a) Reflection coefficient, (b) peak gain.
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Figure 14. Parametric studies of different values of number of cells n2 of UWB reflector. (a) Reflection coefficient, 
(b) peak gain.

The reflective behavior of the UWB FSS is computed by considering infinite FSS dimensions, 
which cannot be realized in practice where finite size structures are required. However, with 
a large number of cells, infinite dimensions can be approximated. Nonetheless, the size of 
the FSS affects mainly the radiation behavior of the antenna, which is shown in Figure 14b 
through a parametric study of the antenna peak gain, illustrating that as the number of cells 
increases, the gain also increases over the entire UWB band. A smaller reflector can be used 
but at the expense of the achieved gain.

Therefore, we chose the value of “h2” that gives a wide operating band and the number of 
cells that is associated with high gain and minimum gain variation across the achieved band. 
Finally, the parameters of the structure were optimized, using CST-MWS, to achieve UWB 
matching band with a quasi-constant gain. The final dimensions of the UWB FSS reflector are 
indicated in Table 3.

5.1. Numerical and experimental results

The three proposed reflectors, with the optimized dimensions, along with the used radiator 
were fabricated and their photographs are shown in Figure 15.

In the three cases, the reflection coefficient of the UWB antenna and its peak gain and radia-
tion patterns were computed numerically and measured.

It is worth mentioning that the peak gain is chosen for the evaluation rather than the gain at 
a specific direction because the radiation behavior of the used radiator is unstable, by nature, 
meaning that the direction of its mean radiation varies with frequency. Hence, the peak gain 

Lout Lin G n2 h2

8 6 0.25 14 16

Table 3. Final dimensions of the UWB FSS reflector used with the UWB radiator with single polarization (mm).
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will show, in more general way, the ability of the proposed reflectors to enhance the gain over 
the entire UWB band.

Figures 16–19 illustrate the final results of the simulation and measurement of the proposed 
designs. Figure 16 shows the reflection coefficient of the UWB antenna mounted above the 
proposed reflectors, while Figure 17 indicates the simulated peak gain over frequency, which is 

Figure 15. Fabricated prototypes.

Figure 16. Reflection coefficient of UWB antenna with and without reflectors.
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extracted from the 3D radiation patterns calculated at each frequency. The direction of the max-
imum radiation can be shown clearer through the 2D radiation patterns, which will be shown 
later on. These figures also contain the corresponding results of the UWB antenna without 
reflectors to allow a clear visualization of the achieved improvement owing to the reflectors.

Figure 17. Peak gain of the UWB antenna with and without reflectors.

Figure 18. Radiation patterns in E-plane (YZ) at different frequencies.

UWB Technology and its Applications34

These results prove that the provident choice of the different dimensions gives antennas with 
operating band covering the FCC authorized band from 3.1 to 10.6 GHz and an average peak 
gain of 8.5 dBi with a maximum variation of 0.6 dBi for the first two reflectors.

The comparison between the reflection coefficient of the radiator installed at the chosen value 
of h2 (h2 = 16 mm) from the UWB FSS reflector and that of the radiator alone without reflector 
reveals that at this height the FSS affects the matching level of the antenna, especially over 
the lower part of the UWB band. Regarding the gain, Figure 17 illustrates the maximum gain 
of UWB antenna with and without UWB FSS. It is evident that the antenna gain is enhanced 
across the UWB band as a result of using the UWB FSS. The amount of enhancement varies, 
across the band, from 6 dBi at 3 GHz to 3.5 dBi at 10 GHz, which led to a quasi-constant 
gain with a maximum variation in gain of 0.7 dBi. As a result, a planar UWB antenna with 
enhanced quasi-constant gain is obtained.

It can also be noticed that the antenna above the three reflectors shows a similar behavior, 
except small differences, over the UWB band. The simulation and measurement results show 
an acceptable agreement.

Figure 19. Radiation patterns in H-plane (XZ) at different frequencies.
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The radiation patterns simulated and measured in E and H planes, which correspond to (YZ) 
and (XZ) as indicated in Figures 18 and 19, respectively, show the good effects of the reflectors 
on the radiation behavior of the antenna and confirm the gain enhancement, which is basi-
cally because of the back radiation reduction.

At higher frequencies, the radiation patterns start to be distorted with multiple side lobes due 
to the distortion and mean radiation tilt of the used radiator, which is a common behavior of 
UWB monopole antennas. However, the proposed reflectors have the ability to stabilize the 
peak gain despite the radiation distortion at higher frequencies, suggesting that using a more 
stable radiator can lead to constant and stable radiation. By taking into account their particu-
larity and by following the proper design methodology, similar results can be obtained using 
other UWB monopole antennas as radiators.

Each one of the proposed reflectors has a special operation mechanism. The first one uses the 
ground plane to reflect the incident waves transmitted through the FSS, where the main role 
of the latter is to stabilize the gain by controlling the transmission over UWB band. This reflec-
tor occupies both sides of the dielectric substrate and because of the ground plane, it is fully 
reflective at all frequencies even those outside the UWB band. This can be inconvenient for the 
nearby radiators as their radiation will be blocked even if they are not sources of interference.

On the other hand, the complementary FSS, which covers only one side of the dielectric 
substrate, has a lower effect on the nearby radiators that operate outside the UWB band. 
Meanwhile, the mounted radiator will not be completely isolated from surroundings.

The third reflector gathers the best characteristics of the two previously mentioned reflectors 
as its structure occupies a single side of the dielectric substrate and it is fully reflective over 
UWB band. Hence, it will isolate the radiator from surroundings without being an obstacle for 
the out of UWB band radiators because it is transparent outside UWB band.

Due to the superiority that UWB FSS reflector shows, it will be used to design UWB FSS-based 
antenna.

6. UWB FSS-based antenna

The plane wave analysis is the most common way to study and emphasize the performance 
of frequency selective surfaces where the incident waves are considered planar with angles 
of incidence around the normal on the FSS plane. Although this analysis method is useful for 
most of the applications that use FSSs as radomes and space filters, it is not that much useful 
when the FSSs are to be integrated into the near-field zone of an antenna.

However, several references used the plane wave approach to give a design guide for the 
FSS-based antennas [8, 14]. On the other hand, Ref. [15] showed that the interactions between 
antennas and FSSs could not be sufficiently addressed without a full-wave analysis of the 
actual antenna structure in the presence of the FSS.

Therefore, instead of using the FSS to enhance the bandwidth of narrowband radiators as in 
[15] or using FSS-based reflectors to improve the gain of predesigned UWB radiators as in [8, 9]  
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and the previous section, we follow an approach that gathers the best of all, where the UWB 
radiator along with the FSS is designed together to achieve UWB, low profile, and high quasi-
constant gain antenna. In the previous section, the study of effects of “h2” on the matching 
band of the antenna showed that as this parameter increases, the bandwidth of the antenna 
increases. However, one should pay attention to the fact that the parameter “h2” sets the profile 
of the antenna and hence, a minimum value of this parameter is needed to achieve a low profile.

Therefore, we set “h2” to be 10 mm, which is    λ __ 10    at the lower frequency of UWB band, instead 
of 16 mm as in the previous section. Then, the new current distribution, over the structure of 

Figure 20. Proposed structure of UWB FSS-based antenna. (a) UWB antenna above UWB reflector, (b) UWB FSS-based 
antenna, (c) UWB FSS-based antenna (front view).
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The radiation patterns simulated and measured in E and H planes, which correspond to (YZ) 
and (XZ) as indicated in Figures 18 and 19, respectively, show the good effects of the reflectors 
on the radiation behavior of the antenna and confirm the gain enhancement, which is basi-
cally because of the back radiation reduction.

At higher frequencies, the radiation patterns start to be distorted with multiple side lobes due 
to the distortion and mean radiation tilt of the used radiator, which is a common behavior of 
UWB monopole antennas. However, the proposed reflectors have the ability to stabilize the 
peak gain despite the radiation distortion at higher frequencies, suggesting that using a more 
stable radiator can lead to constant and stable radiation. By taking into account their particu-
larity and by following the proper design methodology, similar results can be obtained using 
other UWB monopole antennas as radiators.

Each one of the proposed reflectors has a special operation mechanism. The first one uses the 
ground plane to reflect the incident waves transmitted through the FSS, where the main role 
of the latter is to stabilize the gain by controlling the transmission over UWB band. This reflec-
tor occupies both sides of the dielectric substrate and because of the ground plane, it is fully 
reflective at all frequencies even those outside the UWB band. This can be inconvenient for the 
nearby radiators as their radiation will be blocked even if they are not sources of interference.

On the other hand, the complementary FSS, which covers only one side of the dielectric 
substrate, has a lower effect on the nearby radiators that operate outside the UWB band. 
Meanwhile, the mounted radiator will not be completely isolated from surroundings.

The third reflector gathers the best characteristics of the two previously mentioned reflectors 
as its structure occupies a single side of the dielectric substrate and it is fully reflective over 
UWB band. Hence, it will isolate the radiator from surroundings without being an obstacle for 
the out of UWB band radiators because it is transparent outside UWB band.

Due to the superiority that UWB FSS reflector shows, it will be used to design UWB FSS-based 
antenna.

6. UWB FSS-based antenna

The plane wave analysis is the most common way to study and emphasize the performance 
of frequency selective surfaces where the incident waves are considered planar with angles 
of incidence around the normal on the FSS plane. Although this analysis method is useful for 
most of the applications that use FSSs as radomes and space filters, it is not that much useful 
when the FSSs are to be integrated into the near-field zone of an antenna.

However, several references used the plane wave approach to give a design guide for the 
FSS-based antennas [8, 14]. On the other hand, Ref. [15] showed that the interactions between 
antennas and FSSs could not be sufficiently addressed without a full-wave analysis of the 
actual antenna structure in the presence of the FSS.

Therefore, instead of using the FSS to enhance the bandwidth of narrowband radiators as in 
[15] or using FSS-based reflectors to improve the gain of predesigned UWB radiators as in [8, 9]  
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and the previous section, we follow an approach that gathers the best of all, where the UWB 
radiator along with the FSS is designed together to achieve UWB, low profile, and high quasi-
constant gain antenna. In the previous section, the study of effects of “h2” on the matching 
band of the antenna showed that as this parameter increases, the bandwidth of the antenna 
increases. However, one should pay attention to the fact that the parameter “h2” sets the profile 
of the antenna and hence, a minimum value of this parameter is needed to achieve a low profile.

Therefore, we set “h2” to be 10 mm, which is    λ __ 10    at the lower frequency of UWB band, instead 
of 16 mm as in the previous section. Then, the new current distribution, over the structure of 

Figure 20. Proposed structure of UWB FSS-based antenna. (a) UWB antenna above UWB reflector, (b) UWB FSS-based 
antenna, (c) UWB FSS-based antenna (front view).
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the radiator, imposed by the integration of the FSS was studied and analyzed. The previous 
analysis of the effect of the reflector size on the matching band of the antenna revealed that the 
matching band of the antenna is mainly affected by the part of the FSS that is located directly 
under the source. Consequently, to reduce the time of simulation, we used an FSS consisting 
of only 8*8 cells during the analysis process to achieve a wide operating band. Subsequently, 
the radiator was designed to have a wide matching band, and the reflector was designed for 
high and stable gain. Hence, the parameters of both structures were modified.

The structure of the proposed FSS-based antenna is illustrated in Figure 20. The feeding CPW 
line was tapered and its new parameters are defined in Figure 20b.

The modification of the feeding line is necessary to compensate some of the effects of the FSS 
on the matching band of the source antenna, especially that the tapered area has the most 
control on the matching band of the antenna due to the high current distribution around this 
area. This fact can be noted in Figure 21 where the current distributions over the structure 
of the initial radiator, the initial radiator at distance 10 mm from FSS with 8*8 cells, and the 
redesigned radiator with FSS of the same number of cells are shown at 4 GHz. The current 
distributions are studied at 4 GHz because an impedance mismatch appears at this frequency 
when the FSS is located at 10 mm from the initial radiator.

Tapering the CPW feeding line and changing the dimensions of the structure lead to the 
redistribution of the current in a similar manner to that of the antenna without FSS. Also, the 
current distribution over the FSS is weaker around the redesigned antenna compared with 
that over the FSS located at 10 mm from the initial antenna.

All the main parameters that control the matching band of the monopole antenna, such as 
r, w, s, the new feeding dimensions, as well as the dimensions of the FSS unit cells were 
optimized using CST-MWS.

After finding the parameters of the radiator that give the best performance, the number of 
cells was parametrically studied, as shown in Figure 22, to select the number of cells that 
gives a high gain with a minimum variation through the operating band. The final optimized 
dimensions of the proposed antenna are given in Table 4.

6.1. Final results of FSS-based antenna

Figure 23 indicates the computed reflection coefficient of the proposed antenna, which shows 
that a reflection magnitude inferior to −10 dB is achieved along the band from 3.5 to 10.6 GHz. 
This matching band is obtained for overall profile thickness of 10 mm, which is around λ/10 at 
the lower operating frequency, which is wider than that achieved in previous section though 
the latter has a higher profile of 16 mm.

Regarding the radiation behavior, the peak gain of the proposed antenna and that of previous 
section, across the frequency, are indicated in Figure 24. It is clear that the proposed antenna 
gain is higher, over higher frequencies of the UWB band than that of the antenna with FSS 
reflector of the previous section, and it is lower over lower frequencies of UWB band. This is 
due to the size of the FSS chosen that is smaller in the latter case. However, a quasi-constant 
gain with a maximum variation of 0.7 dBi across the UWB band is still provided.
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Different factors such as the linearly decreasing reflection phase of the proposed FSS and the 
small distance between the FSS and the radiator, which cannot be obtained using a flat metal-
lic reflector, contribute in achieving the reached high quasi-constant gain. As a result, a low 
profile planar UWB antenna with enhanced quasi-constant gain is obtained.

It should be mentioned that the proposed FSS reflectors through this chapter can be integrated 
with other UWB antennas to achieve further features such as reported in [16, 17], where a 
UWB dual-polarized antenna [18] was used as radiator to develop UWB FSS-based antennas 
with diversity operation.

Figure 21. Surface current distribution at 4 GHz.

Figure 22. Gain for different numbers of cells.

Lout Lin Rout Rin G L W R Wt Hs N h2

8 6 3.1 2.5 0.25 52 55 17.5 2 3 12*12 10

Table 4. Dimensions of the proposed FSS-based antenna (in mm).
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7. Conclusion

The elaborate examples of the different utilizations of the FSSs in antenna engineering prove 
without any doubt the reliability and flexibility of these structures and their ability to enrich 
antenna research field, which can lead to further innovations. Meanwhile, the reliability and 
flexibility of FSSs make them very sensitive. Hence, their design should be performed care-
fully to attain the desired purposes.

In this chapter, we presented a proposed technique to gradually increase the gain of UWB 
planar antennas over frequency by using FSSs with low-profile subwavelength unit cells, thus 
eliminating the restriction of the UWB planar antennas to be used only for one to multiuser 
applications and extending their potential applications to include the ones where constant 

Figure 23. Reflection coefficient of the proposed antenna and that proposed in the previous section (UWB antenna with 
UWB FSS).

Figure 24. Peak gain of the proposed antenna and the one proposed in the previous section (UWB antenna with UWB 
FSS).
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and improved gain is required. The effectiveness of the proposed FSS-based reflectors has 
been proved using CPW-fed circular disc monopole as a radiator. A peak gain of 8.5 dBi with 
a maximum variation of 0.5 dBi across the UWB band has been achieved with a maintained 
wide bandwidth.

The proposed reflectors can also be of great importance for applications where the operation 
environment of the antennas can impact their behavior. The proposed reflectors can be used 
as shields to prevent the distortion of antenna behaviors. These reflectors, specially the UWB 
FSS reflector, can be used separately for UWB applications; therefore, a design guide of these 
types of structures has been proposed, which can be generalized to serve designing further 
UWB FSSs.

For further improvement of the UWB FSS-based antenna design, a new methodology of 
design was followed, which consists of designing the UWB FSS reflector and the UWB radia-
tor together. As a result, an antenna with a small size (10*10 cm2) and low profile of 10 mm, 
which corresponds to λ/10 at the lower frequency of operation, was obtained. This antenna 
can operate over the entire UWB band with unidirectional radiation characteristics and a peak 
gain varying from 8.5 to 10.5 dBi.
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Figure 24. Peak gain of the proposed antenna and the one proposed in the previous section (UWB antenna with UWB 
FSS).
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and improved gain is required. The effectiveness of the proposed FSS-based reflectors has 
been proved using CPW-fed circular disc monopole as a radiator. A peak gain of 8.5 dBi with 
a maximum variation of 0.5 dBi across the UWB band has been achieved with a maintained 
wide bandwidth.

The proposed reflectors can also be of great importance for applications where the operation 
environment of the antennas can impact their behavior. The proposed reflectors can be used 
as shields to prevent the distortion of antenna behaviors. These reflectors, specially the UWB 
FSS reflector, can be used separately for UWB applications; therefore, a design guide of these 
types of structures has been proposed, which can be generalized to serve designing further 
UWB FSSs.

For further improvement of the UWB FSS-based antenna design, a new methodology of 
design was followed, which consists of designing the UWB FSS reflector and the UWB radia-
tor together. As a result, an antenna with a small size (10*10 cm2) and low profile of 10 mm, 
which corresponds to λ/10 at the lower frequency of operation, was obtained. This antenna 
can operate over the entire UWB band with unidirectional radiation characteristics and a peak 
gain varying from 8.5 to 10.5 dBi.
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Abstract

Slot-line ultra-wideband (UWB) bandpass filters and band-notched UWB filters are pre-
sented for UWB systems. Three types of slot-line multimode resonators are proposed and 
studied. Microstrip feed lines are used to realize the desired strong external coupling in 
a simple manner. By properly allocating the resonant modes of resonator and external 
coupling, UWB bandpass filters have been realized. Next, microstrip resonators, i.e., 
open-loop resonator, stub-loaded dual-mode resonator, and triangular dual-mode ring 
resonator, are loaded to the slot-line; notched bands are realized in the UWB passbands. 
The design methodology has been verified by the measured results.

Keywords: stepped-impedance resonator, notch band, stub-loaded resonator,  
slot-line resonator, multimode resonator

1. Introduction

Ultra-wideband (UWB) technology is strongly desired in high-speed transmission systems. 
Since the US Federal Communications Commission (FCC) authorized the unlicensed use of 
UWB devices in 2002 [1], research on UWB components such as UWB bandpass filters (BPFs) 
becomes a hot spot. Many methods have been proposed to design various UWB bandpass 
filters (BPFs) including multimode resonators (MMRs) [2] and stub-loaded resonators [3, 4]. 
To achieve the desired external coupling, extreme narrow gap between microstrip resonator 
and I/O feed lines is necessarily needed, which increases the difficulty of manufacturing. To 
keep the gap width in a moderate scale that can be realized easily by using PCB process, 
an aperture-backed parallel-coupled microstrip line with enhanced coupling degree is con-
structed to allocate the coupling peak [5, 6]. For the indoor and handheld UWB systems, the 
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1. Introduction

Ultra-wideband (UWB) technology is strongly desired in high-speed transmission systems. 
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UWB devices in 2002 [1], research on UWB components such as UWB bandpass filters (BPFs) 
becomes a hot spot. Many methods have been proposed to design various UWB bandpass 
filters (BPFs) including multimode resonators (MMRs) [2] and stub-loaded resonators [3, 4]. 
To achieve the desired external coupling, extreme narrow gap between microstrip resonator 
and I/O feed lines is necessarily needed, which increases the difficulty of manufacturing. To 
keep the gap width in a moderate scale that can be realized easily by using PCB process, 
an aperture-backed parallel-coupled microstrip line with enhanced coupling degree is con-
structed to allocate the coupling peak [5, 6]. For the indoor and handheld UWB systems, the 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



FCC required that the UWB bandwidth must be strictly contained between 3.1 and 10.6 GHz. 
However, there is a need to avoid the interference from existing wireless communication 
systems such as wireless local area network (WLAN) in 5.2-GHz band. Generating a notch 
band in a UWB BPF is an effective and feasible method to solve this problem. As usual, an 
external resonator is used to create a notch band in the core of the UWB BPF at the cost of 
enlarged size [7]. In [8, 9], a stepped-impedance resonator (SIR) is embedded to achieve a 
band-notched characteristic without increasing the circuit size. Band-notched filtering effect 
was achieved by adding a meander line slot to reject the undesired WLAN radio signals 
[10]. In [11], two spurline sections are employed to create a sharp band-notched filter for 
suppressing the signals of 5-GHz WLAN devices. In [12], a dual-mode fractal defected-
ground structure (DGS) bandstop filter is realized and connected with MMR; band-notched 
characteristics are realized. To avoid the interference of the wireless local area network 
(WLAN) at 5.25 and 5.775 GHz, two different quarter-wavelength lines are arranged on the 
ground of UWB BPF to generate dual narrow stopbands [13]. Obviously, combined bottom 
layer and top layer can make fully use of the circuit board, increasing the coupling between 
resonator and feed line, while keeping the circuit size [14].

In this chapter, slot-line multimode resonators are studied and applied in UWB BPFs. 
Microstrip feed lines are used to realize the desired external coupling in a simple manner. 
Microstrip resonators, such as open-loop resonator, stub-loaded dual-mode resonator, and 
square ring dual-mode resonator, are loaded to the slot-line; notch bands are realized in the 
UWB passbands.

2. Open-loop resonator-loaded slot UWB filter

2.1. Stepped-impedance slot-line UWB BPF

A diagram of the original UWB BPF using stepped-impedance slot-line resonator is shown 
in Figure 1. A multimode resonator is realized by using the stepped-impedance slot-line on 
the ground plane. By setting the impedance ratio and the length of the slot-line resonator, the 
first three resonant modes are equally allocated in the UWB passband. In other words, the 

Figure 1. The schematic of original UWB filter using stepped-impedance slot-line resonator.
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central resonant frequency of the multimode slot-line resonator is determined by the length l1; 
the location of first and third resonant frequency is determined by the width ratio w2/w1. ls is 
approximately λg/4 of slot-line in center frequency, and lm is approximately λg/4 of microstrip 
line in center frequency. To decrease the return loss in the passband of UWB, the coupling 
must be very strong, and microstrip feed lines are placed right on the top and orthogonal to 
the slot-line resonator.

2.2. Band-notched UWB filter

To effectively decrease the interference between UWB system and WLAN system, a notch 
band shall be produced in the UWB band. To avoid the size increment of the circuit, the 
open-loop resonator is placed right on the top of stepped-impedance slot-line resonator, and 
the circuit volume can be fully used. Figure 2(a) shows the physical layout of an open-loop 
resonator-loaded slot-line. Frequently used structures for creating notch band include con-
ventional open stub, spurline, embedded open stub (EOS), and open-loop resonator (OLR). 
Figure 3 provides a comparison of transmission characteristic at 5.25 GHz between these 
methods. Open-loop resonator can produce the sharpest notch band, and conventional open 
stubs produce the widest notch band. The spurline and embedded stub do not increase the 
size of the circuit, while open-loop resonator and conventional open stub may increase the 
circuit size. With respect to that, the WLAN passband is quite narrow, the transition band 
shall be very sharp, and the open-loop resonator is preferred.

The microstrip open-loop resonator provides a bypass for the signal at its resonant frequency, 
and a notch band is produced. The resonant frequency of the open-loop resonator is approxi-
mated by

   f  1   =   c ________ 2  √ 
___

  ε  eff     (4a − g)     (1)

Figure 2. (a) Open-loop resonator-loaded slot-line resonator and (b) simulated frequency responses of the four frequently 
used structures.
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where c is the speed of light in vacuum, εeff is the effective dielectric constant, and a and g are 
the side length and the gap width of the microstrip open-loop resonator, respectively.

2.3. Experimental results and discussions

A UWB BPF with notch band is designed based on the abovementioned method. To further 
increase the attenuation of the notch band in the UWB band, two microstrip open-loop reso-
nators are loaded to the slot-line resonator. By proper setting the position of the two open-
loop resonators, a narrow notch band can be achieved in the UWB passband. The layout of 
the proposed notched UWB BPF is shown in Figure 3(a). Figure 3(b) illustrates a full-wave 

Figure 4. Measured frequency responses of proposed band-notched UWB BPF using open-loop resonator-loaded 
stepped-impedance slot-line resonator.

Figure 3. (a) Layout of the proposed band-notched UWB BPF using open-loop resonator-loaded stepped-impedance 
slot-line resonator and (b) simulated result of the band-notched UWB BPF with varying a.

UWB Technology and its Applications46

simulated result of the location of notch band against the side length a. Increment of slot-
line width will increase the insertion loss in the passband. It is also observed that loaded 
microstrip open-loop resonator produces a notch band and decreases the insertion loss in the 
passband.

The UWB bandpass filter with improved performance is designed, fabricated, and measured. 
A substrate with relative dielectric constant of εr = 4.5 and a thickness of h = 0.8 mm is used 
in the design. The parameters of the proposed filter in Figure 3 are l1 = 12 mm, l2 = 5.6 mm, 
ls = 6.2 mm, lm = 5.9 mm, w0 = 1.5 mm, w3 = 0.2 mm, w4 = 1.2 mm, wr = 0.2 mm, d1 = 1.9 mm, 
d2 = 1.55 mm, a = 4.1 mm, and g = 0.2 mm. Measured frequency responses of the filter are plot-
ted in Figure 4. The results exhibit attractive UWB bandpass behaviors in the 3.1–10.6-GHz 
band; the narrow notch band locates in 5-GHz band. Its insertion is greater than 29 dB and the 
3-dB bandwidth is about 300 MHz. The insertion loss is about 1.2 dB at the center frequency 
of 6.85 GHz. The group delay is below 2 ns within the passband.

3. UWB BPF with three-stub-loaded slot-line multiple mode 
resonator (MMR)

3.1. Three-stub-loaded slot-line UWB BPF

Figure 5 shows the configurations of the proposed UWB BPF with three-stub-loaded slot-line 
MMR. Three-stub-loaded slot-line MMR is fed by microstrip feed line. The MMR and the feed 
lines are folded and orthogonal coupling is applied.

The slot-line MMR consists of a stepped-impedance resonator and three loading stubs, with 
one located at the middle of the resonator. Compared with traditional SIR and stub-loaded 
resonator (SLR), the proposed one has more degrees of freedom to control its resonant fre-
quencies. Once the original parameters of the slot-line resonator are determined, EM solver 
is invoked to tune the structure to achieve an optimized characteristic. Figure 6 depicts the 
simulated transmission characteristics of the resonator with and without additional stub. The 
solid line and dashed line indicate the transmission characteristic of the resonator with and 
without additional stub, respectively. Additional stub increases the electrical length of the 
stub, and an additional resonant mode is shown in the UWB frequency range.

Figure 5. Configurations of the proposed UWB filter with three-stub-loaded slot-line MMR. (a) Top view and (b) bottom 
view.
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Next, the influence of two parameters of the resonator on the resonant mode of the resonator 
is studied. Figure 7 shows the variation of resonant-mode frequencies against L8, length of the 
stub, and r, radius of the additional stub. As can be seen from Figure 7, four resonant modes 
(i.e., f1, f2, f3, and f4) are created in the studied frequency range, which are applied to gener-
ate the UWB transmission characteristic. Figure 7(a) shows the variation of resonant mode 
against the length of the stub. As L8 increases from 2.8 to 4.8 mm, f3 drops from 10.5 to 8 GHz, 
and f4 drops from 11.5 to 10 GHz, which are located in the UWB range, while f1 and f2 keep 
almost unchanged. Figure 7(b) depicts the variation of resonant-mode frequencies against the 
radius of the additional stub. As r increases from 0.4 to 1.0 mm, f1, f2, and f3 remain stationary, 
while f4 drops from 12.5 to 10.5 GHz. These resonant frequencies are basically related to the 
stepped-impedance resonator, and some ones also can be separately controlled by tuning the 
loaded stubs, which shows great convenience in relocating the required resonant modes of 
the resonator.

3.2. Band-notched UWB BPF

Based on the UWB filter mentioned above, a notch band is produced and a band-notched 
UWB BPF is designed. Figure 8(a) illustrates the circuit model of a dual-mode resonator-
loaded slot-line, where the white section indicates the slot-line, the gray part is the ground, 
and the black one is a microstrip dual-mode resonator. Equivalent circuit of dual-mode 
resonator-loaded slot-line is provided in Figure 8(b). Two resonant modes of the stub-loaded 
resonator are coupled to the slot-line, providing a bypass for the adjacent signal of its reso-
nance. The degree of separation of two modes determines the bandwidth of the notch band, 
and the coupling between resonator and slot-line influences the amplitude of the attenuation.

Figure 6. Characteristics of the slot-line MMR with and without the additional stub.
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EM solver is invoked to analyze the relationship between the parameters and the transmis-
sion characteristic of the bandstop filter. Figure 9(a) shows the transmission characteristics of 
the resonator versus L, the length of the loading stub. When L increases from 4.5 to 6.0 mm, 
the lower resonant mode keeps unchanged, and the higher mode decreases from 3.06 to 
2.84 GHz.

As we all know that the bandwidth of the bandstop filter is determined by the separation of 
two poles and the band position of the bandstop filter can be adjusted by the length of the 
stub L, a transmission pole is also created, which is located near the lower transmission zero, 
sharping the transition band. Figure 9(b) illustrates the effect of varying S on the two modes 
of the dual-mode resonator. When S increases from 3.0 to 4.5 mm, the bandwidth of the fil-
ter increases from 60 to 480 MHz, and the central frequency decreases from 4.6 to 4.2 GHz. 
Obviously, modifying S and L can change the position and the bandwidth of the stopband.

3.3. Filter implementation and results

Based on the proposed structure, a UWB BPF with notch band from 5.15 to 5.35 GHz is 
designed and fabricated. The feed lines and the MMR in slot-line are folded and orthogo-
nally coupled to acquire the desired strong coupling. A dual-mode loaded-stub open-loop 

Figure 7. Resonant-mode frequencies against (a) L8 and (b) r.

Figure 8. Dual-mode microstrip resonator-loaded slot-line. (a) Structure and (b) its equivalent circuit model.
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resonator is loaded to the slot-line, and a notch band for WLAN is produced, as shown in 
Figure 10. The dual-mode resonator is folded in order to improve the slow-wave effect for 
miniaturization. A substrate of 28 mm × 18 mm with a relative dielectric constant of εr = 3.5 
and a thickness of h = 0.8 mm is used in the design. Finally obtained parameters of the filter 
shown in Figure 1 are W0 = 1.80 mm, L1 = 3.80 mm, L2 = 4.70 mm, W1 = 1.50 mm, L3 = 8.00 mm, 
W2 = 0.30 mm, L4 = 17.40 mm, W3 = 0.60 mm, L5 = 3.70 mm, W4 = 0.50 mm, L6 = 3.80 mm, 
W5 = 0.30 mm, L7 = 2.50 mm, W6 = 0.30 mm, L8 = 3.50 mm, and r = 0.55 mm. Measurements are 
performed by using vector network analyzer AV3926.

A comparison between the simulated and measured results is shown in Figure 11, where 
the solid lines and the dashed lines indicate the EM-simulated results and measured results, 
respectively. Simulated results show that the 3-dB bandwidth of the filter covers from 3.1 to 
5.15 GHz and from 5.35 to 10.6 GHz, while the measured ones show that the 3-dB bandwidth 
covers from 3.2 to 5.15 GHz and from 5.35 to 10.6 GHz. Simulated and measured insertion losses 
of each passband are about 2 dB; return losses are −12 dB/−18 dB and − 18 dB/−10 dB. Return 
loss in the notch band is greater than 15 dB. Except for the deviation that may be caused by 
the fabrication, the simulated results agree well with the measured results.

Figure 9. The transmission characteristic of the simplified resonator with varied parameters. (a) L and (b) S.

Figure 10. Configurations of the proposed band-notched UWB BPF using dual-mode microstrip resonator-loaded three-
stub-loaded slot-line MMR. (a) Top view and (b) bottom view.
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4. Triangular loop-loaded band-notched UWB filter

4.1. Dual-stub-loaded slot-line MMR

Two stubs are symmetrically loaded to slot-line, which forms a dual-stub-loaded slot-line 
MMR, as shown in Figure 12(a). Because the proposed slot-line MMR is a symmetrical struc-
ture, even-odd mode theory can be applied to analyze its resonant characteristics. Figure 12(b) 
and (c) gives equivalent circuits of the slot-line MMR.

Under odd-mode excitation, the symmetrical plane can be seemed as short-circuited, and its 
resonant condition can be derived as

   Z  B   tan  θ  B   tan  θ  C   +  Z  B   tan  θ  B   tan  θ  A   +  Z  A   tan  θ  A   tan  θ  C   = 0  (2)

where ZA and ZB and θA, θB, and θC are the characteristic impedance and electrical length of 
the dual-stub-loaded MMR, respectively.

Under even-mode excitation, the symmetrical plane can be seemed as open-circuited, and its 
resonant condition can be summarized as

   Z  A   tan  θ  A   +  Z  B   tan  θ  B   =  Z  B   tan  θ  A   tan  θ  B   tan  θ  C    (3)

Resonant modes of the resonator can be controlled and allocated according to the require-
ments by changing the parameters of the resonator.

To have a clear knowledge of slot-line resonator, resonant characteristics of the dual-stub-
loaded slot-line resonator are performed by invoking the 3D EM simulator. Resonant modes 

Figure 11. Comparison between measured and EM-simulated results of the band-notched UWB BPF.
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of slot-line resonator against S, L1, and L2 are plotted in Figure 13, where f1, f2, and f3 indicate 
the first, second, and third resonant modes of resonator, respectively. When S increases from 
0.2 to 2.2 mm, f3 decreases from 9.6 to 8.2 GHz, while f1 and f2 shift slightly. When L1 increases 
from 23 to 25 mm, both f1 and f2, together with f3 decrease steadily. When L2 increases from 1 
to 6 mm, f2 drops from 8.2 to 6.5 GHz, f3 drops from 13.5 to 8 GHz, and f1 keeps unchanged. 
Obviously, three resonant modes of the resonator can be designed intuitively and well set in 
the UWB passband.

4.2. Ultra-wideband BPF using dual-stub-loaded slot-line MMR

Layout of a proposed UWB BPF is depicted in Figure 14, which is constructed by a slot-line 
resonator and two microstrip feed lines. On the bottom layer, a dual-stub-loaded slot-line 
resonator is formed firstly, where two identical stubs are symmetrically loaded to a uniform 
slot-line resonator. Figure 15 illustrates the frequency responses of the slot-line UWB BPF 
with different lengths of feed line (L4) under all the other sizes fixed. When the slot-line reso-
nator is fed under weak coupling case with L4 = 4.8 mm, three resonant modes with peak 
S21 magnitudes are observed at about 4.08, 6.41, and 9.5 GHz, respectively. As L4 increases 
to 10 mm, the S21 magnitude realizes an almost flat frequency response over a UWB pass-
band. After its sizes are slightly adjusted, an UWB frequency response is satisfactorily real-
ized. Under the use of this hybrid microstrip/slot-line structure, the desired strong coupling 
between feed lines and MMR can be easily achieved by properly selecting the relative position 
between them.

Figure 12. (a) Dual-stub-loaded slot-line MMR and its equivalent circuits: (b) odd mode and (c) even mode.
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4.3. Realization of notch band

Considering the fact that the above-achieved UWB passband range may interfere with the 
existing wireless systems such as wireless local area network (WLAN), a notch band may be 

Figure 13. Resonant modes of dual-stub-loaded slot-line resonator with fixed W1 = 2.0 mm, W2 = 0.3 mm, and varied 
(a) S (L1 = 23 mm, L2 = 3 mm), (b) L1 (S = 0.6 mm, L2 = 3 mm), and (c) L2 (S = 0.6 mm, L1 = 23 mm).

Figure 14. Schematic of the UWB BPF using dual-stub-loaded slot-line MMR. (a) Top layer and (b) bottom layer.
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of slot-line resonator against S, L1, and L2 are plotted in Figure 13, where f1, f2, and f3 indicate 
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from 23 to 25 mm, both f1 and f2, together with f3 decrease steadily. When L2 increases from 1 
to 6 mm, f2 drops from 8.2 to 6.5 GHz, f3 drops from 13.5 to 8 GHz, and f1 keeps unchanged. 
Obviously, three resonant modes of the resonator can be designed intuitively and well set in 
the UWB passband.
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Layout of a proposed UWB BPF is depicted in Figure 14, which is constructed by a slot-line 
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slot-line resonator. Figure 15 illustrates the frequency responses of the slot-line UWB BPF 
with different lengths of feed line (L4) under all the other sizes fixed. When the slot-line reso-
nator is fed under weak coupling case with L4 = 4.8 mm, three resonant modes with peak 
S21 magnitudes are observed at about 4.08, 6.41, and 9.5 GHz, respectively. As L4 increases 
to 10 mm, the S21 magnitude realizes an almost flat frequency response over a UWB pass-
band. After its sizes are slightly adjusted, an UWB frequency response is satisfactorily real-
ized. Under the use of this hybrid microstrip/slot-line structure, the desired strong coupling 
between feed lines and MMR can be easily achieved by properly selecting the relative position 
between them.

Figure 12. (a) Dual-stub-loaded slot-line MMR and its equivalent circuits: (b) odd mode and (c) even mode.

UWB Technology and its Applications52

4.3. Realization of notch band

Considering the fact that the above-achieved UWB passband range may interfere with the 
existing wireless systems such as wireless local area network (WLAN), a notch band may be 

Figure 13. Resonant modes of dual-stub-loaded slot-line resonator with fixed W1 = 2.0 mm, W2 = 0.3 mm, and varied 
(a) S (L1 = 23 mm, L2 = 3 mm), (b) L1 (S = 0.6 mm, L2 = 3 mm), and (c) L2 (S = 0.6 mm, L1 = 23 mm).

Figure 14. Schematic of the UWB BPF using dual-stub-loaded slot-line MMR. (a) Top layer and (b) bottom layer.
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highly demanded in various practical applications. For this purpose, a microstrip dual-mode 
triangular loop resonator is formed on the top layer of a dielectric substrate and loaded to the 
dual-stub-loaded slot-line MMR.

Figure 16 depicts the geometry, equivalent circuit model, and simulated frequency response 
of a slot-line loaded with back-sided microstrip triangular loop resonator, respectively. 
Figure 16(a) shows a simplified circuit geometry of the structure, where the white portion 
indicates the slot-line and the black ones are microstrip feed lines and a dual-mode triangu-
lar loop resonator with perturbations. Its equivalent circuit model is given in Figure 16(b). 
Coupling between dual-mode resonator and source/load can be intuitively neglected because 
its value is quite small. Figure 16(c) plots the simulated results derived from the equivalent 
circuit model, where the solid and dashed lines indicate the simulated reflection and trans-
mission coefficients, respectively. Two transmission zeros in the notch band are created by the 
resonant modes of the microstrip resonator.

Next, two small patches are symmetrically added as the perturbation element to the lower 
angles of the triangular loop resonator. These perturbations can accomplish the further 
separation of the two degenerate modes, creating the dual-mode behavior of the resonator. 
Resonant modes of the triangular loop resonator are coupled to the slot-line, providing a 
bypass for the adjacent signal of its resonance, and a notch band is thus created. Figure 17(a) 
shows the transmission characteristics of the resonator versus L5, that is, the perimeter of a tri-
angular loop resonator. As L5 increases from 31 to 37 mm, the central frequency of notch band 
falls off from 6.25 to 5.39 GHz, and its absolute bandwidth decreases from 1.49 to 1.37 GHz. 
Obviously, the perimeter of triangular loop resonator can directly determine the position of 
the notch band. Figure 17(b) illustrates the influence on the frequency response from varied 
W5 and width of two patches. As W5 increases from 0.2 to 1.0 mm, the notch bandwidth goes 
up from 1.52 to 1.79 GHz. These exhibited characteristics can be used to determine the central 
frequency and bandwidth of the created notch band; thus the notch band of the UWB BPF can 
be fully controlled.

Figure 15. Frequency responses of transmission coefficient of the proposed UWB BPF with different feeding line lengths 
(L4).
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4.4. Filter implementation and results

Based on the filter structure and analysis approach described above, a UWB BPF with a con-
trollable notch band is designed and fabricated on a substrate with a dielectric constant of 

Figure 16. A microstrip triangular loop resonator-loaded slot-line. (a) Diagram, (b) equivalent circuit model, and 
(c) simulated results.

Figure 17. Frequency-dependent transmission coefficient of the proposed dual-mode triangular loop resonator-loaded 
slot-line against (a) L5 and (b) W5.
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highly demanded in various practical applications. For this purpose, a microstrip dual-mode 
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frequency and bandwidth of the created notch band; thus the notch band of the UWB BPF can 
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4.4. Filter implementation and results

Based on the filter structure and analysis approach described above, a UWB BPF with a con-
trollable notch band is designed and fabricated on a substrate with a dielectric constant of 

Figure 16. A microstrip triangular loop resonator-loaded slot-line. (a) Diagram, (b) equivalent circuit model, and 
(c) simulated results.

Figure 17. Frequency-dependent transmission coefficient of the proposed dual-mode triangular loop resonator-loaded 
slot-line against (a) L5 and (b) W5.
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εr = 3.5, loss tangent of 0.0018, and thickness of h = 0.8 mm. The layout of proposed UWB 
BPF with a notch band is depicted in Figure 18. As mentioned above, a dual-stub-loaded 
slot-line resonator is etched on the ground plane, and on the top layer, two folded microstrip 
feed lines and a microstrip triangular loop resonator are constructed. All the dimensions 
of the filter shown in Figure 18 are W0 = 1.8 mm, L1 = 23.0 mm, W1 = 2.0 mm, L2 = 3.0 mm, 
W2 = 0.3 mm, L3 = 2.0 mm, W3 = 0.8 mm, L4 = 11.5 mm, W4 = 0.6 mm, L5 = 36 mm, W5 = 0.3 mm, 
and S = 0.6 mm.

Simulated and measured transmission and reflection coefficients of the constructed filter are 
plotted in Figure 19. Simulated results show that the 3-dB passband of the filter covers the 
ranges of 2.83–4.78 GHz and 6.29–10.33 GHz, respectively, while measured ones show that 
the 3-dB passband covers the ranges of 2.49–4.91 and 6.29–9.2 GHz. Measured minimum 
insertion losses of the first and second passband are 1.1 and 1.5 dB, respectively. Measured 
maximum return losses in the first and second passband are 13.2 and 13.5 dB, respec-
tively. Simulated and measured maximum insertion loss in the notch band is 25 and 35 dB, 

Figure 19. Simulated and measured frequency responses of the designed band-notched UWB BPF.

Figure 18. Schematic of the proposed band-notched UWB BPF with dual-mode triangular loop resonator-loaded dual-
stub slot-line MMR. (a) Top layer and (b) bottom layer.
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respectively. In general, the measured results agree well with the simulated results except 
the loss in the high-frequency band that may be caused by the dielectric loss and fabrication 
tolerance. Meanwhile, simulated and measured results indicate that the group delay within 
the passbands is varied between 0.3 and 0.7 ns.

5. Conclusions

Slot-line UWB BPFs and band-notched UWB filters are presented. UWB BPFs are implemented 
by using microstrip feed slot-line MMR. To acquire a notch band in the UWB passbands, 
microstrip resonators are loaded to the slot-line. Circuit model for microstrip resonator-
loaded slot-line is given and analyzed. The design methodology has been finally verified by 
the measured results. Band-notched UBW BPFs are hot spots in a few years; there are some 
trends in this field, such as multiple notched band and tunable notched band.
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εr = 3.5, loss tangent of 0.0018, and thickness of h = 0.8 mm. The layout of proposed UWB 
BPF with a notch band is depicted in Figure 18. As mentioned above, a dual-stub-loaded 
slot-line resonator is etched on the ground plane, and on the top layer, two folded microstrip 
feed lines and a microstrip triangular loop resonator are constructed. All the dimensions 
of the filter shown in Figure 18 are W0 = 1.8 mm, L1 = 23.0 mm, W1 = 2.0 mm, L2 = 3.0 mm, 
W2 = 0.3 mm, L3 = 2.0 mm, W3 = 0.8 mm, L4 = 11.5 mm, W4 = 0.6 mm, L5 = 36 mm, W5 = 0.3 mm, 
and S = 0.6 mm.

Simulated and measured transmission and reflection coefficients of the constructed filter are 
plotted in Figure 19. Simulated results show that the 3-dB passband of the filter covers the 
ranges of 2.83–4.78 GHz and 6.29–10.33 GHz, respectively, while measured ones show that 
the 3-dB passband covers the ranges of 2.49–4.91 and 6.29–9.2 GHz. Measured minimum 
insertion losses of the first and second passband are 1.1 and 1.5 dB, respectively. Measured 
maximum return losses in the first and second passband are 13.2 and 13.5 dB, respec-
tively. Simulated and measured maximum insertion loss in the notch band is 25 and 35 dB, 

Figure 19. Simulated and measured frequency responses of the designed band-notched UWB BPF.

Figure 18. Schematic of the proposed band-notched UWB BPF with dual-mode triangular loop resonator-loaded dual-
stub slot-line MMR. (a) Top layer and (b) bottom layer.
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respectively. In general, the measured results agree well with the simulated results except 
the loss in the high-frequency band that may be caused by the dielectric loss and fabrication 
tolerance. Meanwhile, simulated and measured results indicate that the group delay within 
the passbands is varied between 0.3 and 0.7 ns.

5. Conclusions

Slot-line UWB BPFs and band-notched UWB filters are presented. UWB BPFs are implemented 
by using microstrip feed slot-line MMR. To acquire a notch band in the UWB passbands, 
microstrip resonators are loaded to the slot-line. Circuit model for microstrip resonator-
loaded slot-line is given and analyzed. The design methodology has been finally verified by 
the measured results. Band-notched UBW BPFs are hot spots in a few years; there are some 
trends in this field, such as multiple notched band and tunable notched band.
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Abstract

In this chapter, we describe methods toward deep learning-based human target analy-
sis. Firstly, human target analysis in 2D and 3D domains of radar signal is introduced. 
Furthermore, range-Doppler surface for human target analysis using ultra-wideband radar 
is described. The construction of range-Doppler surface involves range-Doppler imaging, 
adaptive threshold detection, and isosurface extraction. In comparison with micro-Doppler 
profiles and high-resolution range profiles, range-Doppler surface contains range, Doppler, 
and time information simultaneously. An ellipsoid-based human motion model is designed 
for validation. Range-Doppler surfaces simulated for different human activities are dem-
onstrated and discussed. With the rapid emergence of deep learning, the development of 
radar target recognition has been accelerated. We describe several deep learning algorithms 
for human target analysis. Finally, a few future research considerations are listed to spark 
inspiration.

Keywords: ultra-wideband radar, range-doppler surface, deep learning, human  
target analysis

1. Introduction

Human target analysis is acknowledged to be useful for a wide range of security and safety 
applications, such as through-wall detection and ground surveillance [1, 2]. The analysis has 
usually been conducted in the time-frequency (micro-Doppler) and time-range (high-range 
resolution profile) domains. Chen first introduced the micro-Doppler concept to the radar 
community in [3]. Time-frequency transforms, such as the short-time Fourier transform, are 
used to analyze target Doppler signatures in slow time. Since then, studies have investigated 
micro-Doppler-based target feature analysis [4–9]. The high-range resolution profile (HRRP) 
of human targets has also been studied [10]. Micro-Doppler profile and HRRP, which are 
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both generated by micromotions, have their shortcomings: they only contain information 
from either the time-frequency or time-range domain. Micro-Doppler analysis neglects range 
information, while HRRP analysis neglects Doppler information.

Therefore, in order to analyze the target signature more comprehensively, we describe a new 
concept called range-Doppler surface (RDS). As an alternative to the micro-Doppler profile and 
HRRP, RDS is a radar target representation extracted from a three-dimensional data cube—
the range-Doppler (RD) video sequence [11, 12]. The RDS consists of all the important infor-
mation contained in both HRRP and micro-Doppler signatures. The present study analyzes 
the RDS using simulated and real radar data. Results suggest a new area of human target 
analysis and classification.

It is worth mentioning that the term “range-Doppler surface” has been presented in prior 
works [13–15]. It was used for a 2D range-Doppler image that is shown in a 3D perspective. 
In this chapter we present this term to describe the time-varying range-Doppler isosurface 
information. RDS is referred to 3D visualization for the first time in this study, and it is indeed 
a suitable, precise term to describe this concept.

Nowadays, deep learning has become a mainstream method for human activity recognition 
instead of conventional machine learning methods. Deep learning came into our sight and has 
emerged as a hot topic in the past few years. It works by learning several layers of representa-
tion for modeling the complex relationships among data. It can create high-level features 
from related low-level ones by means of its hierarchical architecture without artificial extrac-
tion from the raw data and specialized knowledge. In this way, it makes activity recognition 
system more intelligent and versatile. Therefore, deep learning is an applicable approach to 
identify human activities.

This chapter is organized as follows: In Section 2, human target analysis with the micro-
Doppler profile, HRRP, as well as the three-dimensional RD video sequence is described. In 
Section 3, the range-Doppler surface is described. Then, deep learning for human activity clas-
sification is introduced briefly in Section 4. Finally, future directions are drawn in Section 5.

2. Human target analysis in 2D and 3D domains

2.1. Human target analysis with RD video sequence

The RD video sequence that consists of N time sampled 2D range-Doppler images contains 
both spatial and temporal characteristics: range and frequency information consists in every 
RD image, while time information exists among sequential frames. Compared with 1D and 
2D forms of radar echoes, the joint time-/range-frequency form of echoes contains all the 
targets’ motion information.

Among these human target analysis systems using the RD video sequence, so far, a repre-
sentative example is Google Project Soli, which is the first gesture recognition system capable 
of recognizing a rich set of dynamic gestures based on short-range radar [27, 28]. It is based 
on an end-to-end trained combination of deep convolutional and recurrent neural networks, 
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and the dataset is comprised of 3D data cubes. Combining CNN and RNN could enhance 
the ability to recognize different activities that vary in temporal and spatial dimensions. The 
system can recognize subtle gestures of 10 kinds performed by 10 people. From then on, 
many researches have been done using radar just like Kinect and Leap Motion in CV [21]. In 
addition, with the advent of this system, many novel ideas have been proposed based on it 
[22, 29, 30].

2.2. Human target analysis with HRRP and micro-Doppler profiles

Although containing abundant information of human activity properties, 3D form of human 
backscattering echoes is complicated to process. As a result, the complexity of the systems using 
3D form of echoes is higher compared with those using 2D forms. 2D forms of radar echoes, 
which mainly refer to HRRP and micro-Doppler profiles, also carry enough human activity infor-
mation and can be used for human target analysis.

It is a common way to obtain time-Doppler maps, namely, joint time-frequency transformation 
(JTFA) [23, 24]. Similar to the developments in other fields such as acoustics and speech pro-
cessing, JTFA can provide additional insight into the analysis, interpretation, and processing 
of radar signals, and the performance is superior to what has been achieved in the traditional 
time or frequency domain alone [3].

The short-time Fourier transform (STFT) is the most commonly used time-frequency transform. 
STFT performs the Fourier transform on a short-time sliding window basis instead of using one 
long-time window to the entire signal. The square modulus of the STFT is called the spectrogram, 
which is a nonnegative time-frequency energy distribution without phase information [20]:

  Spectrogram (t, f )  =    |  STFT (  t ,  f  )    |     
2

   (1)

The resolution of STFT is determined by the size of window function. There is a trade-off 
between the time resolution and the frequency resolution [4].

By performing a STFT over time for every range bin, a series of 2D time-Doppler images along 
range can be acquired. Then, summing the time-Doppler “video” along range, a time-Doppler 
map is obtained.

Among these three 2D forms of echoes, till now, the time-Doppler maps are most commonly 
used to analyze human targets. The time-Doppler maps include a wealth of Doppler information 
changing over time. The main Doppler shift is caused by the bulk speed, while micro-Doppler 
is produced by rotating or vibrating parts, such as the legs, feet, and hand. By selecting and clas-
sifying the micro-Doppler features in the time-Doppler map, human activities can be recognized 
by various models. For example, G. Klarenbeek et al. applied a LSTM structure with the time-
Doppler maps to realize the multi-target human gait classification [26].

Time-range maps contain time-varying range information between the target and the radar. 
When a person is moving, different components of the human body have different relative dis-
tances from the radar at time t. Therefore, various time-range maps produced by different activi-
ties can be used to recognize the corresponding activities, although they neglect the Doppler 
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both generated by micromotions, have their shortcomings: they only contain information 
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and the dataset is comprised of 3D data cubes. Combining CNN and RNN could enhance 
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information. In [25], Yuming Shao et al. have employed the time-range maps with a deep CNN 
to classify human motions, and a good performance was achieved.

3. Range-Doppler surface

3.1. Range-Doppler processing

In general, separating the frequency components of different body parts is a vital step for 
human target analysis. However, the ability to resolve separate frequency components is lim-
ited because of the time-varying Doppler shifts in radar echoes. A general way of representing 
the scattered signals is range-Doppler (RD) processing. And a classical way for RD processing 
is to apply Fourier transform to samples from a fixed range bin over one coherent processing 
interval. This interval is theoretically limited by the time during which the target stays in the 
same range bin:

   T  r   =   
 δ  r   __ v    (2)

The radar transmits a coherent burst of M pulses:

   S  tx   =   ∑ 
m=0

  
M−1

  p (t −  mT  r  )   e   j2π f  c  t ,  (3)

where  t  is the fast time,  p (t)   is the pulse complex envelope,   T  
r
    is the pulse repetition interval, 

and   f  c    is the center frequency. The echo of a moving point scatterer can be described by a 
delayed and attenuated version of the transmitted signal in Eq. (3):

   S  rx   = α  S  tx   (t − τ (t) ) ,  (4)

where  α  is the complex amplitude and  τ (t)   is the round-trip time delay. Assuming that the 
radial velocity  v  is constant during this period, the round-trip delay can be approximated by

  τ (t)  =  τ  0   −   2v __ c   t,  (5)

where   τ  0   =   
2  R  0   ___ c     is the initial delay,   R  0    is the initial range, and  c  is the speed of light. Substituting 

Eqs. (3) and (5) into Eq. (4) leads to

   S  rx   (t)  = α  ∑ 
m=0

  
M−1

  p [ (1 +   2v __ c  ) t −  τ  0   −  mT  r  ]   e   j2π f  c   (1+  2v __ c  ) t ,  (6)

where all the constant terms have been absorbed and the variable name has been kept as  α . 
Then, for notational convenience the fast time   t   ′   was introduced:   t   ′  = t −  mT  r   . Substituting   t   ′   into 
Eq. (6), after demodulation the baseband signal is given as

   
 S  rx    (   t   ′ , m )    = αp  [    (  1 +   2v _ c   )    t   ′  −  τ  0   +   2v _ c   m  T  r   ]   

     
                       e   j2π f  c    

2v __ c    (   t   ′ +m T  r   )    
        (7)
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In radar, we usually assume that the target remains static in one pulse duration  T :

  vT ≪ 𝛿𝛿R  (8)

where  𝛿𝛿R =   c ___ 2  B  
w
      is the range resolution of the radar and   B  

w
    is the signal bandwidth. This indi-

cates that the Doppler effect in fast time is negligible. By simplifying, Eq. (7) can be rewritten 
as

   S  rx   ( t   ′ ,  t  s  )  = 𝛼𝛼p ( t   ′  −  τ  0  )   e   j2𝜋𝜋𝜋𝜋 f  c   t  s     (9)

FT is performed over   t  s    in Eq. (9) and the Doppler spectrum is given:

    S ˜    rx   ( t   ′ ,  f  d  )  = 𝛼𝛼p ( t   ′  −  τ  0  ) sinc (  f  d   − β  f  c  ) ,  (10)

where  sinc ( f )  =   
sin  (𝜋𝜋f ) 

 ______ 𝜋𝜋f   .

However, a target may traverse multiple range cells in one coherent processing interval 
sometimes. In this situation, applying conventional Fourier transform-based RD processing 
is not suitable, which will lead to a blur in frequency. To improve the Doppler resolution, a 
Keystone transform-based range-Doppler processing is proposed in this chapter.

By performing RD processing on the radar echoes, a sequence of RD images is obtained. The three-
dimensional RD video is proposed to describe the slow-time evolution of target RD signatures.

3.2. Range-Doppler surface construction

Before constructing the RDS, it is essential to detect the target in the range-Doppler domain, 
since detection allows the extraction of targets and elimination of false alarms. The cell-average 
constant false alarm rate (CA-CFAR) procedure [16] is a classical approach of detecting a target 
in noise and clutter. Detection is performed employing a two-dimensional CA-CFAR proce-
dure [17] in the range-Doppler domain. For each range-Doppler image in the range-Doppler 
video sequence, a sliding 2D window is applied to scan this RD image pixel by pixel. For each 
pixel, it is claimed as detected if its intensity exceeds an estimated threshold. In Figure 1, a 
typical 2D window is shown. The cell under test covers the target reflections. The reference 
cells estimate background noise for computing the detection threshold. The guard cells sepa-
rate the cell under test and reference cells as a barrier. The sizes of these cells strongly affect 
the performance of the CA-CFAR detection and thus should be tuned carefully according to 
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Doppler, and target velocity).

In Figure 2a, the detected scatterers of a simulated human target are shown in a three-dimensional 
(3D) volume, where the intensities of different scatterers are represented by various colors. Note 
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information. In [25], Yuming Shao et al. have employed the time-range maps with a deep CNN 
to classify human motions, and a good performance was achieved.

3. Range-Doppler surface

3.1. Range-Doppler processing

In general, separating the frequency components of different body parts is a vital step for 
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interval. This interval is theoretically limited by the time during which the target stays in the 
same range bin:

   T  r   =   
 δ  r   __ v    (2)

The radar transmits a coherent burst of M pulses:

   S  tx   =   ∑ 
m=0

  
M−1

  p (t −  mT  r  )   e   j2π f  c  t ,  (3)

where  t  is the fast time,  p (t)   is the pulse complex envelope,   T  
r
    is the pulse repetition interval, 
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  τ (t)  =  τ  0   −   2v __ c   t,  (5)

where   τ  0   =   
2  R  0   ___ c     is the initial delay,   R  0    is the initial range, and  c  is the speed of light. Substituting 

Eqs. (3) and (5) into Eq. (4) leads to

   S  rx   (t)  = α  ∑ 
m=0

  
M−1

  p [ (1 +   2v __ c  ) t −  τ  0   −  mT  r  ]   e   j2π f  c   (1+  2v __ c  ) t ,  (6)
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 S  rx    (   t   ′ , m )    = αp  [    (  1 +   2v _ c   )    t   ′  −  τ  0   +   2v _ c   m  T  r   ]   

     
                       e   j2π f  c    

2v __ c    (   t   ′ +m T  r   )    
        (7)
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In radar, we usually assume that the target remains static in one pulse duration  T :

  vT ≪ 𝛿𝛿R  (8)

where  𝛿𝛿R =   c ___ 2  B  
w
      is the range resolution of the radar and   B  

w
    is the signal bandwidth. This indi-

cates that the Doppler effect in fast time is negligible. By simplifying, Eq. (7) can be rewritten 
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   S  rx   ( t   ′ ,  t  s  )  = 𝛼𝛼p ( t   ′  −  τ  0  )   e   j2𝜋𝜋𝜋𝜋 f  c   t  s     (9)
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    S ˜    rx   ( t   ′ ,  f  d  )  = 𝛼𝛼p ( t   ′  −  τ  0  ) sinc (  f  d   − β  f  c  ) ,  (10)

where  sinc ( f )  =   
sin  (𝜋𝜋f ) 

 ______ 𝜋𝜋f   .
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pixel, it is claimed as detected if its intensity exceeds an estimated threshold. In Figure 1, a 
typical 2D window is shown. The cell under test covers the target reflections. The reference 
cells estimate background noise for computing the detection threshold. The guard cells sepa-
rate the cell under test and reference cells as a barrier. The sizes of these cells strongly affect 
the performance of the CA-CFAR detection and thus should be tuned carefully according to 
radar parameters and target characteristics (e.g., signal bandwidth, maximum unambiguous 
Doppler, and target velocity).

In Figure 2a, the detected scatterers of a simulated human target are shown in a three-dimensional 
(3D) volume, where the intensities of different scatterers are represented by various colors. Note 
that the simulated radar system uses the same parameters as used in generating Figure 3. Finally, 
the RDS (see Figure 2b) is constructed by creating a surface that has the same intensity value 
within the 3D range-Doppler-time volume (i.e., range-Doppler video sequence) in Figure 2a. 
Isosurface plots are similar to contour plots in that they both indicate where values are equal. 
The MATLAB® function isosurface is applied to extract the isosurface from the volume using a 
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user-defined isosurface threshold. The isosurface connects points that have the specified value 
much the way contour lines connect points of equal elevation. Note that the difference of the sur-
face color in Figure 2b is not due to different intensities, but due to the lighting effect used to illus-
trate the 3D object in MATLAB®. Selecting a reasonable threshold is important in this procedure, 
because this affects the final output significantly. Although currently the threshold is set manually, 
automatic approaches to construct the volume surface are certainly interesting in future studies.

Target analysis has been commonly done in the time-range domain or time-frequency domain. 
As mentioned above, HRRP neglects Doppler information, while micro-Doppler neglects 
range information. Furthermore, micro-Doppler is difficult to be used in multi-target situa-
tions, since the Doppler spectrums of different targets may overlap. The RDS shows the target 
surface in the 3D range-Doppler-time space. All the important targets’ information, which 
might be contained in HRRP and micro-Doppler, is included in RDS.

The RDS of different body segments is presented in Figure 4. The responses of the feet are 
well separated in either range or Doppler, and the responses of the thorax and hands overlap 
with each other. The feet have a larger Doppler offset than the thorax and hands.

3.3. RDS of measured human activities

PulsOn 400 radar system, manufactured by Time Domain Corporation [18], was used to acquire 
measurement data (experimental setup; see Figure 5). Its operational frequency band is 3.1–5.3 
GHz, and the signal is modulated by an m-sequence. The transmitted power is −14.5 dBm. The 
pulse repetition frequency is 200 Hz, and the sampling frequency is 16.39 GHz. More details 
about this radar are given in the literature [19].

In the measurement, two scenarios were considered: single-person walking and two-people 
walking. The RDSs generated for these two scenarios are presented in Figures 6 and 7, 
respectively. The RDS for the single-person scenario is similar to the simulated RDS shown 

Figure 1. 2D CA-CFAR window [27] (red: cell under test; yellow: guard cells; green: reference cells).
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Figure 2. Range-Doppler surface of a simulated walking human target.

Figure 3. Range-velocity images of one simulated human gait.
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Figure 2. Range-Doppler surface of a simulated walking human target.

Figure 3. Range-velocity images of one simulated human gait.
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in Figure 2b, and the capability of RDS to separate body segments is demonstrated again 
in Figure 6d and e. It should be noted that in the processing for real data, static clutter is 
removed via moving target indication before constructing RDS, which cancels the clutter 
and also the stationary parts of the human body. More precisely, in each walking step, the 
reflection from the stationary leg/foot is rejected, while the reflection of the moving leg/foot 
is retained.

Figure 4. Range-Doppler surface of different body segments (a) RDS of feet, (b) Time-range projection of RDS in (a), 
(c) Time-velocity projection of RDS in (a), (d) RDS of thorax + hands, (e) Time-range projection of RDS in (d), (f) Time-
velocity projection of RDS in (d).
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Figure 5. Radar system and experimental setup.

Figure 6. Range-Doppler surface of two human targets (threshold = −20 dB).
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In Figure 7, the RDS of the two-people scenario shows that the backscattering of the human 
targets is automatically separated in the 3D range-Doppler-time space. This indicates that 
RDS is not only able to show the range-Doppler signatures of a single extended target but 
also able to separate (or even track) multiple targets in the range-Doppler video sequence. 
Additional processing to separate multi-target reflection (e.g., the separating method pro-
posed in [19]) is not required anymore.

As an example, the RDS has been demonstrated for human target analysis using an S-/C-band 
UWB radar, but RDS itself is in fact a generic tool. It can be used in various applications, such 

Figure 7. Range-Doppler surface of two human targets (threshold = −23 dB).
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as feature extraction, tracking, or classification. Similar to micro-Doppler or high-resolution 
range profiles, the RDS has the potential of being used to analyze different types of targets 
(e.g., people or animals) and also used in different types of radars (e.g., S-band, C-band, or 
X-band radar).

4. Deep learning for human target analysis

With the rapid emergence of new deep learning algorithms and architectures, the develop-
ment of many domains such as speech recognition, visual object recognition, object detection, 
and even drug discovery and genomics has been accelerated. Deep learning is composed of 
multiple processing layers to learn high-level representations with multiple levels of abstrac-
tion, thus automating the process of feature extraction. Hence, deep models do not need 
heavy feature engineering and domain knowledge compared with traditional machine learn-
ing techniques. What is more, with so many complicated deep-level transformations, very 
complex functions can be learned, and more classification and recognition problems can be 
solved. As a result, deep learning has made great contributions in overcoming difficulties in 
artificial intelligence and advancing the development of artificial intelligence.

Next, we will mainly describe several deep learning models, which are used mostly in human 
target analysis field.

4.1. Convolutional neural network

Convolutional neural network (CNN) is inspired by the visual cortex structure which is 
composed of simple cells and complex cells. It adopts four key ideas: local connections, 
parameter sharing, pooling, and multilayers. In this way, CNN is able to fully explore the 
property of raw signals that there are compositional hierarchies, namely, extracting higher-
level features from the lower-level ones. As a result, convolutional neural networks, as one 
of the representative algorithms of deep learning, have made a remarkable progress in object 
detection and recognition, natural language processing (NLP), speech recognition, and medi-
cal image analysis in the past few years. In human activity recognition field, CNN is one of 
the most used deep learning models. For instance, Zhenyuan Zhang et al. have adopted this 
network to realize continuous dynamic gesture recognition using a radar sensor [30], while 
Youngwook Kim et al. detected and classified human activities using deep convolutional 
neural networks [32].

4.2. Recurrent neural network

With the successful application in NLP, recurrent neural network (RNN) has caught research-
ers’ attention. RNNs have shone light on modeling temporal sequences such as texts and 
speeches because they can mine timing and semantic information in them. From the perspec-
tive of network structure, RNN can remember the previous information and use it to influence 
the output of the following nodes. However, conventional RNN has its own limit: long-term 
dependencies. To overcome this problem, long short-term memory (LSTM) came into being 
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X-band radar).
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ment of many domains such as speech recognition, visual object recognition, object detection, 
and even drug discovery and genomics has been accelerated. Deep learning is composed of 
multiple processing layers to learn high-level representations with multiple levels of abstrac-
tion, thus automating the process of feature extraction. Hence, deep models do not need 
heavy feature engineering and domain knowledge compared with traditional machine learn-
ing techniques. What is more, with so many complicated deep-level transformations, very 
complex functions can be learned, and more classification and recognition problems can be 
solved. As a result, deep learning has made great contributions in overcoming difficulties in 
artificial intelligence and advancing the development of artificial intelligence.

Next, we will mainly describe several deep learning models, which are used mostly in human 
target analysis field.

4.1. Convolutional neural network

Convolutional neural network (CNN) is inspired by the visual cortex structure which is 
composed of simple cells and complex cells. It adopts four key ideas: local connections, 
parameter sharing, pooling, and multilayers. In this way, CNN is able to fully explore the 
property of raw signals that there are compositional hierarchies, namely, extracting higher-
level features from the lower-level ones. As a result, convolutional neural networks, as one 
of the representative algorithms of deep learning, have made a remarkable progress in object 
detection and recognition, natural language processing (NLP), speech recognition, and medi-
cal image analysis in the past few years. In human activity recognition field, CNN is one of 
the most used deep learning models. For instance, Zhenyuan Zhang et al. have adopted this 
network to realize continuous dynamic gesture recognition using a radar sensor [30], while 
Youngwook Kim et al. detected and classified human activities using deep convolutional 
neural networks [32].

4.2. Recurrent neural network

With the successful application in NLP, recurrent neural network (RNN) has caught research-
ers’ attention. RNNs have shone light on modeling temporal sequences such as texts and 
speeches because they can mine timing and semantic information in them. From the perspec-
tive of network structure, RNN can remember the previous information and use it to influence 
the output of the following nodes. However, conventional RNN has its own limit: long-term 
dependencies. To overcome this problem, long short-term memory (LSTM) came into being 
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and performed better in many tasks. LSTM owns three special gates: input gate, output gate, 
and forget gate. By using these memory units especially the forget gate, LSTM can access a 
long-range context of the sequential data. Due to these advantages above, many human activ-
ity recognition systems adopted RNN and its variants. Zhi Zhou et al. adopted multimodal 
signals, including HRRPs and Doppler profiles, which are acquired by the terahertz radar 
system to recognize dynamic gestures, and the recognition rate reaches more than 91% [22].

4.3. Auto-encoder

Auto-encoder is a high-performance deep learning network suitable for dealing with one-dimen-
sional data by extracting optimized deep features. It learns a deep feature representation of raw 
input via several rounds of encoding-decoding procedures. Auto-encoder applies the layer-wise 
greedy unsupervised pre-training principle so as to quickly obtain an efficient deep network.

The commonly used variants of auto-encoder are mainly the following kinds: (1) sparse auto-
encoder, which is able to rebuild the input data well, and (2) de-noising auto-encoder and 
contractive auto-encoder which can make the models more generic by adding noise or a well-
chosen penalty term.

Auto-encoder is able to provide a powerful feature extraction approach for many tasks, which 
saves a lot of labor. In this way, auto-encoder can combine with whether conventional machine 
learning algorithm or other deep learning models and becomes a more robust one. Mehmet 
Saygin Seyfiolu et al. [33] used a convolutional auto-encoder architecture to discriminate 12 
indoor activity classes involving aided and unaided human motions by recognizing different 
2D Doppler maps, and Branka Jokanovic et al. [34] applied three stacked auto-encoders to 
extract deep features, respectively, and fuse the result together with a voting principle to 
classify activities.

5. Future directions

Despite plentiful human target analysis researches have been done with all kinds of deep 
learning methods and the effect is considerable, there are still many challenges and opportu-
nities. Next, a few future research considerations will be listed below.

5.1. Distinguish radar images from natural images

Among three forms of backscattered radar signals mentioned above, 2D domain radar signals 
such as time-Doppler maps and time-range maps are mostly used for recognition because they 
are represented in two dimensions and look more intuitive. Furthermore, these deep learning 
models are usually introduced from the field of computer vision. In CV area, the images are 
natural images but the radar images are not. This will lead a doubt that it is proper or not to 
treat radar 2D images as natural images completely. As a result, it is very urgent to create some 
techniques to distinguish more radar images with natural images.
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5.2. Notice phase information

Common energy-based power spectrograms after FT or STFT always abandon the phase 
information in backscatter echoes. But phase is an important attribute of any signal and 
contains a wealth of information such as transmission duration and distance. Pavlo 
Molchanov et al. investigated frequency and phase coupling phenomena for radar back-
scattered signals and proposed novel bicoherence-based information features [31]. We 
think phrase information in radar backscattering signals should be considered more in 
future studies.

5.3. Take orientation sensitivity into consideration

Doppler shift is caused by the radial velocity of the moving target. The radial velocity 
changes with the position of the target and the radar because it is the component of the 
object’s velocity. In other words, when the radar is above the pedestrian, the Doppler is 
partly induced by the motion vertical component such as arm and leg vertical motions. In 
this case, negative Doppler will appear. As a result, if the relative position is different, radar 
backscattered signals produced by one subject performing a specified activity will differ a 
lot. How to overcome the orientation sensitivity of radar-based HAR is one of the future 
research topics.

5.4. Focus more on 1D and 3D domain radar echoes

Through the investigation of the current research status, compared with the researches in 2D 
domain, there are few research results on 1D and 3D domains of human echo signals, but 
through the discussion in previous chapters, we have reason to believe that the two forms of 
echoes have enough development potential and explore space. Thus, more attention should 
be paid to this part of human target analysis field.
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Abstract

Demands for efficient and reliable wireless communications between computers, mobile 
phones, and other portable electronic devices in short distances are increasing very fast. 
Ultra-wideband impulse radio is one of the promising techniques, which has gained 
much research interests in recent years. It covers a wide scope of applications in short-
reach wireless communications. Conventionally, the low-bandwidth electronics can pro-
cess the UWB signals very well. More recently, microwave photonics has enabled a new 
paradigm for developing UWB techniques in photonic domain. The photonic approaches 
offer much higher bandwidth and seamless compatibility with optical fiber networks, 
which allow for scaling the UWB technology to more advanced application scenarios. 
This chapter is included because photonic approaches have become a unique and effec-
tive technique in microwave signal processing. We do not attempt to offer a comprehen-
sive review of UWB photonics, but rather to introduce the typical photonic solutions for 
UWB signal generation, modulation, transmission, down conversion, and so on.

Keywords: UWB generation, UWB modulation, UWB-over-fiber, microwave photonics

1. Introduction

Ultra-wideband impulse radio (UWB-IR) shows great promise in short-range high-through-
put wireless communications and sensor networks owing to its intrinsic properties, such as 
immunity to multipath fading, extremely short time duration, being carrier free, and hav-
ing low duty cycle, wide bandwidth, and low power spectral density [1–8]. While mature 
microelectronics can generate the impulse signals with perfect quality [9–11], the increasing 
demands for wireless bandwidth have driven the UWB-IR moving to higher frequency like 
W band (100 GHz). Besides, UWB is limited to coverage of its immediate surrounding area 
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(up to 10 m) because of its low radiation power. Due to its light weight, low power consump-
tion, low latency, and large bandwidth, optical fiber is considered to be an optimal solution 
to distribute the wireless signal over several tens of meters or kilometers. As such, it is no 
longer an economical way to process the UWB signals in electrical domain since an additional 
electrical-to-optical conversion (EOC) is needed, which increases the cost and power budget 
of the whole system. Alternatively, an all-optical UWB transmitter that includes impulse 
 generation and data encoding will be highly desirable as no EOC is required. The signal 
generated in optical domain can be directly fed into the local optical fiber network for distri-
bution. Such UWB-over-fiber solution can be fully compatible with the infrastructure of the 
current passive optical network (PON). It means that the wireless signal and the wired signal 
can share the same optical fibers, which further reduce the costs.

Due to the advantages of optics, such optical approaches have been widely studied for 
microwave applications, and it has become a promising research area—microwave photon-
ics (MWP). Over the past two decades, the wireless communication community holds the 
continuous demands for low power consumption, larger transmission capacity, flexibility in 
signal distribution, and so forth. Particularly, the optical communications have advanced sig-
nificantly, and it gives rise to a plethora of mature device and system technologies, which can 
handle many problems with frequencies from microwave to millimeter wave and THz range. 
MWP has been reported to offer a wide range of promising solutions to arbitrary microwave 
signal generation, modulation, multicasting, beam forming, filtering, phase shift, interference 
cancelation, frequency conversion, and so on. Compared with components working at radio 
frequencies, optical and electrooptic devices in MPW have nearly no bandwidth limitation, 
which allow for very high-speed microwave signal processing. The MWP device platform 
mainly includes fiber optics, integrated materials like silicon or III–V semiconductors, electro-
optic crystals, and other material systems. The principal idea for MWP is to manipulate the 
optical wave using optical techniques, which includes optical nonlinear effects, electrooptic 
effects, optical filtering, optical spectrum shaping, and so on. After proper optical processing, 
the optical signal can be downconverted to microwave domain by photodetection.

MWP has a wide scope of topics like signal generation, modulation, distribution, photonic 
analog-to-digital conversion, and many other signal processing applications. It should be 
noted that signals with frequencies located in a wide spectral band spanned from several GHz 
to one millimeter can be handled by MWP. Among such a broad area, UWB signal processing 
in optical domain is one of the most interesting research topics within the MWP community 
due to its intrinsic advantages of low power density and high data rate. To make it work, 
a handful of approaches have been proposed, and some of the excellent results have been 
demonstrated so far. In this chapter, we will provide some technology introduction, literature 
review, and insight of application prospect that are related to UWB photonics.

2. UWB signal generation

UWB-IR is regulated by the Federal Communications Commission (FCC) for indoor wireless 
access operating in the frequency range from 3.1 to 10.6 GHz [1]. Based on the FCC definition, 
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a UWB signal should have a spectral bandwidth that is greater than 500 MHz or a fractional 
bandwidth that is greater than 20% [1]. The UWB-IR can be generally classified into two cate-
gories: (1) the direct sequence UWB-IR [7] and (2) the multiband UWB-IR [8]. Direct sequence 
impulse radio is a simple and widely accepted form for UWB communications since it is 
carrier free. Thus, there is no need for complicated frequency mixers and local oscillators to 
up- or downconvert the carrier frequency. The generation of UWB pulses is one of the most 
important considerations within a UWB transmitter because the impulse quality will affect 
the system performance significantly [12].

Gaussian pulses are the most widely used waveforms in UWB-IR communications as they 
offer the advantages like simplicity and achievability. In principle, different orders of UWB-IR 
waveforms can be generated by using different orders of frequency differentiator filter with a 
Gaussian pulse input [2]. The optical band-pass filter is normally able to act as a first- or second-
order frequency discriminating filter. However, it has been demonstrated that the frequency 
spectra of both UWB monocycle and doublet pulses have significant components in the low fre-
quency range (<2 GHz) and thus violate the dip in the FCC spectral mask [13, 14]. Higher-order 
derivative of Gaussian pulses like triplet, quadruplet pulse, and some other waveforms that are 
more power efficient are highly desirable but rather difficult and expensive to achieve [15–17]. 
Here, we introduce the typical UWB signal generation techniques that relied on electrooptic 
components. These approaches include [2]: (1) phase modulation to intensity modulation (PM-
IM) conversion, (2) optical nonlinear effects, (3) optical spectral shaping and frequency-to-time 
mapping, (4) microwave delay-line filter, and (5) injection locking.

2.1. PM-IM conversion

PM-IM conversion is one of the earliest methods that developed for UWB-IR generation, 
which was realized by changing the phase relationships among all the frequency components 
of the optical phase-modulated signal. A frequency discriminating filter is normally needed to 
convert the phase to intensity, and thus, it can also be considered as optical filtering technique. 
A single-stage filter can generate the monocycle pulses when the optical carrier is biased at 
the linear slope of the filter. Higher-order Gaussian derivative pulses can be generated by 
using multiple filter and superimposing their outputs. Figure 1 illustrates how a single filter 
produces the monocycle pulses. An electrical Gaussian pulse should be first converted to the 
optical domain using a phase modulator. The phase-modulated signal is then applied to a fre-
quency discriminating filter. The laser wavelength can be adjusted to either side of the linear 
region of the filter spectrum slope. The operation of phase modulation and frequency dis-
crimination is equivalent to a first-order differentiation of the input Gaussian pulses encoded 
on the optical phase. The phase-modulated signal with a constant intensity will be converted 
to an intensity monocycle waveform through the PM-IM process as shown in Figure 1. The 
converted signal is then detected at a PD, which serves as an envelope detector.

The normalized optical field being phase-modulated by the Gaussian pulse train can be 
expressed in the form of

  E  PM    (t)     = exp  [j  ω  c   t + β PM   ⋅    s (t) ]   (1)
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where ωc is the angular frequency of the optical carrier, βPM is the phase modulation index, 
and s(t) is the pulse train represented by

  s (t)  =   ∑ 
n=−∞

  
+∞

   Ω (t −  nT  Γ  )   (2)

Based on the configuration shown in Figure 1, when the phase-modulated light is located 
at the linear region of the filter spectral slopes, as shown in Figure 1 at A, the ac part of the 
recovered signal at the output of the PD can be written as [7].

  τ (t) ~RP𝛽𝛽 PM   K    ⋅  s   ′  (t)   (3)

where R is the responsivity of the PD, P is the optical power after the filter, K is the slope 
steepness factor of the filter transmission spectrum, and s′(t) is the first-order derivative of the 
modulating signal s(t). Then, the UWB monocycle pulses are obtained.

Monocycle UWB-IR is the simplest waveform that can be directly generated from a single 
optical filter, but the power spectrum of the monocycle is not efficient. Here, we introduce 
a more advanced PM-IM conversion scheme with multiple filters, which allows for more 
power-efficient UWB-IR generation. The principle is described in Figure 2(a and b) where the 
laser wavelength can be biased at different nonlinear slope of the filter spectrum. Different 
types of asymmetric monocycle pulses can then be generated with different polarities due to 
the intensity peaking effect. Based on such asymmetric monocycle waveforms, we can super-
impose them into higher-order Gaussian derivative pulses using the configuration shown in 
Figure 2(c). The generation of a doublet or triplet pulse can be implemented via two identical 
optical filters in parallel with each producing an asymmetric monocycle first. By introducing 
an appropriate group delay to one of the pulses, a simple combination of the two pulses can 
generate the target doublet pulse or triplet pulse. As indicated in Figure 2(c), quadruplet 
pulses can also be generated using such delay and superimpose method if three identical 
filters and two optical delay lines are used.

Figure 1. The schematic diagram of the monocycle pulse generation based on PM-IM conversion.
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The selection of an optical frequency-discriminating filter is important in the PM-IM con-
version process. In optics, the fiber Bragg grating (FBG), thin-film band-pass filter, arrayed 
waveguide grating (AWG), Sagnac filter can be the excellent candidate. For example, FBG, a 
type of distributed Bragg reflector constructed in a short segment of optical fiber that reflects 
particular wavelengths of light and transmits all others, can be flexibly designed and a fre-
quency discriminator with the desired optical spectrum that is suitable for PM-IM conversion. 
A typical setup for FBG-based UWB-IR generation is shown in Figure 3. Light from a laser 
diode is fiber coupled to an electrooptic PM, which is driven by a sequence of Gaussian pulses.

The phase-modulated optical signal is then applied to an FBG via an optical circulator. The PM-IM 
conversion is achieved by using the FBG serving as a frequency discriminator. The converted 
UWB signal is then detected at a PD, which serves as an envelope detector.

Figure 2. The schematic diagram of the (a and b) generation of asymmetric monocycle pulses; (c) generation of 
higher-order Gaussian pulses using combination of different asymmetric monocycle pulses.

UWB Signal Generation and Modulation Based on Photonic Approaches
http://dx.doi.org/10.5772/intechopen.81311

79



where ωc is the angular frequency of the optical carrier, βPM is the phase modulation index, 
and s(t) is the pulse train represented by

  s (t)  =   ∑ 
n=−∞

  
+∞

   Ω (t −  nT  Γ  )   (2)

Based on the configuration shown in Figure 1, when the phase-modulated light is located 
at the linear region of the filter spectral slopes, as shown in Figure 1 at A, the ac part of the 
recovered signal at the output of the PD can be written as [7].

  τ (t) ~RP𝛽𝛽 PM   K    ⋅  s   ′  (t)   (3)

where R is the responsivity of the PD, P is the optical power after the filter, K is the slope 
steepness factor of the filter transmission spectrum, and s′(t) is the first-order derivative of the 
modulating signal s(t). Then, the UWB monocycle pulses are obtained.

Monocycle UWB-IR is the simplest waveform that can be directly generated from a single 
optical filter, but the power spectrum of the monocycle is not efficient. Here, we introduce 
a more advanced PM-IM conversion scheme with multiple filters, which allows for more 
power-efficient UWB-IR generation. The principle is described in Figure 2(a and b) where the 
laser wavelength can be biased at different nonlinear slope of the filter spectrum. Different 
types of asymmetric monocycle pulses can then be generated with different polarities due to 
the intensity peaking effect. Based on such asymmetric monocycle waveforms, we can super-
impose them into higher-order Gaussian derivative pulses using the configuration shown in 
Figure 2(c). The generation of a doublet or triplet pulse can be implemented via two identical 
optical filters in parallel with each producing an asymmetric monocycle first. By introducing 
an appropriate group delay to one of the pulses, a simple combination of the two pulses can 
generate the target doublet pulse or triplet pulse. As indicated in Figure 2(c), quadruplet 
pulses can also be generated using such delay and superimpose method if three identical 
filters and two optical delay lines are used.

Figure 1. The schematic diagram of the monocycle pulse generation based on PM-IM conversion.

UWB Technology and its Applications78

The selection of an optical frequency-discriminating filter is important in the PM-IM con-
version process. In optics, the fiber Bragg grating (FBG), thin-film band-pass filter, arrayed 
waveguide grating (AWG), Sagnac filter can be the excellent candidate. For example, FBG, a 
type of distributed Bragg reflector constructed in a short segment of optical fiber that reflects 
particular wavelengths of light and transmits all others, can be flexibly designed and a fre-
quency discriminator with the desired optical spectrum that is suitable for PM-IM conversion. 
A typical setup for FBG-based UWB-IR generation is shown in Figure 3. Light from a laser 
diode is fiber coupled to an electrooptic PM, which is driven by a sequence of Gaussian pulses.

The phase-modulated optical signal is then applied to an FBG via an optical circulator. The PM-IM 
conversion is achieved by using the FBG serving as a frequency discriminator. The converted 
UWB signal is then detected at a PD, which serves as an envelope detector.

Figure 2. The schematic diagram of the (a and b) generation of asymmetric monocycle pulses; (c) generation of 
higher-order Gaussian pulses using combination of different asymmetric monocycle pulses.

UWB Signal Generation and Modulation Based on Photonic Approaches
http://dx.doi.org/10.5772/intechopen.81311

79



2.2. Optical nonlinear effects

Optical nonlinear effects in optical waveguides like optical fiber, periodically poled lithium 
niobite, integrated nanowire waveguide are ultrafast processes that can be highly functional 
in many areas. Here, we introduce several nonlinear processes that can be applied to UWB-IR 
generation [18, 19]. It is important to point out that most of such techniques are associated 
with the PM-IM conversion. We still consider them as a new class of technique due to their 
unique mechanisms compared with the typical PM-IM approaches.

Typically, by sending a phase-modulated Gaussian pulse to a frequency-discriminating filter, 
a Gaussian monocycle pulse can be generated via frequency discrimination. Higher-order 
Gaussian pulses can be obtained by combining time-delayed UWB monocycles at different 
wavelengths with inverted polarities [20, 21]. Alternatively, for example, triplet pulses can 
be generated through four-wave mixing effect combined with an optical band-pass filter. In 
this scheme, the high-order Gaussian triplet pulse is directly generated by performing the 
first-order derivative of a phase-modulated Gaussian doublet pulse without complicated 
superposition of different pulses.

A general schematic block diagram of such four-wave mixing (FWM)-based UWB generation 
is depicted in Figure 4. The two paths of input optical continuous waves (CWs) are phase 
modulated. The phase modulators are driven by two sets of electrical Gaussian pulses that can 
be divided from a single-pulse pattern generator. For the upper electrical path, the Gaussian 
pulse is processed by an electrical Mach-Zehnder interferometer (MZI) before driving to the 
phase modulator. An optical delay is between the two light waves. The two light waves are 
then combined together and fed into the nonlinear medium such as highly nonlinear fiber, sil-
icon waveguide, or chalcogenide waveguide to perform FWM. The output signal is converted 

Figure 3. The schematic setup of a typical FBG-based monocycle pulse generation system.
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to the triplet pulses by a discriminating filter via PM-IM conversion. An UWB triplet can be 
generated by converting the signal into the electrical domain using a photodetector.

The working principle of this method is shown in Figure 5 where the electrical MZI modu-
lated the light wave (ω1) with a modified Gaussian pulse and the other carrier (ω2) with a 
normal Gaussian pulse. An FWM process will function as a phase conjugation that modulates 
the idler phase with a triplet Gaussian pulse as shown in the inset of Figure 5. Then, an optical 
band-pass filter will translate this phase response into intensity triplet pulses. Compared with 
the monocycle pulse, triplet pulse has a suppression in the low frequency range that makes 
the spectrum fit the FCC mask better.

Two-photon absorption (TPA) is another optical nonlinear effect that can be used for UWB 
signal generation. The schematic block diagram of the all-optical UWB monocycle pulse gen-
eration using non-degenerated TPA in a nonlinear WG is shown in Figure 6. A CW probe and 
a pulse pump are aligned to the Si waveguide’s TE-like mode and coupled together. After 
propagation through the long waveguide, the CW probe is inversely modulated by the pulse 
pump during the non-degenerated TPA process in the nonlinear WG. By properly control-
ling the delay and power relation between the attenuated pump and inversely modulated 
probe, positive and negative UWB monocycle pulses with different shape can be generated 
in the optical domain after their recombination. With the optical-to-electrical conversion at a 
photodetector, a UWB monocycle pulse is obtained in the electrical domain.

Figure 4. The schematic block diagram of the four-wave mixing (FWM)-based triplet pulse generation.

Figure 5. The schematic illustration of the working principle for triplet pulse generation using FWM.
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2.3. Optical spectral shaping and frequency-to-time mapping

UWB pulses can also be generated based on optical spectral shaping and frequency-to-time 
conversion using a Fourier transform device. Fourier transform optical spectral shaping and 
dispersive stretching were implemented to generate adaptive broadband microwave arbitrary 
waveforms [22, 23]. UWB pulse generation has been widely demonstrated via spatial-light-
modulator (SLM)-based spectrum shaper and frequency-to-time mapping [24–26]. But in this 
approach, the pulse shaping is implemented in free space, which makes the system bulky and 
complicated. UWB pulses can also be generated based on spectral shaping and frequency-to-
time conversion using pure fiber-optic components [27]. The use of fiber-optic components 
instead of free space optics has the advantage of smaller size, light weight, and the potential 
for integration using the photonic integrated circuit (PIC) technique.

Figure 7 shows a UWB pulse generation system based on spectral shaping and frequency-
to-time mapping using all-fiber components. In the system, the optical power spectrum of 
a femtosecond pulse from a mode-locked fiber laser (MLFL) is shaped by optical spectral 
shaper to obtain a spectral shape corresponding to a UWB monocycle or more power-efficient 
waveform. The wave shaper based on MEMS can act as an excellent spectral shaper for this 

Figure 7. The block diagram of a UWB-IR generation system based on optical spectral shaping and frequency-to-time 
mapping. MLFL, mode-locked fiber laser.

Figure 6. The schematic diagram of the working principle for TPA-based monocycle pulse generation.
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scenario. A certain length of single-mode fiber (SMF) acting as a dispersive element can be 
used to perform the frequency-to-time mapping. In the meantime, the SMF can also distribute 
the UWB signals to a remote site. A UWB-IR pulse is then obtained at the output of a high-
speed PD. The UWB pulse has a shape that is a scaled version of the user-designed power 
spectrum. The pulse width is determined by the total dispersion of the SMF. In fact, an ultra-
short pulse from the MLFL source can also be divided into two paths by an optical coupler. 
When the input pulse spectrum from one port is shaped by a reflection filter, the input pulse 
from the other port is spectrally shaped by a transmission filter. The spectra shapes of the two 
filters are complementary, which ensures that the time-domain pulses are polarity reversed. 
Similar to PM-IM conversion, this technique can generate more complicated pulses other than 
monocycle pulse by applying asymmetric spectral shaping in the complementary filters. Then, 
the spectrum-shaped pulse is then sent to a length of dispersive fiber to perform frequency-
to-time mapping.

2.4. Microwave delay-line filter

We have discussed the generation of monocycle, doublet and triplet pulse generation in the 
previous section. It is known that monocycle, doublet, and triplet represent the first-, second-, 
and third-order derivative of the Gaussian pulse. In principle, different order derivatives 
can be approximated by first- or higher-order differences, which can be implemented via 
a photonic microwave delay-line filter, with two or three taps, with one negative tap. For a 
photonic microwave delay-line filter, the filter should operate in the incoherent regime using 
incoherent detection to avoid optical interference. A photonic microwave delay-line filter 
with incoherent detection normally has positive coefficients only [28–30]. Thus, it is necessary 
to design filter with negative coefficients while maintaining the incoherent detection.

The general working principle can be described in Figure 8. UWB-IR can be generated by 
such a system that consists of an N-tap photonic microwave delay-line filter, a light source, an 
optical modulator, a time delay element, and a PD. The microwave signal is modulated onto 
the light wave using an optical modulator. The modulated light wave is then sent to an N-tap 

Figure 8. The schematic diagram of the UWB signal generation principle based on microwave delay-line filter.
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delay-line device to introduce different time delays with an identical time delay difference 
between each adjacent tap. The time-delayed signals are then converted to electrical signal via 
a PD. The multitap delay-line device acts as a multitap RF filter in the electrical domain. The 
free spectral range (FSR) and the tap coefficients can be designed by introducing appropriate 
time delay difference. Thus, the desired frequency response of the RF filter can be realized 
using the photonic devices.

2.5. Photonic integrated circuits

We have mentioned a handful of approaches that can generate the UWB-IR in optical domain. 
Most of the systems relied on the discrete packaged components like optical fiber, lithium 
niobate electrooptic modulator, thin-film filter, fiber Bragg grating, spatial light modulator, 
and so on. Such system is quite bulky and requires sophisticated control on optical phase, 
polarization, optical intensity, wavelength, and many other parameters. Some of these param-
eters are extremely sensitive to the environmental variations and thus are difficult to stabilize. 
From the economical point of view, the UWB system based on many discrete packaged com-
ponents will suffer from additional losses at the interface between different devices and also 
suffer from high packaging costs.

Photonic integrated circuits (PICs) have become a new paradigm for on-chip subsystem with 
a plethora of applications like optical computing, interconnection, sensing, microwave pho-
tonics, and so on. Similar to the electronic integrated circuits, the idea of PIC originates from 
the large-scale integration of various photonic devices and functionalities on a single chip. 
The benefits from on-chip system based on PIC include low cost, low power consumption, 
stable performance, and small footprint. Silicon and III–V material systems have been widely 
used for integrated photonic devices. While III–V material has limited wafer dimension and 
high cost, silicon is now considered as the most promising photonic integration platform. The 
past two decades have witnessed the huge success of silicon photonics that advanced from 
scientific research to commercialization.

Here, we introduce a UWB-IR generation technique using silicon microring resonator, which 
consists of a bus waveguide and a microring waveguide. The working principle of a micror-
ing resonator is shown in Figure 9. The bus waveguide and the microring are coupling with 
each other via a coupler. When light of the resonant wavelength is passed through the bus 
waveguide, it will cross couple into the microring and builds up in intensity over multiple 
round trips due to constructive interference. Once it travels through a round trip, it is output 
to the output bus waveguide. Because only a selected few wavelengths will satisfy the reso-
nance condition within the cavity, the optical ring resonator can function as a filter. If only 
one bus waveguide is implemented as shown in Figure 9, the microring will serve as a notch 
filter with the output spectrum shown as the inset of the figure. The microring resonance 
spectrum normally has a Lorentz shape with very large extinction ratio, and the resonance 
dip of the notch filter induces an abrupt phase change. Thus, microring resonator is a good 
candidate for a frequency discrimination filter, which can be used for PM-IM conversion. 
By generation of different types of monocycle pulses as described in Figure 1, a delay and 
superimpose method can produce much more complicated and power-efficient UWB pulses. 
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The advantages of using silicon microring are the possibility of integration and the extremely 
small footprint. A possible system setup of the on-chip monocycle UWB-IR generation can be 
depicted in Figure 10.

If we recall the principle illustrated in Figure 2, doublet and triplet UWB waveforms can be 
generated by using a pair of identical filters. In a nonintegrated system, we need to double the 
efforts and costs to set up another set of filter, cables, connectors, and so forth. In contrast, PIC 
holds one of the most exciting features of just copying the circuit layout and sharing the same 
fabrication process. Importantly, the cost is not necessarily doubled since many expenses 
are shared in a multiproject wafer [31]. A PIC layout for doublet or triplet pulse generation 
is shown in Figure 12 where two identical microring resonators produce two asymmetric 
monocycle pulses. The microring pair can be electrically controlled to adjust the working 
wavelengths. The microscope image of the tunable microring pair is shown as the inset. After 
PM-IM conversion via the ring resonator, one of the light waves is time-delayed by a certain 
length of long waveguide. Then, two paths of optical waves are combined and superimposed 
by a coupler. Finally, the optical to electrical conversion is performed in the photodiode and 
hence the electrical doublet or triplet UWB-IR is generated. The microscope images of the 
long waveguide and the photodiode are shown in the inset of Figure 11.

Figure 9. The schematic diagram of a microring resonator. Inset: the schematic optical spectrum at the through port of 
the microring.

Figure 10. Experimental setup of the UWB generation using MRR and integrated Ge photodetector. PD, photodetector.
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candidate for a frequency discrimination filter, which can be used for PM-IM conversion. 
By generation of different types of monocycle pulses as described in Figure 1, a delay and 
superimpose method can produce much more complicated and power-efficient UWB pulses. 
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The advantages of using silicon microring are the possibility of integration and the extremely 
small footprint. A possible system setup of the on-chip monocycle UWB-IR generation can be 
depicted in Figure 10.

If we recall the principle illustrated in Figure 2, doublet and triplet UWB waveforms can be 
generated by using a pair of identical filters. In a nonintegrated system, we need to double the 
efforts and costs to set up another set of filter, cables, connectors, and so forth. In contrast, PIC 
holds one of the most exciting features of just copying the circuit layout and sharing the same 
fabrication process. Importantly, the cost is not necessarily doubled since many expenses 
are shared in a multiproject wafer [31]. A PIC layout for doublet or triplet pulse generation 
is shown in Figure 12 where two identical microring resonators produce two asymmetric 
monocycle pulses. The microring pair can be electrically controlled to adjust the working 
wavelengths. The microscope image of the tunable microring pair is shown as the inset. After 
PM-IM conversion via the ring resonator, one of the light waves is time-delayed by a certain 
length of long waveguide. Then, two paths of optical waves are combined and superimposed 
by a coupler. Finally, the optical to electrical conversion is performed in the photodiode and 
hence the electrical doublet or triplet UWB-IR is generated. The microscope images of the 
long waveguide and the photodiode are shown in the inset of Figure 11.

Figure 9. The schematic diagram of a microring resonator. Inset: the schematic optical spectrum at the through port of 
the microring.

Figure 10. Experimental setup of the UWB generation using MRR and integrated Ge photodetector. PD, photodetector.
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Figure 11. The PIC layout of the on-chip UWB generation system. The inset are the microscope images of the microrings, 
photodetector, and long waveguides.

3. UWB signal modulation

UWB-IR is a wide band RF spectrum with extremely low power spectral density. It actually 
functions as a wireless carrier to deliver information in a short reach scenario. The modulation of 
UWB-IR is also a fundamental issue in the transmitter design. One of the most intuitive modula-
tion formats that can apply for UWB-IR is the on-off keying (OOK). This format is easy to imple-
ment, but it suffers from intensity noise. Pulse position modulation and biphase modulation are 
alternative formats apart from OOK. Here, we introduce a novel UWB signal modulation scheme 
using the tunable filter, which can be compatible for both OOK and biphase modulation.

In Figure 12, we illustrate the working principle of how to generate and modulate the UWB 
monocycle pulse using a single tunable filter. Such a tunable filter should have a large extinc-
tion ratio and fast tuning speed. Electrooptic silicon microring is one of the perfect candidates 
for this scheme. As shown in Figure 12(a), when the laser wavelength is set at the center of 
the linear slope of the ring resonance, a monocycle pulse with a certain intensity is generated. 
When a driving voltage is applied to the ring resonator, the ring resonance is shifted and its 
resonance dip is shifted to match the laser wavelength. As a result, the pulse will vanish due 
to the low intensity at the ring resonance dip and the OOK modulation is achieved.

If the driving voltage is larger, a larger wavelength shift will be introduced to the ring 
resonance as shown in Figure 12(b). First, the laser wavelength is set to a midpoint at one 
side of the resonance slope center. Without the electrooptic tuning, a monocycle pulse will 
be generated. By applying an appropriate swing voltage, the laser wavelength can be just 
located to the other side of the resonance slope. As a result, the polarity of the monocycle 
pulse will be reverted since it experiences a π phase shift. The biphase modulation can be 
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realized if the driving voltages are well controlled with equal intensity for the polarity-
reverted monocycle pulse.

An active microring resonator (microring modulator) can be used to simultaneously gen-
erate and modulate the UWB-IR. The top view and cross section schematic structure of a 
silicon ring modulator are shown in Figure 13(a) and (b). The resonance wavelength tuning is 
achieved by modifying the resonance condition, which is expressed by

  n eff   L    = m𝜆𝜆  i         (4)

Figure 12. The schematic principle of the tunable-filter-based (a) UWB OOK modulation and (b) UWB biphase 
modulation.

Figure 13. (a) The top-view schematic diagram of the silicon microring modulator and (b) the schematic diagram of the 
P-N silicon waveguide.
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realized if the driving voltages are well controlled with equal intensity for the polarity-
reverted monocycle pulse.

An active microring resonator (microring modulator) can be used to simultaneously gen-
erate and modulate the UWB-IR. The top view and cross section schematic structure of a 
silicon ring modulator are shown in Figure 13(a) and (b). The resonance wavelength tuning is 
achieved by modifying the resonance condition, which is expressed by
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Figure 13. (a) The top-view schematic diagram of the silicon microring modulator and (b) the schematic diagram of the 
P-N silicon waveguide.
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where neff is the waveguide effective refractive index, L is the round-trip length, m is an integer, 
and λi is the resonance wavelength. The cavity waveguides are normally doped with P- and 
N-type implantations as shown in Figure 13. Silicon is a semiconductor; the doping improves 
the conductivity of the waveguides, which introduces the free carriers inside the waveguides. 
The P- and N-type doping forms a P-N junction inside the waveguide with several hundreds 
of nanometers width. By electrical tuning, the effective index of the waveguide changes due 
to the variations in carrier distribution, which is called free carrier dispersion effect [32]. The 
index change results in the resonance shift indicated in Eq. (4), and thus, it could be utilized 
for UWB-IR generation and modulation.

4. UWB-over-fiber

UWB-over-fiber (UWBoF) has been proposed to effectively distribute UWB-IR signals while 
keeping the wireless transmission within tens of meters range. For such optical distribution, 
it can be more cost-effective to implement the generation and distribution of UWB-IR in 
optical domain, thus avoiding the need for multiple electrical to optical to electrical con-
versions. An interesting idea is to integrate the UWB signal distribution networks into the 
existed access networks. By sharing the same fiber, optical UWB-IR and wired downstream 
signal coexist in the access fiber networks. The fiber to the home brings the wireless UWB 
signal to the home as well. There are many UWBoF architectures discussed in the literatures. 
Among those access network solutions, wavelength division multiplexed-passive optical 
network (WDM-PON) is one of the most promising systems as it has extremely large data 
capacity. Though it has not been commercialized yet due to the cost issues, it has a bright 
future since it can fully utilize the nearly infinite optical bandwidth. Here, we introduce a 
hybrid solution of UWB-IR wireless service that is integrated with a WDM-PON. It pro-
vides a wired baseband data service and a UWB-IR signal distributed from the other remote 
antenna unit (RAU).

The schematic system configuration is shown in Figure 14. In such a WDM distribution sys-
tem that integrates the UWB-IR and wired baseband signal, a silicon PIC is implemented in 
an optical network unit (ONU) within the WDM-PON architecture. The silicon chip serves 
as a wireless access point and a wired signal receiver. Centralized light sources are located 
at the central office, and there are two laser diodes with wavelength close to each other for 
each transmitter (Tx). This is a trick that is used for separation of the UWB and wired signal 
at the ONU side. For Tx1, laser diode1 (LD1) is intensity modulated with wired signal, while 
LD2 is phase modulated with the UWB wireless data. The wavelengths of LD1 and LD2 
occupy two adjacent channels of the AWG. All the channels are multiplexed and transmit-
ted in the distribution fiber. At the remote node, the wavelength channel allocated to wired 
signal is sent to the receiver directly. The other channel is separated into two branches with 
a portion of the signal remodulated by the upstream data. Since the UWB signal is a phase-
modulated CW, the phase information will not affect the upstream data if intensity modu-
lation format is used. Another part of the signal is coupled onto the silicon chip through 
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a grating coupler. The on-chip microring resonator performs the PM-IM conversion. The 
UWB monocycle pulse is generated and converted to electrical signal by a waveguide ger-
manium photodetector, which can be fabricated using fully CMOS compatible process. If 
the photodetector has enough responsivity, its output can be directly fed into the antenna 
for wireless emission.

5. Conclusion

Though UWB has not been so widely implemented as Wi-Fi, Bluetooth, and other narrow-
band services, its broadband nature and intrinsic advantages make it extremely suitable for 
some particular applications like indoor positioning and tracking. The UWB service has much 
higher precision and less interferences than other radio systems, which make it promising for 
Internet of things in the near future. MWP is emerging as an alternative technology for other 
UWB signal generation and processing in electrical domain. Over the past decade, we have 
witnessed a lot of lab demonstrations of UWB photonics like UWB waveform generation, 
UWB signal modulation, UWB-over-fiber, and so on. There are many other topics that remain 
open to the whole community such as the study on impact of fiber channel impairments, 
integration of UWB antenna and photonic chip, more power-efficient UWB pulse generation, 
advanced formats of UWB signal modulation, and so on.
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Figure 14. The schematic diagram of the UWBoF system, which is compatible with WDM-PON.
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