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Abstract

Wearable body centric wireless communication technologies require antennas that can
operate when being subjected to bending due to conformal placement and movement of the
human body.

A trapezoidal patch antenna (TPA) has been found to be less susceptible to bending effects
than a traditional rectangular patch antenna (RPA). The antenna’s suitability for wearable off-
body communication links operating at the 2.4 GHz ISM band has been investigated. The TPA
is modelled for the first time using the Aperture Array Model and the Cylindrical Aperture
Array Model which incorporates antenna E-plane bending. The analysis is taken further with
full-wave simulations and shows that the TPA is less susceptible to bending effects,
particularly E-plane bending compared to a RPA. However, there is a radiation performance
degradation when compared to the RPA. To overcome this, the TPA is further improved by
implementing an artificial magnetic conducting (AMC) metafilm array configuration for an
edge fed antenna. The trapezoidal patch antenna loaded with the AMC metafilm (TPA-MF)
leads to enhanced radiation performance with a realized gain of up to 6.56 dBi and a radiating

element surface area reduction of 48.9% when compared to a RPA.
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1 Introduction
1.1 Project Motivation

With the growth of wearable technologies and device communication, there has been an
increasing interest in research of antennas that are used in wearable systems. These antennas
carry unique features such as physical flexibility, allowing for seamless system integration.
The wearable antenna has application in military, medical, space and emergency service
applications [1]. Designing wearable antennas can be challenging since they need to be non-
invasive, inconspicuous, robust, lightweight, inexpensive and low maintenance [2][3].

Wearable antennas can be categorized into textile and non-textile, with textile
producing the most seamless antenna structures into fabrics. Non-textile solutions are more
suited to being embedded into wearable accessories such as glasses, buttons, belts and so on
[2].

The microstrip patch antenna with its ability to be integrated into wearable items
makes it an excellent candidate for body centric wireless communication systems. It can be
placed conformally on the body and consists of a ground plane that prevents backpropagating
radiation into the body and eliminates the frequency detune that occurs due to coupling
between the human body and the antenna [4]. This makes the wearable antenna ideal for off-
body communication links since the radiation pattern is broadside, however the microstrip
patch antenna has also been used for on and off-body applications simultaneously by exciting

another mode which has an omnidirectional radiation pattern [5][6].
Application examples for wearable patch antennas are:

- On body power harvesting [7][8].

- Soldiers uniform acting as a part in a communication and surveillance network
between soldiers, other units, armoured vehicles, and UAVs [9].

- Survival suit embedded with a GPS antenna [10].

- Lifejacket with an embedded search and rescue transmitter [11].



Figure 1.1: A Jacket integrated with a circularly polarized patch antenna on the arm as part of a GPS
receiver [10].

Figure 1.2: lifejacket equipped with patch antennas as part of a COSPAS-SARSAT search and rescue
transmitter [11].

ASSIST/NEF

RFComLab

RF Power Harvester

Figure 1.3: Six-element wearable microstrip patch antenna array for RF power harvesting [8].



Important design features and considerations for wearable antennas include:

e Selection of textile material

e Characterizing antenna deformations such as bending and crumpling
¢ Influence of ground plane and its size

e Effects of material conductivity

e Performance enhancement methods

e Effect of the human body on antenna radiation performance

e Positioning location on human body

e Specific absorption rate (SAR)

Miniaturization is an important requirement of the microstrip patch antenna to allow for
seamless integration.

Understanding the interaction between human tissue/body and its effect on antenna
radiation performance allows us to characterize the antennas suitability for wearable
applications. With the increasing capabilities of CPUs, GPUs, RAM and efficient
electromagnetic solvers, large electromagnetic body simulations can be performed accurately
while being memory efficient and without the use of high-end workstations.

In this thesis an optimized trapezoidal patch antenna is proposed as a miniaturized
variant of the rectangular patch antenna. This antenna aims to be appropriate as a textile

wearable antenna for off-body communication systems.

1.2 Project Challenges and Aims

Planar wearable antennas must be designed to deal with the unique challenges of being on
the human body. The key challenges are outlined below.
1. Antenna bending which results in resonant frequency detuning.
Conformal placement of the patch antenna on the human body will result in antenna bending
to a certain degree. Stretching and crumpling in antennas with textile substrates can also alter
resonant behaviour. This has been studied extensively in literature and several articles
focusing on antenna deformation have been referenced [9], [12]-[19]. Some key findings are:
e Bending a patch antenna along its E-plane detunes reduces the resonant length of
the antenna thus increasing the resonant frequency. Thus, modifying the

antenna’s E-plane has the dominant effect on antenna’s performance.



e Radiation patterns are affected during antenna bending.

e Bending broadens the major lobe of the radiation pattern.

¢ The Front to Back Ratio of the radiation pattern is decreased for increased bending

angles.

o A textile substrate if stretched can alter the permittivity, thickness, and thus

resonant frequency of the antenna.
2. Ensuring a compact and low-profile antenna.
A low-profile antenna results in resilience to bending deformations when placed conformally
on a curved inhomogeneous structure such as the human body. This also provide seamless
and inconspicuous integration to on body applications. The aim of antenna miniaturization is
to reduce the size by altering the length, area or volume, while maintaining performance of
the original antenna [20].

Various miniaturized antennas are highlighted in Table 4.1 which shows that through
miniaturization, antenna performance parameters such as bandwidth, radiation efficiency
and realized gain can decrease. Techniques are required to maintain or enhance these
performance parameters through the miniaturization process.

3. Antenna’s proximity to lossy human tissue.
A further challenge is the proximity of lossy human tissue which reduces the antennas
radiation efficiency, realized gain and detunes the resonant frequency due to introduced high
dielectric constant of the various layers of human tissue [21]-[24].

4. Seamless integration of the antenna in clothing.
For practical use in wearable applications, seamless integration of the antenna is required.
This can be achieved using electro-textiles woven into fabrics. This creates a robust structure
without the need of any glues to bind the conductive elements to the substrate. When
electro-textiles are integrated into fabrics as the conductive elements for wearable antennas,
maintaining a low sheet resistance is crucial to minimizing conductor losses. The anisotropic
nature of different weave patterns and roughness profile of electro-textiles can also effect
the sheet resistance [25][26]. Higher antenna efficiencies can be obtained by ensuring the
principle current flow is parallel to the stitch direction [1]. Moisture absorption into fabrics
can change dimensional properties and electromagnetic properties by increasing the
dielectric constant and loss tangent [27]. Adding a moisture barrier to the textile antenna can

prevent the alterations [28]. Issues associated with seamless integration using electro-textiles
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can be summarised as maintaining low sheet resistance of conductive fibres and moisture
absorption of the textile antenna. Various wearable antennas have been designed using

electro-textiles displaying optimal radiation characteristics [21], [29]-[34].

1.2.1 Key Contributions
This thesis will address specific elements of the challenges mentioned above to develop an

improved patch antenna for wearable off-body communication systems :

e Preventing frequency detuning by ensuring a low-profile patch miniaturised antenna
design. Proposing a trapezoidal geometry for the radiating element results in a
significant surface area size reduction for the radiating element when compared to a
rectangular patch antenna by up to 39%.

e Adaptation of the Aperture Array Model (AAM) which offers physical insight for the
operating mechanism and attempts to predicts the far-field characteristics of the
trapezoidal patch antenna in planar and cylindrical configurations.

e Improving the antenna’s bandwidth and realized gain following on from
miniaturization of the patch antenna. This will be addressed by the proposal of
miniaturized Artificial Magnetic Conductor (AMC) cells which are uniquely loaded
inside of the dielectric substrate of the patch antenna. The AMC cells are designed to
have a zero-degree phase reflection at the resonant frequency of the patch antenna.
The backward propagating waves are reflected at the ground plane and constructively
interfere with the outward radiating waves. Loading the proposed AMC structure into
the trapezoidal patch antenna results in a realized gain enhancement by up to 2.1 dBi,
a bandwidth enhancement by 1.23%, as well as further miniaturization of the

radiating element of up to 49%.

1.3 Project Approach

One of the requirements of a wearable textile antenna is being low profile. A trapezoidal
patch antenna loaded with an artificial magnetic conducting metafilm (TPA-MF) is proposed
as a surface area size reduced radiating element. The antenna is designed for off-body
communication in body-centric wireless communications systems that operate in the

industrial, scientific, and medical (ISM) band at 2.4 GHz.



To begin, the TPA which has been proposed as a miniaturized variant of the
rectangular patch antenna is investigated for its suitability as a wearable textile antenna
where the antenna is subject to deformation. The dielectric characteristics of the substrate
are based on the cotton/polyester sample in [35] which is modelled as a 2.8 mm thick
homogenous medium with a dielectric constant of 1.6 and a loss tangent of 0.02.

The aperture array or cavity model for a rectangular patch as presented by T. Bird [36]
and C. Balanis [37] is modified to model a trapezoidal patch antenna analytically. A far-field
analysis is formulated where all the necessary equations are derived to describe the radiation
mechanism that occurs. The equations are implemented in MATLAB to approximate the far-
field behaviour. A full wave simulation is performed using the electromagnetic simulation
software CST Microwave Studio to benchmark and verify the proposed analytical model.

The non-uniform surface of the human body means that when the antenna is placed
conformally on the surface various bending can occur. Depending on the location, the degree
to which bending can occur will vary. Therefore, the analytical analysis of the patch antenna
is developed to model cylindrical bending. The results are validated by modelling antenna
bending in CST Microwave Studio. The simulation software allows a more complete
characterisation of antenna bending.

An antenna which is designed for wearable applications will be in proximity to the
human body. The antenna will be simulated and investigated in the presence of various body
tissue configurations, starting from simple cubic and cylindrical tissue models to more
complex body models.

Since the introduction of the surrounding tissue results in a reduction in radiation
efficiency and thus gain [4][11][19], the TPA-MF is proposed to improve the antenna’s gain.
The AMC is designed and simulated in CST and then loaded into the dielectric substrate of the
edge fed patch antenna. The body model configurations will be simulated to verify any

improvements in performance.



1.4 Thesis Overview
Chapter 1 provides an overview of the project including its aims, objects, and approach.

In Chapter 2, all the relevant parameters to describe the performance of an antenna
are listed. Also, the simulation settings using the software CST Microwave Studio are outlined.

Chapter 3 presents a historical overview on the Microstrip Patch Antenna and its
design evolutions leading to its more recent applications in wearable systems.

Chapter 4 first focuses on a literature review on miniaturization techniques that have
been applied to patch antennas. Following on from this review the TPA is further investigated
as a miniaturized alternative to the traditional RPA by analysing the TPA using the Aperture
Array Model (AAM). The AAM is an analytical characterization of the TPA which provides
intuition and insight on its far-field characteristics. Also, it has not been presented previously
in literature for the TPA. Following on from this analysis, a more rigorous characterization of
the TPA is presented using the full-wave simulation software CST Microwave Studio.

Chapter 5 first presents a literature review on analytical methods to model patch
antenna bending. The AAM previously presented in Chapter 4 to characterize the TPA is
extended to the Cylindrical Aperture Array Model (CAAM) which incorporates antenna
bending. A full-wave simulation analysis is then performed comparing the radiation
performance between the RPA and TPA for E-plane and H-plane bending.

Chapter 6 presents the key novelty of this thesis, that is the trapezoidal patch antenna
loaded with an artificial magnetic conducting metafilm (TPA-MF). The chapter introduces the
background and theory on the artificial magnetic conductor (AMC). A square ring is chosen as
the geometry for the AMC unit cell for its simplicity and being miniaturized. The Generalized
Sheet Transition Conditions (GSTCs) and the Effective Medium Model are two methods to
characterize the AMCs dielectric response. These characterization methods are compared to
each other. This is performed through full-wave simulation analysis. Next the AMC is uniquely
implemented into the substrate of the TPA creating the TPA-MF, where its performance is
compared to the RPA and TPA. Antenna bending is also investigated. The TPA-MF achieves a
miniaturization of the radiating element, a bandwidth, realized gain enhancement and is
shown to be a more efficient radiator compared to the TPA.

Chapter 7 presents an introduction to computational human models for specific absorption
rate (SAR) compliance testing for antennas. The frequency dependency of the dielectric

properties of human tissue are incorporated into the human tissue models. Tissue models of

7



increasing geometric complexity are introduced. The cylindrical tissue model, homogenous
body model, and FEM meshable model incorporate antenna bending, which is investigated
for both E and H-plane bending. A comparison is presented for the various configurations
which are compared to the antenna simulations performed in free space.

Chapter 8 concludes the thesis by summarizing the key findings, offering
recommendations for future work, and reflecting on the research journey.

In Appendix A, the MATLAB codes for the implementation of the AAM and CAAM are
provided.

In Appendix B, preliminary S-parameter antenna measurements for the RPA and TPA
are provided. The antennas are investigated in a planar and cylindrical configuration to
investigate antenna bending.

Appendix C contains the performance parameters of the antenna simulations
involving human tissue models from Chapter 7, including their computational costs in terms
of simulation time and memory requirements.

Appendix D provides the material definitions for the human tissue models involved in

the antenna simulations.



1.5
(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

(14]

[15]

References

A. Tsolis, W. G. Whittow, A. A. Alexandridis, and J. Y. C. Vardaxoglou, “Embroidery and related
manufacturing techniques for wearable antennas: Challenges and opportunities,” Electron. ,
vol. 3, no. 2, pp. 314-338, 2014, doi: 10.3390/electronics3020314.

L. Corchia, G. Monti, and L. Tarricone, “Wearable Antennas: Nontextile Versus Fully Textile
Solutions,” IEEE Antennas Propag. Mag., vol. 61, no. 2, pp. 71-83, 2019, doi:
10.1109/MAP.2019.2895665.

R. Salvado, C. Loss, R. Gongalves, and P. Pinho, “Textile Materials for the Design of Wearable
Antennas: A Survey,” Sensors, vol. 12, pp. 15841-15857, 2012, doi: 10.3390/s121115841.

P.S. Hall et al., “Antennas and propagation for on-body communication systems,” ANTEM
2005 - 11th Int. Symp. Antenna Technol. Appl. Electromagn. Conf. Proc., 2005, doi:
10.1109/ANTEM.2005.7852088.

X. Tong et al., “A Dual-Mode Multi-Polarization Millimeter Wave Wearable Antenna for
WBAN Applications,” in 2019 IEEE MTT-S International Microwave Biomedical Conference
(IMBioC), May 2019, vol. 1, pp. 1-3, doi: 10.1109/IMBIOC.2019.8777910.

C.-X. Mao, D. Vital, D. H. Werner, Y. Wu, and S. Bhardwaj, “Dual-Polarized Embroidered
Textile Armband Antenna Array With Omnidirectional Radiation for On-/Off-Body Wearable
Applications,” IEEE Trans. Antennas Propag., vol. 68, no. 4, pp. 2575-2584, Apr. 2020, doi:
10.1109/TAP.2019.2951517.

Y.-J. Chi, C.-H. Lin, and C.-W. Chiu, “Design and modeling of a wearable textile rectenna array
implemented on Cordura fabric for batteryless applications,” J. Electromagn. Waves Appl.,
vol. 34, no. 13, pp. 1782-1796, Sep. 2020, doi: 10.1080/09205071.2020.1787869.

D. Vital, S. Bhardwaj, and J. L. Volakis, “Textile-Based Large Area RF-Power Harvesting System
for Wearable Applications,” IEEE Trans. Antennas Propag., vol. 68, no. 3, pp. 2323-2331, Mar.
2020, doi: 10.1109/TAP.2019.2948521.

P. Salonen and Y. Rahmat-Samii, “Textile antennas: Effects of antenna bending on input
matching and impedance bandwidth,” IEEE Aerosp. Electron. Syst. Mag., vol. 22, no. 12, pp.
18-22, 2007, doi: 10.1109/MAES.2007.4408597.

“Textile Antenna Promises Futuristic Communications,” 2009.
https://www.esa.int/Applications/Technology_Transfer/Textile_antenna_promises_futuristic
_communications (accessed Oct. 14, 2023).

P. S. Hall and Y. Hao, Antennas and Propagation for Body-Centric Wireless Communications,
2nd ed. Artech, 2012.

E. Altinozen, I. Harrison, A. Vukovic, and P. Sewell, “Systematic Generation of Arbitrary
Antenna Geometries,” IEEE Trans. Antennas Propag., vol. 70, no. 8, pp. 6377-6387, Aug.
2022, doi: 10.1109/TAP.2022.3165539.

P. Salonen, Y. Rahmat-Samii, M. Schaffrath, and M. Kivikoski, “Effect of textile materials on
wearable antenna performance: A case study of GPS antennas,” IEEE Antennas Propag. Soc.
AP-S Int. Symp., vol. 1, pp. 459462, 2004, doi: 10.1109/aps.2004.1329673.

F. Xu, B. Wei, W. Li, J. Liu, W. Liu, and Y. Qiu, “Cylindrical conformal single-patch microstrip
antennas based on three dimensional woven glass fiber/epoxy resin composites,” Compos.
Part B Eng., vol. 78, pp. 331-337, 2015, doi: 10.1016/j.compositesb.2015.03.091.

L. Song and Y. Rahmat-Samii, “A Systematic Investigation of Rectangular Patch Antenna

9



[16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

Bending Effects for Wearable Applications,” IEEE Trans. Antennas Propag., vol. 66, no. 5, pp.
2219-2228, May 2018, doi: 10.1109/TAP.2018.2809469.

Kwai-Man Luk, Kai-Fong Lee, and J. S. Dahele, “Analysis of the cylindrical-rectangular patch
antenna,” IEEE Trans. Antennas Propag., vol. 37, no. 2, pp. 143-147, Feb. 1989, doi:
10.1109/8.18699.

L. Song, A. C. Myers, J. J. Adams, and Y. Zhu, “Stretchable and reversibly deformable radio
frequency antennas based on silver nanowires,” ACS Appl. Mater. Interfaces, vol. 6, no. 6, pp.
4248-4253, 2014, doi: 10.1021/am405972e.

N. Chahat, M. Zhadobov, S. A. Muhammad, L. Le Coq, and R. Sauleau, “60-GHz textile antenna
array for body-centric communications,” IEEE Trans. Antennas Propag., vol. 61, no. 4, pp.
1816-1824, 2013, doi: 10.1109/TAP.2012.2232633.

Z. H. Jiang, D. E. Brocker, P. E. Sieber, and D. H. Werner, “A Compact, Low-Profile
Metasurface-Enabled Antenna for Wearable Medical Body-Area Network Devices,” IEEE
Trans. Antennas Propag., vol. 62, no. 8, pp. 4021-4030, Aug. 2014, doi:
10.1109/TAP.2014.2327650.

E. J. Rothwell and R. O. Ouedraogo, “Antenna miniaturization: Definitions, concepts, and a
review with emphasis on metamaterials,” J. Electromagn. Waves Appl., vol. 28, no. 17, pp.
2089-2123, 2014, doi: 10.1080/09205071.2014.972470.

X. Lin, Y. Chen, Z. Gong, B. C. Seet, L. Huang, and Y. Lu, “Ultrawideband Textile Antenna for
Wearable Microwave Medical Imaging Applications,” IEEE Trans. Antennas Propag., vol. 68,
no. 6, pp. 4238-4249, 2020, doi: 10.1109/TAP.2020.2970072.

M. E. Jalil, M. K. A. Rahim, N. A. Samsuri, N. A. Murad, N. Othman, and H. A. Majid, “On-body
investigation of dual band diamond textile antenna for wearable applications at 2.45 GHz and
5.8 GHz,” 2013 7th Eur. Conf. Antennas Propagation, EuCAP 2013, pp. 414-417, 2013.

A. Alemaryeen and S. Noghanian, “On-Body Low-Profile Textile Antenna With Artificial
Magnetic Conductor,” IEEE Trans. Antennas Propag., vol. 67, no. 6, pp. 3649—-3656, Jun. 2019,
doi: 10.1109/TAP.2019.2902632.

M. A. Ullah, M. T. Islam, T. Alam, and F. Bin Ashraf, “Paper-based flexible antenna for
wearable telemedicine applications at 2.4 GHz ISM band,” Sensors (Switzerland), vol. 18, no.
12,2018, doi: 10.3390/s18124214.

M. Tokarska, “Characterization of electro-conductive textile materials by its biaxial anisotropy
coefficient and resistivity,” J. Mater. Sci. Mater. Electron., vol. 30, no. 4, pp. 4093—4103, 2019,
doi: 10.1007/s10854-019-00699-1.

M. Tokarska, “Mathematical Model for Predicting the Resistivity of an Electroconductive
Woven Structure,” J. Electron. Mater., vol. 46, no. 3, pp. 1497-1503, 2017, doi:
10.1007/511664-016-5186-x.

W. E. Morton and J. W. S. Hearle, “Physical Properties of Textile Fibers,” in Physical Properties
of Textile Fibres, Fourth., Elsevier, 2008.

C. Hertleer, H. Rogier, L. Vallozzi, and L. Van Langenhove, “A textile antenna for off-body
communication integrated into protective clothing for firefighters,” IEEE Trans. Antennas
Propag., vol. 57, no. 4 PART. 1, pp. 919-925, 2009, doi: 10.1109/TAP.2009.2014574.

I. Locher, M. Klemm, T. Kirstein, and G. Troster, “Design and Characterization of Purely Textile
Patch Antennas,” IEEE Trans. Adv. Packag., vol. 29, no. 4, pp. 777-788, Nov. 2006, doi:

10



(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

10.1109/TADVP.2006.884780.

S. Kumar et al., “Wideband Circularly Polarized Textile MIMO Antenna for Wearable
Applications,” IEEE Access, vol. 9, pp. 108601-108613, 2021, doi:
10.1109/ACCESS.2021.3101441.

A. Chauraya, R. Seager, W. Whittow, S. Zhang, and Y. Vardaxoglou, “Embroidered Frequency
Selective Surfaces on textiles for wearable applications,” 2013 Loughbrgh. Antennas Propag.
Conf. LAPC 2013, no. November 2013, pp. 388-391, 2013, doi: 10.1109/LAPC.2013.6711926.

A. Kiourti, C. Lee, and J. L. Volakis, “Fabrication of Textile Antennas and Circuits with 0.1 mm
Precision,” IEEE Antennas Wirel. Propag. Lett., vol. 15, pp. 151-153, 2016, doi:
10.1109/LAWP.2015.2435257.

Y. Ouyang and W. J. Chappell, “High frequency properties of electro-textiles for wearable
antenna applications,” IEEE Trans. Antennas Propag., vol. 56, no. 2, pp. 381-389, 2008, doi:
10.1109/TAP.2007.915435.

E. Celenk and N. T. Tokan, “All-Textile On-Body Antenna for Military Applications,” IEEE
Antennas Wirel. Propag. Lett., vol. 21, no. 5, pp. 1065-1069, 2022, doi:
10.1109/LAWP.2022.3159301.

M. L. Scarpello, I. Kazani, C. Hertleer, H. Rogier, and D. Vande Ginste, “Stability and efficiency
of screen-printed wearable and washable antennas,” IEEE Antennas Wirel. Propag. Lett., vol.
11, pp. 838-841, 2012, doi: 10.1109/LAWP.2012.2207941.

T. S. Bird, Fundamentals of aperture antennas and arrays: From theory to design, fabrication
and testing. John Wiley & Sons, Inc., 2015.

C. A. Balanis, Antenna Theory: Analysis and Design, 4th ed., vol. 4, no. 3. John Wiley & Sons,
Inc., Hoboken, New Jersey, 2016.

11



2 Fundamentals

This chapter provides fundamental background information on the antenna parameters that
are used to analyse the antennas’ performance throughout this thesis. It also provides the
simulation settings that are used within the full-wave simulation software CST Microwave

Studio.

2.1 Fundamental Antenna Parameters
To describe the performance of an antenna, definitions of various parameters are presented

in this section. Many of these definitions can be found in the IEEE Standard Definitions of

Terms for Antennas [1].

2.1.1 Reflection Coefficient and VSWR
The reflection coefficient I' calculates the ratio between reflected power and total incident

power at the input terminals of an antenna [2].

The reflection coefficient I' is defined as

Zin - ZO

r=-2 -9
Zin + Zg

(2.1)

Where Z;,, is the input impedance of the port feeding the antenna and Z, is the characteristic
impedance of the transmission line [3].

The reflection coefficient I is unitless and is equivalent to the scattering parameter
S11. The scattering parameters relate the waves that are incident on the ports to the waves
that are reflected and transmitted through [4]. In antenna analysis where the antenna is
excited by a single port, the reflection coefficient I is the only scattering parameter of interest
since it is a one-port system. For a two-port system as shown in Figure 2.1, a relationship can

be established between the reflected waves and the transmitted waves to each port.

Input 1 ﬁ 5o éOutput 1
S
PORT 1 H = PORT 2
3
Output |1 < —— < = < f— |0 DUt 2

Figure 2.1: Scattering parameters for a two-port network.
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In Figure 2.1 S;; is the forward reflectance, S,; is the forward transmittance, S,, is the
backward reflectance and S, is the backward transmittance. S;; and S,, are equivalent to
the reflection coefficient I' defined in (2.1) for their respective ports. By relating the reflected
and transmitted waves through a homogenous slab of material, the two-port scattering
parameters allows the retrieval of the permittivity and permeability of a material.

The voltage standing wave ratio (VSWR) is related to the reflection coefficient which
calculates the ratio between the maximum V,,, ., and minimum V,,;,, voltage (V) of a standing
wave. Both the reflection coefficient I' and VSWR are equivalent in analysing transmission line

efficiency and are closely linked by the formulas below.

Vmax 1+ |F|
VSWR = = (2.2)
Vmin 1- |F|
VSWR -1
- (2.3)
VSWR + 1

VSWR is also unitless and measured as a ratio relative to the lowest voltage. For example, a
1:1 VSRW means that no reflections occur which means that it is a matched load or ideal
system. While a 2:1 VSWR is equivalent to a reflection coefficient I' of approximately 0.33,
which means there is a small amount of reflections. Figure 2.2 shows the point at which
minimal reflections occur for various antennas in terms of reflection coefficient S;; (dB) and
VSWR. The point at which minimal reflections occur is known as the resonant frequency of

the antenna.

I
10 k e g s g s s s sl i :
9t ‘ |
8| h
3 z 0
< 2 .l
) / = 8r
' Ay
—25 == Antenna #1 Y N [~ Antenna #1 ]\
_gg | — Antenna #2 v 3 —— Antenna #2 -
---- Antenna #3 2 |---- Antenna #3
—-35 i i L L L 1 L i |\ LA |
o7 08 09 10 11 12 13 07 08 09 10 1.1 12 13
Frequency (GHz) Frequency (GHz)
Reflection coefficient VSWR

(a)

(b)

Figure 2.2: A comparison between (a) reflection coefficient and (b) VSWR analysis for antennas [2].
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In this research the reflection coefficient measured in dB is preferred since it is better for
illustrating the minor changes in the reflection properties of an antenna.

2.1.2 Bandwidth

The impedance bandwidth can be measured from the reflection coefficient graph as the range
of frequencies over which the reflection coefficient is small enough for the device to operate
as intended [3]. The acceptable values of the reflection coefficient for calculating bandwidth

depend on the designers standard and needs of the particular applications [3].

Impedance bandwidth can be calculated from

fu_fl

0

Bandwidth =

X 100% (2.4)

Where f,, and f; is the upper and lower limit of the frequency band in respect to the reflection
coefficient boundary used. f, is the resonant or centre frequency located at where the
reflection coefficient or VSWR is at its lowest point. Reflection coefficient boundaries of
—10dB or —15 dB are commonly used to calculate the bandwidth [5], while [2] mentions that
even a boundary of —6 dB is acceptable for an internal multiband antenna. In this research a

reflection coefficient boundary of —10 dB is used to compute the bandwidth.

2.1.3 Efficiency
The reflection mismatch efficiency e, is a dimensionless parameter can be represented as

e, =1—|I? (2.5)

The total efficiency e, of an antenna can be computed considering the conductor e., dielectric
eq and mismatch e, efficiencies of the antenna. Total efficiency is a dimensionless quantity

expressed as
€y = ere.ey (2.6)

The product of the conductor and dielectric efficiency is also known as the radiation efficiency
of the antenna, while incorporating the mismatch efficiency with the radiation efficiency is
known as the total radiation efficiency. In this research the total radiation efficiency is the

parameter of interest since it encompasses all three of the efficiencies.
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2.1.4 Radiation Pattern Parameters
The radiated fields from the antenna can be represented by the radiation pattern it produces.

There are three field regions, reactive near-field, radiating near-field and the far-field region.
The reactive near field is the region where energy is stored and returned to the antenna [5].
The next region is the radiating near field where the angular field distribution is dependent
upon the distance from the antenna [3]. The far-field region is where the angular field
distribution is essentially independent of the distance from the antenna and the field
components are transverse. This region occurs at a minimum distance of 2D/, where D is
the largest dimension of the antenna and A is the operating wavelength of the antenna [3]. A
visual representation of the various field regions and distributions can be shown in Figure 2.3
and Figure 2.4. The radiated fields from an antenna in this research are analysed only in the

far-field.

Far-field (Fraunhofer)
R =0.62D3 /5. region

R,=2D*/x
Radiating near-field
(Fresnel) region

Reactive
near-field region

Tl
NI NG

R

\

Figure 2.3: Field regions of an antenna [3].
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Figure 2.4: Changes of an antennas amplitude pattern shape from the reactive near-field towards
the far-field [6].

To characterize the far-field behaviour of an antenna the average power density
W,qqa (W/m?), radiation intensity U(6, ¢) (W/unit solid angle), radiated power P,,; (W),
directivity D (dBi) and realized gain G,.. (0, ¢) (dBi) need to be defined. The average power
density is equivalent to the time average Poynting vector which describes the power

associated with an electromagnetic wave given by

1
Wraq =5 Re[E x H'] (2.7)

Where E is the complex electric field intensity (V/m) and H is the complex magnetic field

intensity (A/m).

The radiated power is the surface integral of the Poynting vector over a large sphere

extending into the far-field given by

1
Prpg = # Wiygq " ds = E# Re[E X H*] -ds (2.8)
The radiation intensity is defined as the power radiated from an antenna per unit solid angle

[3].
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This parameter is obtained by multiplying the average power density W, ., by the square of
the far-field distance r2. The Radiation intensity U is also known as the power pattern [7]

defined as
U@B,¢) =1’ Wyeq (2.9)

The directivity is the ratio of the radiation intensity in a given direction from the antenna to

the radiation intensity averaged over all directions [3].

The directivity D can be written as

D= U 4nU (2.10)
UO Prad .
Where U, is the radiation intensity of an isotropic source given by
Prad
U, = 2.11
0= 1 (2.11)
The maximum directivity D,,,, can be defined as
4nU.
Dmax = —5—— (2.12)
rad

Realized gain G (6, ¢) is a measure that considers the efficiency of the antenna as well as its

directional capabilities, combining directivity with total radiation efficiency.

This is defined as
Gre (9' ¢) = eredecD(g: d)) (2.13)

In antenna analysis the gain is usually expressed in terms of decibels relative to an isotropic

radiator (dBi). The conversion is given by
Gre (dBi) =10 loglO[ Gre] (2-14)

The aim of calculating these parameters is to compute or measure the angular
distribution of the radiation pattern over an antenna. Observations of the radiation are made

on a large sphere of constant radius extending into the far-field [3] as shown in Figure 2.5.
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Radiation patterns are usually displayed in terms realized gain. It may also be found that the

radiation pattern is portrayed as a normalized power plot such as in Figure 2.6 and Figure 2.7.

Antenna
position

.8 =90°

" — (=]
Equator ¢ =90

6 =180°

Figure 2.5: Spherical coordinate system geometry for antenna far-field analysis [8].

The radiation pattern can be displayed as a 3D pattern or a 2D planar cut. The 2D planar
cuts are usually the choice for antenna analysis since this enables to investigate the radiation
properties in different planes. A typical radiation pattern plot for a patch antenna is given in

Figure 2.6 below. The E and H-planes of the patch antenna is illustrated in Figure 2.6(c).

MICROSTRIP E-PLANE MICROSTRIP H-PLANE

---- MEASURED
m— CALCULATED

MEASURED
— CALCULATED
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(c)

Figure 2.6: 2D normalized radiation power plots for a microstrip patch antenna for the (a) E-plane
and (b) H-plane. The antennas geometry, radiating edges modelled as slots and corresponding
planes are given in (c) [9].

A directional radiation pattern typically consists of a major, minor, side, and back lobe. A
visual representation of the various possible lobes can be shown in Figure 2.7 and Figure 2.8
for a polar and linear radiation plot. The radiation pattern is plotted as a normalized power
amplitude pattern. The major lobe occurs at the region where the radiation intensity is at its
maximum. A minor lobe is defined as any lobe except the major lobe. This is usually radiation
produced in undesired directions. A minor lobe encompasses the side and back lobes of the
radiation pattern. The back lobe occurs approximately 180° away from the main lobe of
propagation for a directional radiation pattern [3].

The beamwidth is another parameter of interest which provides information on the
shape of the radiation pattern. Figure 2.7 and Figure 2.8 show two different types of
beamwidths, the half-power beamwidth (HPBW) and the first-null beamwidth (FNBW). The
half-power beamwidth (HPBW) is the angle between the two directions in which the radiation
intensity is one-half the maximum value in the direction of the maximum lobe of the radiation
pattern [1]. The first-null beamwidth (FNBW) is the angular separation between the first nulls

of the pattern [3].
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Figure 2.7: Polar radiation power pattern plot showing the various radiation lobes and beamwidth
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2.2 Full-Wave Simulations
An accurate full-wave simulation analysis requires [10]:

- Exact material properties definitions for the dielectric and conductive properties of
the structure to be simulated,

- Anaccurate CAD geometry,

- Asuitable mesh with mesh refinement techniques applied.

- Suitable choice for the excitation port,

- Appropriate choice of solver,

- Appropriate selection of boundary conditions of the simulation volume,

- Cross verification of results with a different numerical solver where possible.
In this thesis, a computational antenna analysis is performed using the full-wave simulation
software CST Microwave Studio. CST is a versatile simulation software, consisting of a variety
of EM solvers for a given application. For the type of simulations in this research which focuses
on antenna design, solvers such as the frequency and time domain solvers are well suited.
The software also consists of a variety of global and local optimizers to study the behaviour
of the antenna as its properties are changed. CST is used in leading technology and
engineering companies and is argued as the “most powerful general purpose electromagnetic
solver for high frequency simulation tasks [11].” Dassault Systémes, a software company,
offers a variety of e-seminars to help users get the most out of CST and has provided a
cooperation license for CST Studio Suite to support this work. All simulations are performed
using an AMD Ryzen 9 5900X 12-Core Processor with 64GB DDR4 memory. The simulation

settings are outlined in this section, focusing on solver options and simulation accuracy.

2.2.1 Excitation
A discrete port is used as excitation for all simulations in this thesis. The impedance element

discrete port is used since it allows the calculation of the S-parameters. The port consists of a
current source with an inner impedance that emits and absorbs power. This port stimulates
an input power of 0.5 W and enables the calculation of correspondent S-parameter, based on

the incoming and outgoing time signals [12].

2.2.2 Solver Options
For high frequency full wave simulation analysis, CST offers many solvers depending on the

problem type and simulation size. The available numerical methods within CST Studio Suite
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include Finite Integration Technique (FIT), Transmission Line Matrix (TLM), Finite Element
Model (FEM) and Method of Moments (MoM). CST has a project wizard to help with the
selection of the most suitable solver and the best meshing technique based on application
areas.

Two solvers are used in this research: the transient or time domain solver and the
frequency domain solver. For antenna simulations, the time and frequency domain solvers
are used for analysing the antennas scattering parameters, radiation patterns, field
distributions and the simulation of dispersive materials.

The time domain solver which is also known as the transient solver is based on the finite
integration technique (FIT) [13], which discretizes structures to be simulated over a suitable
mesh system using the integral form of Maxwell’s equation. The discretized form of Maxwell’s
equations is known as the Maxwell’s Grid Equations.

The frequency domain solver, which is based on the finite elements method (FEM),
transforms Maxwell’s equations into its phasor form. The equations are related to the

transient fields by taking the real part of the product of the field phasor and the time factor.
E(t) = Re{E(w) - e/¥t} (2.15)

The transient solver in CST uses a hexahedral mesh over a Cartesian grid, while the
frequency domain solver can use a hexahedral or tetrahedral mesh. CST documentation
recommends tetrahedral meshing of structures when using the frequency domain solver.

For accurate modelling of complex 3D geometries, the transient solver applies the Perfect
Boundary Approximation (PBA) technique and the Thin Sheet Technique (TST) for accurate

modelling of curved structures and thin PEC materials [12].

2.2.3 Time Domain Convergence Parameters and Mesh Refinement
Time domain solver calculates the development of fields through time at discrete locations

and at discrete time samples [12]. An antenna consists of at least one port to excite the
structure with an electromagnetic field/signal. A Gaussian pulse is excited for the input signal
from the port.

The total energy remaining inside of the simulated structure determines when to stop the
simulation. An energy level of —50 dB is set since this allows for extra time for the stimulated

fields to decay while also performing a fast simulation.
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The auto-regressive (AR) filter is a feature with the time-domain solver which is used to
predict the stimulated time signal’s next time step, thus speeding up the simulation time. For
strongly resonant structures such as an antenna with a high Q-factor, calculating the S-
parameters using a Fourier Transform leads to a slow decay of the time signal which can lead
to long simulation times [12]. The slow decay causes ripples in the signal decay which is shown
to be more apparent in the frequency domain of the signal.

The AR filter predicts the S-parameter result which is used to compare to the actual
calculated result. The energy error is computed which compares the time signal to the
predicted time signal by the AR filter. If the estimated error outperforms the maximum error,
convergence is achieved, and the simulation is stopped. The energy balance is also
investigated to observe the quality of the AR filter calculation. The energy balance indicates
whether the accuracy of an S-parameter calculation is sufficient. The value for the energy
balance should be close to one for most part of the spectrum [12]. If the time signal decays
sufficiently in the simulations, the AR filter is not used.

Mesh adjustments are optimized by the adaptive mesh refinement setting which
locally refines the regions with high energy density concentrations or field gradients. The
simulation is performed numerous times increasing the overall mesh cells by 70% for each
subsequent pass. The S-parameters deviation or delta value is compared for each pass. If the
deviation between subsequent mesh passes is below a certain limit a convergence is achieved
and the simulations halt for further mesh passes. The delta value limit is set to 0.02 by default.
An example of the delta convergence using adaptive mesh refinement is shown in Figure 2.9,
where a patch antenna is designed and simulated in CST using the time-domain solver with a
hexahedral mesh. The graph shows how the delta value decreases with each pass. At the same
time, the variation in the S-parameter reduces, as can be seen in Figure 2.10. At ‘Mesh Pass =
4’ the deviation in the S-parameter when compared to ‘Mesh Pass = 3’ is minimal with a delta

value below 0.02 therefore the mesh refinement process halts.
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Figure 2.9: Mesh refinement convergence criteria delta using the time-domain solver with a
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Figure 2.11: Increase in the overall number of mesh cells after each subsequent mesh pass.

Figure 2.11 shows the exponential increase in the mesh cells for each mesh refinement pass.
For each pass that the delta does not converge to a value of under 0.02, the mesh cells
increase by 70% which are strategically increased over areas where the electromagnetic field

concentrations are highest.

2.2.4 Frequency Domain Mesh Refinement
For an accurate frequency domain simulation set up, the general-purpose broadband sweep

creates frequency samples over the simulated range. Each frequency sets up a new frequency
domain equation system. The general-purpose broadband sweep adaptively selects the
frequencies samples to speed up the simulation. The solution to these equations provides the
S-parameter result, field distribution and far-field over the simulated structure. The
tetrahedral mesh type is chosen for the frequency domain solver, since it is excellent in
approximating arbitrary geometries [14]. The tetrahedral mesh creates an unstructured
volume of tetrahedrons while the surfaces consist of triangles. Just like for the time-domain
solver, the adaptive mesh refinement setting is activated to improve the auto generated mesh
during the simulation. A dense mesh is defined before the adaptive mesh refinement
technique which optimizes the triangles that form the surface mesh and the tetrahedrons
that are generated as the volume mesh. The threshold convergence value for the S-parameter

criterion default is set to 0.02 by default. If the maximum difference of the S-parameters
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between each adaptive mesh refinement simulation is less than the threshold, mesh
refinement halts due to the convergence. The deviation in the S-parameters per mesh

refinement is known as the delta value.

2.2.5 Solver and Mesh Structure Selection
The choice of solver for simulations throughout this thesis is dependent on the geometry of

the structure to be simulated. For example, modelling antenna bending is best suited being
discretized with a tetrahedral mesh since arbitrary geometries can be modelled efficiently
[10]. For structures which are electrically large a hexahedral mesh using the time domain
solver is more suited [14] since the solver is memory efficient for complex structures [12].

A rectangular patch antenna is designed in Figure 2.12 as an example below to show the
difference in how the antenna is discretized using the tetrahedral and hexahedral mesh which

is shown in Figure 2.13 and Figure 2.14.

.,

Figure 2.12: Rectangular patch antenna designed in CST Microwave Studio.

(a) (b)
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(c)

Figure 2.13: Tetrahedral mesh cross-section of a rectangular patch antenna along the (a) ZY plane (b)
ZX plane and (c) YX plane.
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Figure 2.14: Hexahedral mesh cross-section of a rectangular patch antenna along the (a) ZY plane (b)
ZX plane and (c) YX plane.

Cross-sectional planes of the rectangular patch using a tetrahedral mesh are shown in

Figure 2.13. The mesh refinement technique has been applied which has strategically
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increased the mesh density triangulation at the surface as shown in Figure 2.13(a) and Figure
2.13(b) as well as the volume tetrahedrons shown in Figure 2.13(c) in areas where the
antennas field concentrations are high. Figure 2.14 shows the discretization of the antenna
model using a hexahedral mesh with the applied mesh refinement technique. The cross-

sectional planes are shown in Figure 2.14(a), Figure 2.14(b) and Figure 2.14(c).

2.2.6 Frequency Optimisation
CST Microwave Studio consists of a variety of automatic optimizers which edits the geometry

of the simulated structures and fulfils a defined goal. In this research, analytical methods
allow the approximation of the resonance behaviour of the microstrip patch antenna. When
transferring this information to the simulation model it produces a resonance which is not
exact but near the intended design frequency. Using the built-in optimizers within CST can
speed up the simulation analysis. For example, an antenna’s simulated S-parameter having
the least number of reflections at the resonant frequency can be regarded as a goal function
for the optimizer. For this goal to be reached, the optimizer must produce a minimum and
this minimum level is defined by the user and acts as a convergence criteria. In this example,
the defined minimum is reached by altering certain geometric parameters that are sensitive
to changing the magnitude of the resonant frequency. A local optimizer converges to the
nearest or local minimum, while a global optimizer searches the entire problem space, for
instance in the example above, this could be multiple resonances near the intended
resonance. In CST there is a choice of a variety of global and local optimizers. The Trust Region
Framework optimizer can be used to find either a local or global optimum of a function, but
it is used to find a local optimum in the simulations described in this research. Whilst the trust
region optimizer is regarded as CST’s most robust local optimizer [15], it is chosen for its
demonstrated fast goal convergence in this research.

A detailed example of the optimization process using the Trust Region Framework in
CST is presented for a rectangular microstrip patch antenna. The patch antenna in Figure 2.12
was designed and simulated in CST to operate at 2.4 GHz. The dimensions of the patch
antenna are initially approximated using the transmission line model [3]. Information on the
transmission line model design equations can be found in Chapter 4. The front view geometry
of the patch antenna is shown in Figure 2.15. The associated approximated dimensions using

the Transmission Line Model is shown in Table 2.1.
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Figure 2.15: Front view geometry of the rectangular patch antenna.

ins,

Y0

Wy

anty

Transmission Line Model

Full-Wave Optimized

Parameter Symbol Dimensions (mm) Dimensions (mm)
Vertical Patch Length anty 49.4 50.4
Aperture #1 Width w 54.1 54.1
Inset Recessed Distance Yo 17.8 17.8
Feedline Width W 10.5 10.5
Substrate Height Hs 2.8 2.8
Inset Feed Gap Width insy - 2.53

Table 2.1: Dimensions of the rectangular microstrip patch antenna approximated using the

Transmission Line Model.

Using the approximated dimensions from the Transmission Line Model for the CAD model
designed in CST Microwave Studio typically leads to a simulated S-parameter result with
minimum reflection occurring around 2.4 GHz. To adjust the S-parameter result for a
resonance at exactly 2.4 GHz the ‘Trust Region Framework’ local optimizer is used to refine

the selected dimensions to adjust the antenna’s resonant frequency and minimize its

magnitude at resonance.
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Reflection Coefficient (dB)
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Figure 2.16: Simulated S-parameter result of the rectangular patch antenna using Trust Region
Framework optimizer.

The optimization of the rectangular patch antenna’s S-parameter result can be seen in Figure
2.16, where the ‘Best so far’ S-parameter result refers to the antenna with altered
dimensions. Perfect convergence of the S-parameter result would occur when the magnitude
of the linear S-parameter reaches zero at 2.4 GHz. The linear S-parameter tends towards zero
for improvements in the antenna’s impedance match. Since a value of zero is not realizable
the simulation is manually stopped once the minimal point is at resonance and the magnitude

is less than —20 dB which is equivalent to a VSWR of 1.22: 1.

Goal Value for S-parameter S11
0.01

0.009

0.008

0.007

0.006

0.005 +----

Convergence

0.004

0.003

0.002

0.001

0 2 4 6 8 10 12 14 16 18 20 22

Optimizer Step

Figure 2.17: Simulation iterations of the rectangular patch antenna using the Trust Region
Framework optimizer which is converging closer to the defined goal.
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Figure 2.18: Optimization of the antenna’s (a) vertical length and (b) inset feed gap width.

The Trust Region Framework starts by building a linear model on primary data in a ‘trust’

region around the starting point [12]. In this example the primary data is the vertical length
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of the antenna and the gap width of the inset feed. The vertical length of the antenna controls
the frequency at which the resonant occurs and the gap width of the inset feed allows fine
tuning of the impedance to obtain a better match between the feedline and the radiating
element. Optimizations are performed on the vertical length and gap width of the inset feed
as shown in Figure 2.18 which accepts new values if the S-parameter result is superior to their
initial or previous values. The optimized dimensions for the vertical length and the gap width

of the inset feed are shown in Table 2.1.
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3 Historical Overview

This chapter provides an overview of the historical developments of microstrip patch

antennas followed by a review of recent advances in wearable antennas.

3.1 Microstrip Patch Antennas

Microstrip antennas are conformal and low profile. They are "versatile in terms of resonant
frequency, polarization, pattern, and impedance" [1]. They also have an advantage of being
low cost, low weight, have design flexibility and ease of installation [2]. The low profile
characteristics of microstrip antennas allows for their application in systems where
aerodynamic profiles need to be maintained such as high-performance aircrafts, spacecrafts,
satellites, and missiles [1].

The earliest design can be traced back to the now unclassified symposia proceeding
“Microstrip Microwave Antennas” by Deschamps and Sichak in 1953 presented at the Third
Symposium on the USAF Antenna Research and Development Program. In the paper, the
antenna was presented as a microstrip line which transforms into a widening horn as the
radiating element or a parallel plate region by widening the strip line [3].

Research on the antenna was silent up until the early 1970s, where it started to gain
popularity in the antenna community. In 1972, Munson presented a microstrip wraparound
antenna that produced omnidirectional coverage and showed that it was suitable for low
profile conformal applications such as rockets, missiles and aircrafts [4][5]. During the same
year, the NASA Langley Research Centre proposed an edge fed linear and circular polarized
patch antenna as being an efficient radiator. A brief design procedure for the antennas was
presented in [6]. However, one of the issues with the early patch antenna designs was that
there was no theory to predict the antenna’s input impedance. With the introduction of
analytical methods applied to the patch antenna such as the cavity [7] and transmission line
model [8], physical insight on the behaviour of the microstrip patch antenna was finally
provided.

The 1980s saw major contributions to the advancement of microstrip patch antennas.
The introduction of the integral equation technique [9] provided a powerful tool in microstrip
patch antenna analysis. It allowed analysis for arbitrary geometries of the radiating element,

modelling of feedlines, accurate predictions for the input impedance and radiation behaviour
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in the presence of parasitic elements or other antennas. The decade also saw the introduction
of microstrip patches being used in arrays to improve antenna gain as well as bandwidth [10].

One of the most notable issues with the microstrip patch antenna is its narrow
bandwidth behaviour [1]. Some of the first attempts at increasing the bandwidth involve using
a shunt tuning stub on a proximity coupled microstrip feed line [11]. By altering the
dimensions of the stub, the bandwidth can be enhanced. Another method involved using
parasitic patches next to the radiating edge of a patch antenna [12]. The gap coupled parasitic
elements have slightly different dimensions as to not radiate at the same frequencies but near
each other. [13] adopted the same technique but used metallic strips placed between the
substrate or adjacent to the transmission line, while [14] stacked patches on top of each
other.

Another significant issue with the microstrip patch antenna is surface wave
propagation with substrates with high dielectric constants. Using a high permittivity substrate
has been shown to reduce the dimensions of the antenna [15]. However, using such high
permittivity substrates results in narrow bandwidth and surface wave effects that reduce the
antennas efficiency and gain [16]. Such substrates also add manufacturing complexity which
would not be suitable for low-cost consumer applications.

The 1990s saw advanced developments on computational numerical techniques such
as the Finite Difference Time Domain method applied to antenna analysis. This enabled fast
and accurate simulations of complex geometries with multiple dielectric interfaces [17]-[19].
The decade also saw the development of optimization techniques to reduce surface wave
propagation as well as reducing the size of the antenna for lower frequencies. The use of
parasitic elements loaded into the dielectric substrate was previously discussed for its
bandwidth enhancement properties. It was also found that when strategically placed at the
radiation edges it also mitigated surface waves by reflecting them back into the microstrip
cavity [20].

Other methods investigated include the use of shorting posts and hollowed cores or
substrates with different dielectric properties under the radiating element [21]. Their
research was focused on a variant of the circular patch antenna. Using an annular ring for the
radiating element it was found that a certain radius dimension will not excite the TM,, surface
wave. A hollow core slot within the dielectric substrate was attempted in [22] and was shown

to be very effective in reducing surface waves when the patch antenna was placed on a
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perforated Gallium Arsenide substrate for MMIC applications. The use of a shorting post for
a circular and a aperture coupled patch antenna was shown to significantly reduce the overall
size of the antenna for radiating at the same resonant frequency [23][24].

The 90s and 2000s saw a drastic increase for microstrip patch antenna applications
such as satellite communication services, mobile base stations and mobile handsets [25]. This
also resulted in an increase in optimization techniques to improving the antenna’s bandwidth,
radiation efficiency, reducing surface wave effects and the antenna’s size for compact

devices.
Such techniques include implementing a combination of the below:

e high permittivity substrates,

e Electromagnetic Bandgap (EBG) structures
e Artificial Magnetic Conductors (AMCs)

e Split Ring Resonators (SRRs)

e metallized vias

e varactor diodes

e geometry alteration to the radiating element

The late 90s saw the introduction of Electromagnetic Bandgap (EBG) structures into
microstrip patch antennas. By implementing periodic structures within the dielectric
substrate, it is possible to alter the dispersive properties in which certain electromagnetic
modes have forbidden frequency regions, which cover all propagation directions. This in turn
suppresses the surface waves within the substrate resulting in a reduction of backwards
radiation. When the EBG structures are applied in patch antenna array elements, mutual
coupling is shown to decrease while the radiation efficiency increases [26]-[31]. The
combination of shorting pins and EBG structures was presented in [32] in order to miniaturize
the patch as well as reducing the excitation of surface waves. Compared to an ordinary
shorted patch antenna, incorporating the EBG ground plane was shown to increase the
antenna’s gain significantly from 1.2 dBi to 4.4 dBi.

Implementing shorting pins creates fabrication complexity. An alternative aperture-
coupled patch antenna is presented in [33] without shorting pins in order to reduce surface

waves. The ground plane is replaced by an EBG surface which is used to create a reflection
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phase of 0° at the resonant frequency. This behaves like a perfect magnetic conductor
reflecting the incident waves at the ground plane with the same phase as the radiating
element. However, the design presented has large thickness, due to the dielectric spacer
added to ensure the required distance between the aperture and the radiating element.

Another structure which exhibits unconventional electromagnetic properties is the split
ring resonator (SRR) [34]. It is known to exhibit negative permeability, and was applied to
microstrip antennas due to its subwavelength dimensions at resonance [35].

A variant of the SRR, the complementary split ring resonator (CSRR) etched onto the
radiating element and ground plane of a microstrip patch antenna has been shown to produce
multi-band operation and miniaturization [36] [37]. The designs proposed in [37] showed that
etching a CSRR into the ground plane leads to a reduction in antenna gain due to the ground
plane resonance.

To maintain a directive radiation pattern while achieving miniaturization for the patch
antenna, loading a CSRR between the ground plane and radiating element was proposed in
[38][39]. However, increasing the degree of miniaturization came at a cost by reducing the
radiation efficiency.

More recently, altering the ground plane with defected ground structures (DGS) [40]—
[42] and loading the patch with metamaterial structures [43]-[45] also provided
miniaturization to a large degree while maintaining high radiation efficiency. However,
defected ground structures are associated with bi-directional radiation patterns since there
is resonance at the ground plane. Also, the metamaterial structures embedded to the
substrate lead to a bandwidth reduction.

Another notable patch antenna design is presented in [46]. A U-shape is slotted into
the radiating element with varactor diodes placed in the gaps. The varactor diodes allow
tuning of the resonant frequency. Antenna miniaturization is achieved by placing metallized
vias at the edge of the patch. However, the miniaturization came at a cost of reduced
bandwidth as well as creating a complex antenna structure.

The previously discussed miniaturization techniques make the geometry of the patch
antenna rather complex. A simpler approach of miniaturization is proposed in [47] where a
trapezoidal patch antenna was evaluated using a full wave analysis as a compact alternative
to the rectangular patch antenna. It was found that reducing the size of a radiating edge leads

to a small reduction of bandwidth. However, the overall performance characteristics is almost
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the same compared to a rectangular patch. To mitigate the slight reduction in bandwidth [48]
and [49] enhanced the bandwidth of the trapezoidal patch by adding slots onto the radiating

element.

3.2 Wearable Microstrip Patch Antennas

More recently there has been a growing interest in using microstrip patch antennas in
wearable systems. With unique features such as flexibility and seamless integration, the
wearable microstrip patch antenna has application in military, medical, space and emergency
service applications [50]. Planar antennas such as the microstrip patch antenna are desirable
since they can be placed on the body and radiate perpendicularly from the radiating element,
with a ground plane efficiently shielding the human body [51]. Designing wearable antennas
can be challenging since they need to be non-invasive, invisible, and robust when integrated

into clothing [52].

Body worn antennas can be categorized as wearable antennas, textile antennas and

SoftWear antennas [53].

e Wearable antenna - Is a part of clothing. It can either be rigid or flexible, integrated
into a garment, a belt, a watch etc. The wearable antenna is optimised to perform
near the human body.

e Textile antenna - Conductive fabrics make up the antenna and are integrated with
conventional fabrics.

e SoftWear antenna - A combination of wearable and textile antenna properties.

Typically a planar structure and flexible in two dimensions [53].

A SoftWear or hybrid textile copper microstrip patch antenna array is proposed in [54]. Since
high design parameter accuracy is required to operate at the millimetre waves, the radiating
element is designed using a non-textile adhesive copper sheet which is micromachined using
a laser system. The patch consists of a cotton dielectric substrate and the ‘Shieldlt Super’
electro textile is used for the ground plane with the aim to obtain better flexibility. The
application of electro-textile was limited only for the ground plane. The radiating element and
feeding circuit were created using copper foil due to fabrication accuracy and reproducibility

of the foil compared with the electro-textile.
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Textile antennas can also be fabricated using non-woven conductive fabrics where the
conductive fibres are bonded together by chemical, mechanical or heating processes. An
example is the use of inkjet and screen-printing metals such as copper ink sprayed directly on
the textile [52]. Copper antennas over time suffer from degradation due to oxidisation. In [55]
and [56] a low-cost solution for patch antennas is proposed by combining
Polydimethylsiloxane (PDMS) which is a waterproof and weatherproof flexible silicone-based
dielectric with meshed or perforated thin conducting copper sheets. The antenna can be
encased in the proposed PDMS material.

With the use of digitally controlled sewing machines like the Entrepreneur Pro
PR1000e [57] and the Tajima [58], complex antenna geometries can be created using
conductive threads. However, these machines are not designed for use with conductive
threads, therefore a careful selection of the conductive threads has to be made in order to
withstand the high tension by the embroidery machine as well as maintaining flexibility and
strength [59]. The use of Elektrisola-7 conductive threads is a proposed solution to these
issues, providing lower embroidery tension, higher flexibility and geometric precision up to
0.1 mm [60].

Embroidering the conductive elements into the textile substrate allows for an
integration that requires no adhesive layers and is considered to be the most suitable for
being embedded into clothing [61], however it is known to be susceptible to fraying over time
[52]. The electromagnetic properties of various electro-textiles were investigated in [62] by
designing a microstrip patch antenna. The study showed that the positions of the conductive
threads in the electro textile is important to mitigate losses. If the conductive threads are
placed at the bottom in the nonconductive binder threads as shown in Figure 3.1(a) indicated

by the small circles across the electro-textile, the dielectric losses are minimized.

Electro-textile Electro-textile
Laminated Copper Layer Laminated Copper Layer

(a) (b)

Figure 3.1: Cross sectional schematic of a satin weave fabric microstrip resonator for when (a) the
conductive threads are placed underneath and (b) on top of the nonconductive threads [62].

Their research also showed that textiles which exhibit low permittivity and loss tangent values

which make such fabrics acceptable for wearable antenna applications. However a careful
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selection of the thickness of the dielectric fabric material is required since there is a trade-off
between improved radiation efficiency and bandwidth [51]. Furthermore, conductive woven
yarns intertwined cause high sheet resistance which results in a drastic decrease in the
antenna’s gain and radiation efficiency [63]. The findings by I. Locher et al. [63] showed that
fabrics which were coated with a metallic layer post the weaving process have conductivity
issues since the individual fibres are not completely coated at the overlapping warp and weft
yarn points. This creates an inhomogeneous conductive path across the yarns and thus
increases the sheet resistance.

Textile antennas have been shown to change their electromagnetic performance in
the presence of moisture in the form of humidity and human sweat. M. Scarpello et al.
proposed a breathable thermoplastic polyurethane coating for the textile inset-fed
rectangular patch antenna which prevents moisture from penetrating the antenna and also
allows washability to protect the components from corroding over time [64].

Simulating textile antennas accurately is challenging. Simplified metal grids are
simulated in [65] using the full-wave electromagnetic simulation software HFSS based on the
FEM. However, this model and simulation does not consider the overlaps that occur between
the warp and weft yarns and the sheet resistance issues they raise. A more accurate method
of simulating woven fabrics is required not only for higher frequencies but for different types
of weaving patterns and stitch density since these are important variables to consider when
improving gain and radiation efficiency of a textile antenna.

A major challenge for wearable antennas is deformation such as bending and
crumpling. Several articles [54], [63], [74]-[77], [66]—[73] have studied its effect and have
shown that it can influence the antennas gain, radiation pattern, bandwidth as well as the
resonant frequency. The microstrip patch antenna is known for its narrow bandwidth
behaviour [1]. For certain degrees of bending the antenna, the resonant frequency will detune
completely where the bandwidth will not include the intended operational frequency
anymore. A mitigation for this is proposed in [71] where an F and miniaturized E-shaped
textile patch antenna is presented. The study investigated bending as well as non-symmetric
crumpling conditions. Both deformations showed resonant frequency detuning. The
miniaturized E-shape antenna is shown to be more resilient to bending while having a larger
bandwidth. The measured results also showed that placement of the antenna on the arm or

a flat area of the body can mitigate bending and crumpling effects. Other attempts to
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miniaturize the radiating element for a wearable antenna is shown in [78][79] whereby slits
are cut around the edges of the radiating element altering the current path. However, it was
also reported that this type of shape modification can introduce out-of-phase radiating edges
which can lead to higher dissipation losses [80].

Antenna bending, miniaturisation and bandwidth enhancement are challenges
investigated in this thesis and are explored further in Chapter 4, 5 and 6. Due to the simulation
complexity of modelling textiles in the patch antenna, in this analysis a simplification is made
by modelling the structures as homogenous mediums, since Liu et al. [65] showed through
measurements that if the distance between two woven conductive yarns is much smaller than
the operating wavelength of the patch antenna, the structure can be modelled as a
homogenous medium. This would suggest significant insights may not be gained from
modelling the textile’s fibres separately in simulations.

Table 3.1 highlights some textile patch antennas that have been previously developed

for wearable applications.

Ref Patch Antenna fres < tan & Antenna Size RESA Gain Bandwidth € Year
Configuration (GHz) " (mm?) (mm?) | (dBi) (%) (%)
[74] Textile 2.45 125 . 78X 73.5 2548 y 6.9 70 2006
Rectangular-Ring
Textile
[62] 2.44 19 | 0.0045 | 115x73x4 | 1358 6.6 6.2 78 2008
Rectangular Patch
Inset-Fed 100 x 100 x
[64] Rectangular Patch 245 16 0.02 2.808 1922 - - 414 2012
Dual Band Patch
[77] b AV 245/520 | 1.2 | 0044 | 100x100x3 | 2087 | 2.5/4 - >40 2014
[75] Te"t"epgt“ci"Ba”d 240/520 | 13 | 0044 | 50x20x6.34 | 200 | 3.8/6.2 | 551/13.7 ; 2015
Textile 100 x 100 x
(66 | pectangular Patch 2.40 2.1 - 105 2050 - 1.25 - 2017
(1] | Aperture Coupled 245 135 | oo0aa | 100X100x o0 | 542 9.72 50.8 2023
Textile Patch 3.34

Note: RESA = Radiating Element Surface Area

Table 3.1: Reported textile patch antennas in literature.

41



3.3
(1]

(2]

(3]
(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

[15]

[16]

(17]

References

C. A. Balanis, Antenna Theory: Analysis and Design, 4th ed., vol. 4, no. 3. John Wiley & Sons,
Inc., Hoboken, New Jersey, 2016.

A. G. Derneryd, “Linearly Polarized Microstrip Antennas,” IEEE Trans. Antennas Propag., vol.
24, no. 6, pp. 846—-851, 1976, doi: 10.1109/TAP.1976.1141445,

G. A. Deschamps and W. Sichak, “Microstrip Microwave Antennas,” 1953.
R. Munson, “Microstrip Phased Array Antennas,” 1972.

R. Munson, “Conformal microstrip antennas and microstrip phased arrays,” IEEE Trans.
Antennas Propag., vol. 22, no. 1, pp. 74-78, Jan. 1974, doi: 10.1109/TAP.1974.1140723.

J. Howell, “Microstrip antennas,” in 1972 Antennas and Propagation Society International
Symposium, 1972, vol. 10, no. 2, pp. 177-180, doi: 10.1109/APS.1972.1146932.

Y. T. Lo, D. Solomon, and W. F. Richards, “Theory and Experiment on Microstrip Antennas,”
IEEE Trans. Antennas Propag., vol. 27, no. 2, pp. 137-145, 1979, doi:
10.1109/TAP.1979.1142057.

A. G. Derneryd, “A Theoretical Investigation of the Rectangular Microstrip Antenna Element,”
IEEE Trans. Antennas Propag., vol. 26, no. 4, pp. 532-535, 1978, doi:
10.1109/TAP.1978.1141890.

J. R. Mosig and F. E. Gardiol, “General integral equation formulation for microstrip antennas
and scatterers,” IEE Proc. H Microwaves, Antennas Propag., vol. 132, no. 7, p. 424, 1985, doi:
10.1049/ip-h-2.1985.0076.

J.-F. Z6rcher, “The SSFIP: a global concept for high-performance broadband planar antennas,”
Electron. Lett., vol. 24, no. 23, p. 1433, 1988, doi: 10.1049/el:19880979.

D. M. Pozar and B. Kaufman, “Increasing the bandwidth of a microstrip antenna by proximity
coupling,” Electron. Lett., vol. 23, no. 8, pp. 368—369, 1987, doi: 10.1049/el:19870270.

G. Kumar and K. C. Gupta, “Broad-Band Microstrip Antennas Using Additional Resonators
Gap-Coupled to the Radiating Edges,” IEEE Trans. Antennas Propag., vol. 32, no. 12, pp.
1375-1379, 1984, doi: 10.1109/TAP.1984.1143264.

P. B. Katehi, N. G. Alexopoulos, and I. Y. Hsia, “A Bandwidth Enhancement Method for
Microstrip Antennas,” IEEE Trans. Antennas Propag., vol. 35, no. 1, pp. 5-12, 1987, doi:
10.1109/TAP.1987.1143970.

A. Sabban, “New Broadband Stacked Two-Layer Microstrip Antenna.,” IEEE Antennas Propag.
Soc. AP-S Int. Symp., vol. 1, pp. 63-66, 1983, doi: 10.1109/aps.1983.1149074.

T. K. chung Lo and Y. Hwang, “Microstrip antennas of very high permittivity for personal
communications,” Asia-Pacific Microw. Conf. Proceedings, APMC, vol. 1, pp. 253-256, 1997,
doi: 10.1109/apmc.1997.659352.

W. S. T. Rowe and R. B. Waterhouse, “Theoretical Investigation on the Use of High
Permittivity Materials in Microstrip Aperture Stacked Patch Antennas,” IEEE Trans. Antennas
Propag., vol. 51, no. 9, pp. 2484-2486, 2003, doi: 10.1109/TAP.2003.816383.

P. A. Tirkas, C. A. Balanis, M. P. Purchine, and G. C. Barber, “Finite-Difference Time-Domain
Method For Electromagnetic Radiation, Interference, And Interaction With Complex
Structures,” IEEE Trans. Electromagn. Compat., vol. 35, no. 2, pp. 192-203, 1993, doi:

42



(18]

(19]

(20]

(21]

[22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

(30]

(31]

(32]

10.1109/15.229421.

A. Reineix and B. Jecko, “Analysis of microstrip patch antennas using finite difference time
domain method,” IEEE Trans. Antennas Propag., vol. 37, no. 11, pp. 1361-1369, 1989, doi:
10.1109/8.43555.

E. M. Daniel and C. J. Railton, “Fast finite difference time domain analysis of microstrip patch
antennas,” in Antennas and Propagation Society Symposium 1991 Digest, vol. 20, pp. 414—
417, doi: 10.1109/APS.1991.174863.

Choon Sae Lee, V. Nalbandian, and F. Schwering, “Gain enhancement of a thick microstrip
antenna by suppressing surface waves,” in Proceedings of IEEE Antennas and Propagation
Society International Symposium and URSI National Radio Science Meeting, 1994, vol. 1, pp.
460-463, doi: 10.1109/APS.1994.407714.

D. R. Jackson, J. T. Williams, A. K. Bhattacharyya, R. L. Smith, S. J. Buchheit, and S. A. Long,
“Microstrip Patch Designs That Do Not Excite Surface Waves,” IEEE Trans. Antennas Propag.,
vol. 41, no. 8, pp. 1026-1037, 1993, doi: 10.1109/8.244643.

M. J. Vaughan, K. Y. Hur, and R. C. Compton, “Improvement of microstrip patch antenna
radiation patterns,” IEEE Trans. Antennas Propag., vol. 42, no. 6, pp. 882—885, Jun. 1994, doi:
10.1109/8.301717.

R. Waterhouse, “Small microstrip patch antenna,” Electron. Lett., vol. 31, no. 8, pp. 604—605,
1995, doi: 10.1049/el:19950426.

I. Park and R. Mittra, “Aperture-coupled small microstrip antenna,” Electron. Lett., vol. 32, no.
19, pp. 1741-1742, 1996, doi: 10.1049/el:19961188.

R. B. Waterhouse, Microstrip Patch Antennas: A Designer’s Guide, 1st ed. Boston, MA:
Springer US, 2003.

R. Gonzalo, P. De Maagt, and M. Sorolla, “Enhanced patch-antenna performance by
suppressing surface waves using photonic-bandgap substrates,” IEEE Trans. Microw. Theory
Tech., vol. 47, no. 11, pp. 2131-2138, Jun. 1999, doi: 10.1109/22.798009.

R. Coccioli, F. R. Yang, K. P. Ma, and T. Itoh, “Aperture-coupled patch antenna on uc-pbg
substrate,” IEEE Trans. Microw. Theory Tech., vol. 47, no. 11, pp. 2123-2130, 1999, doi:
10.1109/22.798008.

D. Sievenpeper, L. Zhang, R. F. J. Broas, N. G. Alexopolous, and E. Yablonovich, “Corrections to
‘High-Impedance Electramagoetic Surfaces with a Forbidden Frequency Hand,”” IEEE Trans.
Microw. Theory Tech., vol. 48, no. 4, pp. 620-620, Apr. 2000, doi:
10.1109/TMTT.2000.842037.

F. Yang and Y. Rahmat-Samii, “Mutual coupling reduction of microstrip antennas using
electromagnetic band-gap structure,” IEEE Antennas Propag. Soc. AP-S Int. Symp., vol. 2, pp.
478-481, 2001, doi: 10.1109/aps.2001.959765.

T. Sudha and T. S. Vedavathy, “Microstrip antennas and arrays on photonic band gap
substrates,” SBMO/IEEE MTT-S Int. Microw. Optoelectron. Conf. Proc., pp. 105-108, 2001,
doi: 10.1109/sbmomo.2001.1008729.

F. Yang and Y. Rahmat-Samii, “Microstrip Antennas Integrated with Electromagnetic Band-
Gap (EBG) Structures: A Low Mutual Coupling Design for Array Applications,” IEEE Trans.
Antennas Propag., vol. 51, no. 10 Il, pp. 2936-2946, 2003, doi: 10.1109/TAP.2003.817983.

D. Pavlickovski and R. B. Waterhouse, “Shorted Microstrip Antenna on a Photonic Bandgap

43



(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

(43]

[44]

(45]

[46]

Substrate,” IEEE Trans. Antennas Propag., vol. 51, no. 9, pp. 2472-2475, 2003, doi:
10.1109/TAP.2003.816315.

Ying Zhang, J. von Hagen, M. Younis, C. Fischer, and W. Wiesbeck, “Planar artificial magnetic
conductors and patch antennas,” IEEE Trans. Antennas Propag., vol. 51, no. 10, pp. 2704—
2712, Oct. 2003, doi: 10.1109/TAP.2003.817550.

J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart, “Magnetism from conductors and
enhanced nonlinear phenomena,” IEEE Trans. Microw. Theory Tech., vol. 47, no. 11, pp.
2075-2084, 1999, doi: 10.1109/22.798002.

R. Marqués, F. Mesa, J. Martel, and F. Medina, “Comparative Analysis of Edge- and Broadside-
Coupled Split Ring Resonators for Metamaterial Design - Theory and Experiments,” IEEE
Trans. Antennas Propag., vol. 51, no. 10 |, pp. 2572-2581, 2003, doi:
10.1109/TAP.2003.817562.

N. Ortiz, F. Falcone, and M. Sorolla, “Gain Improvement of Dual Band Antenna Based on
Complementary Rectangular Split-Ring Resonator,” ISRN Commun. Netw., vol. 2012, pp. 1-9,
Mar. 2012, doi: 10.5402/2012/951290.

V. Kumar and Y. Wu, “Metamaterial based circular disc patch Antenna miniaturization,” Adv.
Electromagn., vol. 7, no. 5, pp. 137-144, 2018, doi: 10.7716/AEM.V715.841.

R. O. Ouedraogo, E. J. Rothwell, A. R. Diaz, K. Fuchi, and A. Temme, “Miniaturization of patch
antennas using a metamaterial-inspired technique,” IEEE Trans. Antennas Propag., vol. 60,
no. 5, pp. 2175-2182, 2012, doi: 10.1109/TAP.2012.2189699.

X. W. Dai, Z. Y. Wang, L. Li, and C. H. Liang, “Multi-band rectangular microstrip antenna using
a metamaterial-inspired technique,” Prog. Electromagn. Res. Lett., vol. 41, no. June, pp. 87—
95, 2013, doi: 10.2528/PIERL13050308.

A. A. Salih and M. S. Sharawi, “A Dual-Band Highly Miniaturized Patch Antenna,” IEEE
Antennas Wirel. Propag. Lett., vol. 15, pp. 1783—-1786, 2016, doi:
10.1109/LAWP.2016.2536678.

A.Y.I. Ashyap et al., “Robust and efficient integrated antenna with EBG-DGS enabled wide
bandwidth for wearable medical device applications,” IEEE Access, vol. 8, pp. 56346-56358,
2020, doi: 10.1109/ACCESS.2020.2981867.

A. Alemaryeen and S. Noghanian, “On-Body Low-Profile Textile Antenna With Artificial
Magnetic Conductor,” IEEE Trans. Antennas Propag., vol. 67, no. 6, pp. 3649—-3656, Jun. 2019,
doi: 10.1109/TAP.2019.2902632.

M. El Atrash, M. A. Abdalla, and H. M. Elhennawy, “A Compact Highly Efficient M-Section CRLH
Antenna Loaded with Textile AMC for Wireless Body Area Network Applications,” IEEE Trans.
Antennas Propag., vol. 69, no. 2, pp. 648-657, 2021, doi: 10.1109/TAP.2020.3010622.

S. A. H. Saghanezhad and Z. Atlasbaf, “Miniaturized Dual-Band CPW-Fed Antennas Loaded
With U-Shaped Metamaterials,” IEEE Antennas Wirel. Propag. Lett., vol. 14, pp. 658-661,
2015, doi: 10.1109/LAWP.2014.2376554.

F. Farzami, K. Forooraghi, and M. Norooziarab, “Miniaturization of a microstrip antenna using
a compact and thin magneto-dielectric substrate,” IEEE Antennas Wirel. Propag. Lett., vol. 10,
pp. 1540-1542, 2011, doi: 10.1109/LAWP.2011.2181968.

A. Boukarkar, X. Q. Lin, J. W. Yu, P. Mei, Y. Jiang, and Y. Q. Yu, “A Highly Integrated
Independently Tunable Triple-Band Patch Antenna,” IEEE Antennas Wirel. Propag. Lett., vol.

44



[47]

(48]

(49]

(50]

(51]

(52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

(61]

16, pp. 2216-2219, 2017, doi: 10.1109/LAWP.2017.2707095.

F. Bilotti and C. Vegni, “Rigorous and efficient full-wave analysis of trapezoidal patch
antennas,” IEEE Trans. Antennas Propag., vol. 49, no. 12, pp. 1773-1776, 2001, doi:
10.1109/8.982459.

C. Vegni and F. Bilotti, “Parametric analysis of slot-loaded trapezoidal patch antennas,” IEEE
Trans. Antennas Propag., vol. 50, no. 9, pp. 1291-1298, 2002, doi: 10.1109/TAP.2002.802153.

M. Pan and K. Wong, “A broadband slot-loaded trapezoid microstrip antenna,” Microw. Opt.
Technol. Lett., vol. 24, no. 1, pp. 16—19, Jan. 2000, doi: 10.1002/(SICI)1098-
2760(20000105)24:1<16::AID-MOP6>3.3.CO;2-P.

A. Tsolis, W. G. Whittow, A. A. Alexandridis, and J. Y. C. Vardaxoglou, “Embroidery and related
manufacturing techniques for wearable antennas: Challenges and opportunities,” Electron. ,
vol. 3, no. 2, pp. 314-338, 2014, doi: 10.3390/electronics3020314.

R. Salvado, C. Loss, R. Gongalves, and P. Pinho, “Textile Materials for the Design of Wearable
Antennas: A Survey,” Sensors, vol. 12, pp. 15841-15857, 2012, doi: 10.3390/s121115841.

L. Corchia, G. Monti, and L. Tarricone, “Wearable Antennas: Nontextile Versus Fully Textile
Solutions,” IEEE Antennas Propag. Mag., vol. 61, no. 2, pp. 71-83, 2019, doi:
10.1109/MAP.2019.2895665.

P.S. Hall and Y. Hao, Antennas and Propagation for Body-Centric Wireless Communications,
2nd ed. Artech, 2012.

N. Chahat, M. Zhadobov, S. A. Muhammad, L. Le Coq, and R. Sauleau, “60-GHz textile antenna
array for body-centric communications,” IEEE Trans. Antennas Propag., vol. 61, no. 4, pp.
1816-1824, 2013, doi: 10.1109/TAP.2012.2232633.

J. Trajkovikj, J. F. Zurcher, and A. K. Skrivervik, “PDMS, a robust casing for flexible W-BAN
antennas [EurAAP corner],” IEEE Antennas Propag. Mag., vol. 55, no. 5, pp. 287-297, 2013,
doi: 10.1109/MAP.2013.6735538.

J. Trajkovikj, J. F. Zurcher, and A. K. Skrivervik, “Soft and flexible antennas on permittivity
adjustable PDMS substrates,” LAPC 2012 - 2012 Loughbrgh. Antennas Propag. Conf., no.
November, pp. 3-6, 2012, doi: 10.1109/LAPC.2012.6402953.

A. Chauraya, R. Seager, W. Whittow, S. Zhang, and Y. Vardaxoglou, “Embroidered Frequency
Selective Surfaces on textiles for wearable applications,” 2013 Loughbrgh. Antennas Propag.
Conf. LAPC 2013, no. November 2013, pp. 388-391, 2013, doi: 10.1109/LAPC.2013.6711926.

M. M. Tahseen and A. A. Kishk, “Flexible and Portable Textile-Reflectarray Backed by
Frequency Selective Surface,” IEEE Antennas Wirel. Propag. Lett., vol. 17, no. 1, pp. 46—49,
2018, doi: 10.1109/LAWP.2017.2772919.

T. Acti et al., “High performance flexible fabric electronics for megahertz frequency
communications,” LAPC 2011 - 2011 Loughbrgh. Antennas Propag. Conf., no. November, pp.
5-8, 2011, doi: 10.1109/LAPC.2011.6114088.

A. Kiourti, C. Lee, and J. L. Volakis, “Fabrication of Textile Antennas and Circuits with 0.1 mm
Precision,” IEEE Antennas Wirel. Propag. Lett., vol. 15, pp. 151-153, 2016, doi:
10.1109/LAWP.2015.2435257.

G. Monti, L. Corchia, and L. Tarricone, “Fabrication techniques for wearable antennas,” 10th
Eur. Rdar Conf., no. June 2015, pp. 435-438, 2013.

45



[62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]

[70]

[71]

[72]
(73]

[74]

[75]

[76]

Y. Ouyang and W. J. Chappell, “High frequency properties of electro-textiles for wearable
antenna applications,” IEEE Trans. Antennas Propag., vol. 56, no. 2, pp. 381-389, 2008, doi:
10.1109/TAP.2007.915435.

I. Locher, M. Klemm, T. Kirstein, and G. Troster, “Design and Characterization of Purely Textile
Patch Antennas,” IEEE Trans. Adv. Packag., vol. 29, no. 4, pp. 777-788, Nov. 2006, doi:
10.1109/TADVP.2006.884780.

M. L. Scarpello, I. Kazani, C. Hertleer, H. Rogier, and D. Vande Ginste, “Stability and efficiency
of screen-printed wearable and washable antennas,” IEEE Antennas Wirel. Propag. Lett., vol.
11, pp. 838-841, 2012, doi: 10.1109/LAWP.2012.2207941.

N. Liu, Y. Lu, S. Qiu, and P. Li, “Electromagnetic properties of electro-textiles for wearable
antennas applications,” Front. Electr. Electron. Eng. China, vol. 6, no. 4, pp. 563-566, 2011,
doi: 10.1007/s11460-011-0182-7.

L. Song and Y. Rahmat-Samii, “A Systematic Investigation of Rectangular Patch Antenna
Bending Effects for Wearable Applications,” IEEE Trans. Antennas Propag., vol. 66, no. 5, pp.
2219-2228, May 2018, doi: 10.1109/TAP.2018.2809469.

P. Salonen and Y. Rahmat-Samii, “Textile antennas: Effects of antenna bending on input
matching and impedance bandwidth,” IEEE Aerosp. Electron. Syst. Mag., vol. 22, no. 12, pp.
18-22, 2007, doi: 10.1109/MAES.2007.4408597.

L. Vallozzi, F. Boeykens, and H. Rogier, “Cylindrically-bent rectangular patch antennas: Novel
modeling techniques for resonance frequency variation and uncertainty,” 2015 9th Eur. Conf.
Antennas Propagation, EuCAP 2015, 2015.

R. Quarfoth, Y. Zhou, and D. Sievenpiper, “Flexible Patch Antennas Using Patterned Metal
Sheets on Silicone,” IEEE Antennas Wirel. Propag. Lett., vol. 14, pp. 1354-1357, 2015, doi:
10.1109/LAWP.2015.2406887.

H. L. Kao and C. H. Chuang, “Bending Effects on a Fabric-Based Antenna for Wearable
Applications,” Proc. - Electron. Components Technol. Conf., vol. 2020-June, pp. 1665-1670,
2020, doi: 10.1109/ECTC32862.2020.00261.

B. Hu, G. P. Gao, L. Le He, X. D. Cong, and J. N. Zhao, “Bending and On-Arm Effects on a
Wearable Antenna for 2.45 GHz Body Area Network,” IEEE Antennas Wirel. Propag. Lett., vol.
15, pp. 378-381, 2016, doi: 10.1109/LAWP.2015.2446512.

A. Mehmann, “Textile Antennas,” no. june, 2017, pp. 139-159.

Z. H. Jiang, D. E. Brocker, P. E. Sieber, and D. H. Werner, “A Compact, Low-Profile
Metasurface-Enabled Antenna for Wearable Medical Body-Area Network Devices,” IEEE
Trans. Antennas Propag., vol. 62, no. 8, pp. 4021-4030, Aug. 2014, doi:
10.1109/TAP.2014.2327650.

A. Tronquo, H. Rogier, C. Hertleer, and L. Van Langenhove, “Robust planar textile antenna for
wireless body LANs operating in 2.45 GHz ISM band,” Electron. Lett., vol. 42, no. 3, p. 142,
2006, doi: 10.1049/el:20064200.

S.Yan, P.J. Soh, and G. A. E. Vandenbosch, “Compact All-Textile Dual-Band Antenna Loaded
with Metamaterial-Inspired Structure,” IEEE Antennas Wirel. Propag. Lett., vol. 14, pp. 1486—
1489, 2015, doi: 10.1109/LAWP.2014.2370254.

S.Yan, P.J. Soh, and G. A. E. Vandenbosch, “Low-profile dual-band textile antenna with
artificial magnetic conductor plane,” IEEE Trans. Antennas Propag., vol. 62, no. 12, pp. 6487—

46



[77]

(78]

[79]

(80]

(81]

6490, 2014, doi: 10.1109/TAP.2014.2359194.

M. El Atrash, M. A. Abdalla, and H. M. Elhennawy, “A Wearable Dual-Band Low Profile High
Gain Low SAR Antenna AMC-Backed for WBAN Applications,” IEEE Trans. Antennas Propag.,
vol. 67, no. 10, pp. 6378-6388, 2019, doi: 10.1109/TAP.2019.2923058.

’

A.Y.I. Ashyap et al., “Inverted e-shaped wearable textile antenna for medical applications,”
IEEE Access, vol. 6, pp. 35214-35222, 2018, doi: 10.1109/ACCESS.2018.2847280.

X. Lin, Y. Chen, Z. Gong, B. C. Seet, L. Huang, and Y. Lu, “Ultrawideband Textile Antenna for
Wearable Microwave Medical Imaging Applications,” IEEE Trans. Antennas Propag., vol. 68,
no. 6, pp. 4238-4249, 2020, doi: 10.1109/TAP.2020.2970072.

S. A. Bokhari, J. F. Zircher, J. R. Mosig, and F. E. Gardiol, “A small microstrip patch antenna
with a convenient tuning option,” IEEE Trans. Antennas Propag., vol. 44, no. 11, pp. 1521-
1528, 1996, doi: 10.1109/8.542077.

Z. Chen et al., “Wearable Rectenna with Integrated Miniaturized Feeding Slot and Rectifier
Structure,” IEEE Trans. Antennas Propag., pp. 1-1, 2023, doi: 10.1109/TAP.2023.3249827.

47



4 Patch Antenna Miniaturization

The aim of antenna miniaturization is to reduce the size of the antenna while maintaining the
performance of the antenna as quantified by parameters such as the operating frequency,
bandwidth, gain and total radiation efficiency. In wearable applications, smaller antennas are
more resilient to bending effects when placed conformally on a curved inhomogeneous
structure such as on the human body. Miniaturization can be achieved by reducing a
dimension, area or volume of the structure or substructures.

F. Bilotti et al. [1] showed that the Trapezoidal Patch Antenna (TPA) has shown to
reduce the overall surface area of the radiating element while remaining to be a half-
wavelength resonator and maintaining very close performance characteristics to that of a
RPA. Whilst the largest dimension remains to be a half-wavelength, the TPA offers the
possibility a surface area size reduction and performance comparable to that of a
conventional RPA. The performance of the TPA is explored further in this section for a textile
variant suitable for body-centric wireless communications systems that operate in the
industrial, scientific, and medical (ISM) band at 2.4 GHz.

The first section of this chapter outlines antenna miniaturization techniques that have
been applied to planar antennas in literature. The TPA which has been proposed as a
technique to miniaturize the patch antenna’s radiating element surface area [1]-[4] is
investigated further for its suitability for wearable applications. The simplicity in the design,
reduction in surface area and ease to implement on a fabric substate makes the TPA a good
candidate for textile wearable applications.

The characterization of the TPA is presented analytically through the Aperture Array
Model (AAM) which has not been shown in previous literature. The focus of this analysis is to
investigate the performance degradation of the antenna while converting a RPA to a TPA, in
which the size of the antenna’s radiating edge is gradually reduced. The key parameters
investigated using the aperture array model are the radiation intensity as a far-field plot and
maximum directivity.

Following on from the development of the TPA aperture array model, a full wave
simulation analysis is performed on the TPA to investigate its far-field behaviour. Other key

radiation performance parameters which the aperture array model cannot compute such as
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the reflection coefficient, bandwidth, realized gain and the size reduction in the antennas

radiating element surface area are also investigated.

4.1 Developments in Antenna Miniaturization
In order to characterize a size reduction of the antenna, the terms primary and secondary

reduction are defined [5]. “Primary reduction implies that the antenna system has been

n u

reduced in size, either in length, area, or volume.” “Secondary reduction implies that a
substructure of the antenna system has been reduced in size, while leaving adjacent
structures unchanged (or nearly unchanged).”

The methods of patch antenna miniaturization can be categorised by either using high
permittivity substrates, shorting pins/vias, editing the geometrical shape of the radiating
patch or ground plane, integrating metamaterial structures within the substrate or a
combination of these methods.

The miniaturization of the patch antenna can be achieved using high permittivity
substrates since the reduction of the resonant frequency of the patch antenna is directly
proportional to the square root of the permittivity of the substrate [6]. High permittivity
ceramic substrates such as barium-titanate (&, =37) and neodymium-titanate
(g, = 85) implemented into the patch antenna have been investigated by A. Hoorfar et al.
[7]. Their research focused on miniaturizing the antenna’s ground plane to show how it
affected the far-field pattern. The patch antenna was designed to operate at 1.579 GHz with
a length of 15.3 mm and width of 21.8 mm. The size of the ground plane was varied from
15 X 15 cm to 2.5 X 2.5 cm. Reducing the size of the ground plane increased the amount of
edge diffraction and thus created larger back-lobe radiation, overall creating an
omnidirectional radiation pattern. There was also a significant surface wave problem with the
neodymium substrate which created a lot of ripples in the radiation pattern and reduced
overall efficiency, therefore a larger ground plane was used to minimize the impact of the
ripples.

A miniaturized variant of the microstrip patch antenna is the planar inverted-F
antenna (PIFA) which is a quarter wavelength radiator. This variant is currently used in many

handheld devices. However, the PIFA suffers from low radiation efficiency and reduced gain

[8].
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Figure 4.1: Geometry of the Planar Inverted-F Antenna (PIFA) [8].

An added shorting pin located near the feed of a patch antenna creates a strong capacitive
coupling effect. The capacitive effect counteracts the inductive nature of the patch antenna
below resonance. Therefore the size of the shorted radiating element can be reduced
provided there is a significant amount of capacitive coupling [9]. Further miniaturization to
the shorted patch antenna can be achieved by strategically etching notches on the radiating
element around where the shorting post is located. Altering the dimensions of these notches
allow tuning of the input impedance and further miniaturization of the patch due to the
capacitance introduced by the additional fringe fields produced by the notches. Therefore,
the resonant frequency of the patch antenna is reduced due to the additional capacitance
which counteracts the inductive nature of the shorted radiating element [9]. The radiating
element of the shorted patch was shown to be 75% smaller than a conventional microstrip
patch antenna and 20% smaller than a conventional shorted patch antenna. The shorted
patch dimensions given in Figure 4.2 for a resonance at 530 MHz are L = 44.5 mm,
W= 48.75mm, Lf=16mm, Wi=1mm, Lz =11.5mm, Wz =7 mm, L; =1 mm,

W; = 3mm, L, = 2mm, W, = 3 mm, X, = 0.5 mm, ro¢ = 1 mm.
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Figure 4.2: Schematic of an edge-fed shorted patch antenna where the dimensions for a resonance at
530 MHz given are L = 44.5mm, W = 48.75 mm, Ly =16 mm, Wy = 1mm, Lg; = 11.5 mm,
Wsi = 7mm, Ly = 1mm, W, = 3mm, L, = 2mm, W, = 3mm, xps = 0.5 mm, 1o = 1 mm [9].

Altering the radiating element geometry of the shorted patch antenna into a spiral has been
shown to miniaturize the patch antenna to a large degree. The spiral geometry increases the
current path within the area confined, creating an electrically larger structure. Careful
consideration into how many bends the spiral geometry consists of was shown to maximize

the degree of miniaturization [9].
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Figure 4.3: Schematic of the radiating element of two types of printed rectangular spiral patch
antennas where (a) has a resonance of 1.9 GHz (b) has a resonance of 715 MHz and (c) 440 MHz all
with dimensions e, = 1.07,d = 10 mm, L = 17 mm, W = 25 mm, w; = 1.2 mm, wg = 1 mm,
feed probe radius = 0.6 mm, shorting pin radius = 0.325 mm [9].

The designs from Figure 4.2 and Figure 4.3 suffer from very narrow bandwidths, low gain and
omni-directional radiation patterns.

The introduction of metamaterial structures such as the Split Ring Resonator (SRR)
[10], known for exhibiting unconventional electromagnetic properties such as negative
permeability and subwavelength dimensions at resonance [11], has recently found its
application in microstrip antenna design. A variant of the SRR, the Complementary Split Ring
Resonator (CSRR) etched onto the radiating element and ground plane of a microstrip patch
antenna has been shown to produce multi-band operation and miniaturization [12][13]. The
designs proposed by V. Kumar et al. [13] showed that etching a CSRR into the ground plane

leads to a reduction in antenna gain due to the ground plane resonance. To maintain a
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directive radiation pattern while achieving miniaturization for the patch antenna, loading a
CSRR between the ground plane and radiating element is proposed by R. O. Ouedraogo [6]
and X. W. Dai et al. [14]. However, increasing the degree of miniaturization came at a cost by

reducing the radiation efficiency.

Standard
Dielectric

Feed Line Radiating Patch

Complementary * Y 4
Split Rings Ground Plane

Y X

Figure 4.4: Miniaturized patch antenna with CSRR loaded into substrate [6].

More recently, altering the ground plane with defected ground structures (DGS) [15]—
[17] and loading the patch with metamaterial structures [18]-[20] also provide
miniaturization to a large degree while maintaining high radiation efficiency. However,
defected ground structures are associated with bi-directional radiation patterns since there
is resonance at the ground plane while the metamaterial structures embedded to the
substrate suffer from a bandwidth reduction. Bi-directional radiation patterns are not ideal
for antennas used in wearable applications since this is shown to increase the specific
absorption rate (SAR) to unacceptable levels. Maintaining a specific separation distance
between the skin and the antenna for such antennas results in acceptable SAR levels
depending on the type of antenna [16][21].

Another notable miniaturized patch antenna design is presented by A. Boukarkar et
al. [22]. A U-shape is slotted into the radiating element with varactor diodes placed in the
gaps. The varactor diodes allow tuning of the resonant frequency. Antenna miniaturization is
achieved by placing metallized vias at the edge of the patch. However, the miniaturization
came at a cost of reduced bandwidth, gain as well as creating a complex antenna structure.
Miniaturizing an antenna using components such as varactor diodes [22][23] and amplifiers
[24] results in antenna miniaturization to a large degree but also suffer from reduced antenna

gain.
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The previously discussed primary miniaturization techniques make the geometry of
the patch antenna rather complex or suffer from bandwidth and radiation efficiency
degradation. Wheeler [25], Chu [26] and Harrington [27] found that there was a reciprocal
relationship between an antennas bandwidth and size. It was found that high radiation
efficiency antennas require the antenna to be narrow band or rather have a high Q factor,
while low radiation efficiency allows for broadband behaviour and thus a small Q factor. This
relationship is known as the Chu-Harrington limit. Miniaturizing an antenna whether it is
either from a primary or secondary reduction scales according to the Chu-Harrington limit.
The size of the antenna needs to be carefully designed as to not degrade the antennas
radiation performance. A disadvantage of patch antennas are their low radiation efficiency
and very narrow frequency bandwidth which is typically a few percent [28]. Effective
miniaturization manages to maintain the bandwidth, radiation efficiency and radiation
pattern of the antenna to that of the non-miniaturized antenna. The various miniaturized
antenna’s reported in Table 4.1 show that the greatest miniaturized results in a reduction in
the antenna’s gain, bandwidth or radiation efficiency.

A simpler approach for patch antenna miniaturization is proposed by F. Bilotti, C. Vegni
and M. Pan et al. [1]-[3] where a trapezoidal patch antenna was analyzed and fabricated as a
compact alternative to the rectangular patch antenna. It was found that reducing the size of
a radiating edge leads to a small reduction of the antenna’s bandwidth. F. Bilotti et al. [1]
showed that altering the slope angle of the sides of the trapezoidal radiating element did not
significantly change its resonant frequency. A slope angle of 90° corresponds to a RPA
operating at 5.95 GHz. Decreasing the slope angle causes negligible change to the resonant
frequency until a slope angle of 65° where the resonant frequency starts to increase upwards
to approximately 6.15 GHz at a slope angle of 55°. However, the overall performance
characteristics are almost the same compared to a rectangular patch. To mitigate the slight
reduction in bandwidth, C. Vegni [2] and M. Pan et al. [3] enhanced the bandwidth of the
trapezoidal patch by adding slots onto the radiating element. The trapezoidal patch antenna
can be thought of as a ‘secondary reduction’ technique [5], where the radiating element size
is decreased rather than all the components of the antenna.

As seen in the literature discussed in this section so far, patch antenna miniaturization
has its pros and cons. When trying to improve one performance parameter it may come at a

cost in reducing another. A summary of the antenna configurations, dimensions and
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performance properties are presented in Table 4.1. For some of the miniaturized antennas

reported, their bandwidths were not stated, however the graphs for the S;; parameters are

shown to be extremely narrow over the resonant frequency being smaller than 20 MHz. From

analysing Table 4.1, attempts to miniaturize the patch antenna

methods lead to drastic degradation in the antennas gain.

using primary reduction

Antenna Antenna Size Radiator fres BW e Gain
Ref | Year configuration mm? Sizemm? | (GHz)| e, tan 8§ (%) (%) (dBi)
Rectangular 254 x 25.4 15.32
[7] 2001 Patch %< 1.27 % 21.77 1.56 37 0.003 0.001 -
Rectangular 50.8 x
[7] 2001 Patch 50.8 X 2.54 11 x 9.65 1468 | 85 0.002 0.002 -
Edge-Fed 100 x 100 44.5
[O1 | 2003 | g orted Patch | x1.59 x 4875 | 093 | 220 - - - 1
Shorted Spiral
[9] | 2003 Patch (Fig | 40x40x10 | 25x17 | 0.715| 1.07 - - - 0.3
4.3a)
Shorted Spiral
[9] 2003 Patch (Fig 40 x 40 x 10 25x17 0.440 | 1.07 - - -
4.3b)
Patch with 4.19 17.9 -0.11
[12] 2012 CSRR - 18 x 23 4.80 2.43 - - 64.8 585
Patch with R=46.2 _
[6] 2012 CSRR H=234 R=115 2.45 2.33 0.0012 0.004 28.1 —1.28
. 2.25
[14] | 2013 | Patchwith - 30x20 | 359 | 2.65 | 0.0017 . -
CSRR
4.30
Patch with 20 x 18.8 2.43 1.65M1 30 -17
[15] 2016 DGS % 0.762 10 x 8.8 52 3.48 0.004 2301 81 24
Monopole 60 X 60
[16] 2020 with EBG & 20x 16 2.4 1.05 | 0.0003 32.1 72.3 6.45
X 2.4
DGS
CPW-fed
[29] | 2019 Monopole 1012; 68 27 x 34 48 | 1.08 | 0008 | 333 - 6.12
with AMC )
CRLH antenna 25x 25
[18] 2021 with AMC % 0.1 19x7.8 2.45 2.9 0.0025 1.67 87 2.34
CPW-fed
Monopole 20 x 37 2.60 29.3 93 -0.8
[19] 2015 with <02 48x8 6.22 3.7 0.025 6.9 78 43
Metamaterial
Dual-band 19 x 12 2.45 5.71 86 2
[21] | 2020 Monopole x 0.508 4x10 s5g5 | 22 | 000091 56 91 3.2
. 2.33 2.27 62.6 2.72
[22] | 2017 T‘gﬁjﬁ{;ﬁle iolxggo 15%25 | 321 | 255 | 0002 | 221 | 633 | 276
) 4.99 1.6 66.8 2.87
Trapezoidal
1] 2001 Patch - 20.4 x 20 5.95 3.38 - 4.43 -
Slotted
[3] 2000 Trapezoidal 100 <100 42 x37.3 1.8 4.4 - 6.61 - 3
Patch x 16

R: Radius of circular patch

H: height of circular patch

11— 6dB Bandwidth

Table 4.1: Comparison of reported miniaturized planar antennas in literature.
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4.2 Proposed Inset-Fed Trapezoidal Patch Antenna

The Trapezoidal Patch Antenna (TPA) is proposed as a design consideration for patch antenna
applications in low-profile wearable applications since the decrease in the radiating elements
size will be shown to outweigh the marginal decrease in the antenna’s radiation performance.
To begin, the TPA is modelled as a dual-aperture array since the apertures formed across the
widths of a RPA account for most of the radiation [28]. This is to determine whether two
radiating apertures are adequate to characterize the far-field behaviour, while ignoring the
effects of the non-radiating edges located along the diagonal lengths of the trapezoid. The
two radiating apertures are shown in Figure 4.5. The quad-aperture array model incorporates
the previously ignored non-radiating edges and characterises them as partial radiators which
contribute to the total electric field of the TPA. The dual and quad-aperture array models are

compared to full-wave simulations to determine which characterization is more appropriate.

Aperture #2
Aperture #1

Ground Plane Substrate

Figure 4.5: Trapezoidal Patch Antenna Geometry.

The TPA is designed to operate for wearable applications in the 2.4 GHz ISM band. The
antenna model comprises of an inset-fed copper radiating patch, a cotton dielectric substrate
and a copper ground plane. The antenna is fed by a 50 ) microstrip line where the width of
the line is 10.5 mm.

When a wave propagates down the microstrip line towards the radiating element
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there is a change of width where the strip line meets the first radiating slot as shown where
Aperture #1 is located in Figure 4.5. The wave will continue to travel to the top end of the
patch where the second radiating slot is. A large reflection occurs at this discontinuity and the
wave reflects along the length of patch creating fringing radiation at both ends of the antenna
[30]. The fields radiated by both slots produce a resultant effect in the far-field.

C. Balanis [28] gives an interpretation of the radiation mechanism of the patch
antenna in terms of charge distribution and current density. Energizing the patch results in a
charge distribution located above and below the radiating element as well as on top of the
ground plane as shown in Figure 4.6. The current density J; and ], gives rise to the the fringe
fields. The like charges above and below the radiating element cause a repulsion which pushes
charge off the edge giving rise to the fringing fields. At the same time there is an attractive
mechanism between the charges located below that patch and on top of the ground plane.
This attraction is the dominant mechanism and causes a large concentration of charge located

just above the ground plane.

++++++++

Figure 4.6: Charge distribution and current density formed on the microstrip patch antenna [28].

4.3 Aperture Array Model

Using this model, a radiation far-field characteristic comparison will be made between the
RPA and TPA. The apertures of the patch antenna can be seen in Figure 4.5 where aperture
#1 has a width of W, and aperture #2 has a width of W,. For a RPA the aperture widths
correspond to when W; = W,, and fora TPAW, <K W;.

To begin, some background theory of a radiating aperture is presented. Then a
radiated power analysis is presented to predict the antenna’s far-field pattern and directivity.
The far-field distance r is given by a commonly used minimum distance observation criterion
of 2d?/A [28]. Where d is the maximum dimension of the patch antenna and 1 is the

operating wavelength.
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4.3.1 Theory and Analysis of an Aperture Antenna
To approximate the fields radiated by an aperture at the far-field, it is first required to define

a source within the aperture, which is represented the current densities J; and M; . Using the
‘field equivalence principle’, the fields that are radiated outside of the closed surface aperture
can be modelled.

To model the fields that are outside of the aperture, an equivalent problem is formed.
In the equivalent problem as shown in Figure 4.7(b), the original sources J; and My are
removed and it is assumed that there exist fields E and H inside the surface, and fields E; and
H; outside of the surface. For these fields to exist within and outside the surface S, they must

satisfy the boundary conditions on the tangential electric and magnetic field components

[28].
v, EpH v, EiH
—— AT T T~ A
- -~ S// Iif'/| \\ n
s,” Vi AN / ‘/M;ﬁ
My &y Ky & \ E.H /

|
| /
/ / { - A
[ s | - J;=nx[H, -H]
| / h‘l]// \ U € //
\ Ji i \x_,l,_l___//
At -
~ -

M, =-h X [E, - E]

(a) (b)

Figure 4.7: The fields, current densities, and material properties for the (a) actual and (b) equivalent
aperture model [28].

Therefore, on the surface S there must exist the equivalent sources which radiate into free
space as
Jo = i X [H; — H] (4.1)
M, = —n X [E; — E] (4.2)
Equivalent problems can be found only requiring the magnetic or electric current densities.
The fields E and H within the closed surface can be assumed to be zero since they are not of
interest. This simplifies the current densities to
Jo =1t xH; (4.3)
M, =-nxE; (4.4)
This simplification of the field is known as Love’s Equivalence Principle [28]. In which a null

field is produced within the surface.

58



e ———

I
| 0.0 /

Figure 4.8: Love’s equivalent model [28].

To find the magnetic and electric fields generated by an electric current source J and a
magnetic current M, the inhomogeneous vector wave equations in the form of the magnetic

and electric auxiliary potential functions A and F are required to be solved, which are given
by
VZA + k?A = —yJ (4.5)
V2F + k?F = —eM (4.6)
The magnetic auxiliary potential function A for an electric source ] is related to the electric E
and magnetic H fields by
E~x —jwA (4.7)

Hz—j%ﬁrxA (4.8)

For a magnetic source M they are related to the electric E and magnetic H fields by
H ~ —jwF (4.9)
E~ —jwna, XF (4.10)

The vector wave equations (4.5) and (4.6) have solutions in the form of

_u e JKR I
N o
F= iw M (4.12)
41T v R

Where v’ refers to the volume of the source, k? = w?ue and R is the distance from a point

and

in the source to the observation point.
If the electric J or magnetic M current source represent linear densities the solutions to the

wave equation can reduce to surface integrals as
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_H e JkR ’

_Eﬂg —ds (4.13)
= £

T am s

If the sources are electric I, or magnetic I,,, currents the solution can be reduced to line

(4.14)

integral forms as

_ f (4.15)
—jkR
F = if 1,—dl' (4.16)
4 R
c

The far-field observation point R can be approximated for phase variations by

R=r—r'cosy (4.17)
For amplitude variations it is approximated by

R=~r (4.18)

Where r' is the distance occupied by the source and i is the angle between r and r'as shown
in Figure 4.9. Using the solution where the auxiliary potentials current source is represented
as a linear density, the far-field equations for the magnetic and electric auxiliary potential

function can be formed.

Assuming the current density resides on the surface of the source, A and F will take the form

e Jk o e IPT —jBr
ff] —N (4.19)

-jkR -jBr
F=iﬂMe] ds' ~ €y, (4.20)

an S R 4nr

Where N and L are known as the space factors, which determines the electric and magnetic

current densities along the source observed at the farfield.

N = ffsjsejﬁrlcoswds’ (4.21)
L= ffSMSejﬁrlcoswds’ (4.22)

Expanding this in a rectangular coordinate system yields
N = ffs(ax]x + ay]y + az]z)ejﬁr,wswdsl (4.23)

L= ffs(axMx + a,M, + azMz)ejBrlwswdS’ (4.24)
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The product of the element factor and the space factor give the total radiated field. The
element factor refers to the term outside of the brackets in (4.34), (4.35), (4.37) and (4.38)

along with any term that can be factored out of the integral for (4.39-4.42) [28].

In the far-field region only the 8 and ¢ components are dominant while the radial component

is assumed to be negligible.

The electric fields in terms of their auxiliary potentials can be expressed as

(Ex)o = —jwAg (4.25)
(En)gp = —jwAy (4.26)
(Ep)g = —jwnFy (4.27)
(Ep)g = jonFy (4.28)
and for the magnetic fields

(Hp)g = —jwFy (4.29)
(Hp)g = —jwFy (4.30)
CATR (431)
(Hp)g = —jw‘;—e (4.32)

Thus, the total electric E and magnetic H fields can be written as the superposition between
the electric and magnetic auxiliary potential fields due to an electric ] and magnetic M current

density source.

E. =0 (4.33)
k —jkT
Eg = —1 :TL'?' (L¢ + T]Ng) (434)
jkeJkr
H. =0 (4.36)
~ _JkeTT O Lo
Hy ~ — 25— (N n) (4.37)
~ _ JkeT T Ly
Hy ~ =2 (Ng + n) (4.38)

Lg, Lg, Ng and Ny, can be obtained by transforming (4.23) and (4.24) to a spherical coordinate

system. Doing so yields
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Ng = [f.[Jx cos 6 cos ¢ + ], cos 6 sin¢ — J, sin glekr cosgs’ (4.39)

Ny = ﬂs[_]x sin¢ + J, cos ¢|e/*r cos¥ s’ (4.40)
Ly = HS[Mx cos 6 cos ¢ + M,, cos 6 sin ¢p — M, sin §e/*r" sV s’ (4.41)
Ly = ﬂs[—Mx sin ¢ + M,, cos ¢]ejkr’ cosP g’ (4.42)
7 Farfield
I
0 |
r I
I
:
W I
z /R
:
I
h :

X
Figure 4.9: Far-field equivalent diagram for an aperture.

For a rectangular aperture the far-field equivalent diagram is shown in Figure 4.9 which gives
a visual representation of the rectangular and spherical coordinate system that is used to
analyse the fields radiated from the aperture. In the Xy plane the current and magnetic

densities Jy, /5, My, My, will be non-zero.

For this analysis, the electric field across the aperture E, is modelled as a uniform field, thus

~ B <h w - w
E, = &b “hsxsh-osys— (4.43)
0, elsewhere

Since the aim of this analysis is to apply it to a patch antenna model in the later section with

a ground plane, the equivalent sources are in the form
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M, = —-2(a, x a,)E, = +2a,E, (4.44)

Js=0 (4.45)
Where the magnetic current density Mg is doubled to account for the presence of the ground
plane by the image theory [30]. The electric current density J on the radiating patch and the
ground plane are very small and thus assumed to be negligible. If the apertures were
modelled with an electric current density source J, the reflected fields from the ground plane
(PEC) would have opposite phase to the incident waves from the aperture and thus
destructively interfere with each other. Thus, the fields or space waves from the apertures in
the presence of a ground plane are predominantly produced by the magnetic currents M.
This is shown in Figure 4.10 where (b) represents the image source due to the ground plane

and (c) is the combination of both magnetic sources.

W,y & ;u._el,u.s ;u._z?l My &

o =00 |M,: nxE, —> M,.l [M\.: nxE, —>» M, =20 x E,

N |

(a) (b) (c)

Figure 4.10: Equivalent models for a magnetic source near a ground plane or a perfect electric
conductor [31].

For a magnetic source Mg, the space factor components Ny = Ng = 0. Therefore only L
and Lg need to be computed to express the electric and magnetic field components Ey, Ey,

Hg and Hy. Lg from (4.41) can be simplified to

Ly = cos@sin¢ ffs M, ek cosv gy’ gy’ (4.46)
The differential path of ' cos Y from the origin of the aperture to the farfield is
r'cosyp = r'-a, =x"sinf cos¢p + y'sin O sin ¢ (4.47)
Therefore,
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W/2 ~h/2

Lg = cos 6 sin¢ f M, elk(x' sinfcosp+y"sin0sing) gy’ gyt (4.48)
-w/2/-n/2
Lg = 2hWE,[cos 0 sin ¢ sinc X sincY] (4.49)
where
Y = kz—hsin 0 cos ¢ (4.50)
X = %sin@sinqﬁ (4.51)

L¢ is calculated as

W/2 h/2

L¢ — COS(I)] Myejk(x’ sinQCOS¢+y’sin95in¢))dxldy/ (452)
-w/2/-n/2

Ly = 2hWEj[cos ¢ sinc X sinc Y] (4.53)

Therefore, the fields radiated at the far-field can be represented as

. hWkEgeJkr [

Eg = —j—— cos ¢ sinc X sincY] (4.54)

Ey = %ﬁ:ﬁ_m [ cos @ sin ¢ sinc X sinc Y] (4.55)

Hy= — 22 (4.56)
n

Hy = %"’ (4.57)

In this section the analytical foundations for analysing the fields that are radiated by an
aperture antenna are formed. This forms the foundations for the next section where the

patch antenna is modelled as a dual-aperture array to approximate the far-field behaviour.

4.3.2 Aperture Array Model for the Trapezoidal Patch Antenna
Assuming the total field across the apertures is uniform from (4.43), the equivalent sources

are in the form

M; = 2a, X E, (4.58)
Js=0 (4.59)
As before, the magnetic current density Mg is doubled to account for the presence of the

ground plane by the image theory. The electric current density Js on the radiating patch and
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the ground plane are very small and thus assumed to be negligible. The electric and magnetic

field components are given by (4.54-4.57).

Since the patch is split into 2 radiating apertures, the overall field of the patch for both 8 and

¢ components are given by the superposition of the two radiating slots at the far-field as

w w
Esg = Eg' + Eg° (4.60)
w w

Figure 4.11 outlines the geometry of the aperture array and the parameters used to model
the combined fields of both apertures at the far-field. The radial distance R; and R, are
defined as the distance from aperture 1 of width W, and aperture 2 of width W, to the far-
field observation point. Both apertures are symmetrically positioned from the origin with a

length of + L/2 along the z-axis.

The radial distance R; from aperture 1 is calculated as

R, = \/xz +y2 4+ (z - %)2 (4.62)

Using the binomial expansion on the z term to the first 2 terms, and substituting z = r cos 8,

the radial distance R; can be simplified to

Ry =1 — %cos@ (4.63)

Repeating this procedure for aperture 2, the radial distance R, becomes

R, =7+ %cos 6 (4.64)

Dielectric effects are ignored in the far-field analysis. A dielectric material can be incorporated
into the aperture array analysis using the analysis presented by C. Knop et al. [32]. However,
the far-field pattern is minimally affected when the height h of the dielectric-covered
aperture is thin (h/A = 0.1) or medium-sized (h/A = 0.4). Therefore, is ignored in this

analysis.
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Figure 4.11: Dual aperture array geometry and far-field approximations.
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Based on the geometry of Figure 4.11, by using (4.58), (4.34) and (4.35) the electric field

components for one of the radiating apertures of the TPA can be solved as

. W h
—jke=Tk" 7 (2 o L
-7 jk(x'sin@ cosp+y'sin@sinp) ../ .,/ 4.65
Eg - cos ¢ w _EZEoe dx'dy (4.65)
2 2
—jk —Jjkr

1 1
Eg = = 2hE, cos ¢ sinc (E khsin 0 cos (;b) Wsinc (E kW sin @ cos (p) (4.66)

. w ok
jke kT _ Z (2 o L
= jk(x'sin@ cosp+y’ sin@sinp) ../ J.,/ 4.67
Ey 2o Cos 6 sin ¢ W _EZEOe dx'dy (4.67)
272
jk . 1 1 o Jkr
Ey = EZhEo cos @ sin ¢ sinc (E kh sin 6 cos qb) Wsinc (E kW sin 0 sin qb) - (4.68)

To account for the radiation produced from each aperture, the array factor term is computed

by substituting (4.63) and (4.64) only in the phase term which is e /¥, Using both (4.54) and

(4.55) and approximating the amplitude terms as Ri ~ Ri ~ % the total E-field contribution
1 2

from both apertures Ey g is given by

EM12 = —JkhEq cos ¢ sinc (l khsin @ cos qb)
29 2m 2
. 1 . : jﬂcos@
(Wlsmc (E kW; sin 6 sin ¢) e 2 (4.69)
1 —JjKkL e_jkr
+ W,sinc (E kW, sin @ sin d)) e 2 9) —
and for Ey 4 is given by (4.61) as
EX1z = JkhEq cos @ sin ¢ sinc (1 khsin 8 cos qb)
zé 2m 2
. 1 . . jk—l‘cose
(Wlslnc (E kW, sin 0 sin d)) e 2 (4.70)
1 —jkL e kT
+ W,sinc (E kW, sin @ sin qb) eTcose) —

Since the height of patch is much smaller than the wavelength the sinc G khsin 0 cos ¢>) term

can vanish.
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To characterize the far-field behaviour, the average power density W,,4, radiation
intensity U(6, ¢), radiated power P,.,4 and Directivity D need to be computed and are defined
in Chapter 2. Calculations start once a suitable aperture width W, separation distance L
between the apertures and resonant frequency f, is defined.

To calculate the aperture width W and separation length L between the apertures,
the dielectric constant of the patch antenna’s substrate as well as the height of the substrate
must be known prior. To study how well the proposed antenna works for wearable textile
applications, the substrate is modelled with the dielectric properties of a textile.

The textile dielectric substrate is modelled as a homogenous medium. The dielectric
characteristics of the substrate are based on the cotton/polyester sample in [33] which is
modelled as a homogenous medium. The substrate is 2.8 mm thick, has a dielectric constant
& of 1.6 and a loss tangent tan § of 0.02. It was shown in [34] that the thickness of the fabric
substrate is important to consider when designing wearable patch antennas. A fabric which
is less than 1 mm thick results in poor radiation efficiency and gain. Therefore, a thick sample
was chosen.

The value for the width of the aperture W is approximated using

_c 2
S 2f e+ 1

(4.71)

since this is shown to produce good radiation efficiencies [35], where f, is the resonant

frequency and c is the speed of light.

The separation length L between each aperture is approximated using [28]

— 2AL (4.72)

1
L=
Zfrv greff\/ Ho&o
Where &..¢7 is the effective dielectric constant to account for the fringing fields that

propagate in the substrate and air from the patch antenna [28] and is given by

1
e+1 g —1 h12
Ereff = rz + r2 [1+12W] (4.73)

AL from (4.72) corresponds to the extended incremental length of the patch. The fringing

fields produced by each aperture of the microstrip patch make the antenna look electrically

larger than its length L. The extended incremental length AL is approximated by [36]
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(erepr +0.3) (- +0.264)

(eress — 0.258) (4 +0.8)

Since the antenna’s intended operational frequency is at 2.4 GHz, the width and

AL =0412h (4.74)

length can be approximated as W; = 54.8 mm and L = 47.2 mm. By computing (2.9) and
varying the width of the smaller aperture W, = 54.8 mm to 5 mm, the normalized radiation
intensity is plotted for both the E-plane and H-plane in dB. From Figure 4.5 the E-plane is the

cut along the xz plane while the H-plane is the cut along the xy plane.

E-plane

U ( 0 {-"i')_,-f';-[-"m:u (dB)

- Ls ’
-8 ” — = 5 mm
L - - == W =W =548 mm

_9 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Figure 4.12: E-plane normalized linear far-field plot in terms of the radiation intensity U of a RPA
where W = W, and a TPA where W, = 5 mm.
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H-plane
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Figure 4.13: H-plane normalized linear far-field plot in terms of the radiation intensity U of a RPA
where W = W, and a TPA where W, = 5 mm.

Comparing the two normalized radiation intensity plots some predictions can be made on
miniaturizing the RPA to a TPA. For a TPA where W, = 5 mm, the antenna’s farfield pattern
in the E-plane becomes less directive whereby the beamwidth can be seen to increase since
the radiation intensity has increased for the angles outside of where the maximum occurs at
6 = 90°. The shape of the H-plane radiation intensity pattern in Figure 4.13 remains
unaltered by reducing the width of Aperture #2.

By computing (2.10) the antenna’s maximum directivity can be plotted to investigate

how it changes by gradually reducing the width W, of Aperture #2.
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Figure 4.14: Parametric analysis modelling the patch antenna as a dual-aperture array by
investigating the change in maximum directivity at 8 = 90° by varying the width W,, of aperture #2.

For a RPA where W = W; = W, = 54.8 mm the directivity is at a maximum of 7.64 dBi. By
reducing the aperture width W, and keeping the separation length L between the apertures
constant, the directivity reduces to 5.83 dBi at W, = 5 mm. Increasing the separation length
L can compensate for the reduction in directivity but only marginally.

From the Dual-AAM, it can be shown that the cost of miniaturizing the width of a single
aperture of the patch antenna results in a decrease in the antenna’s radiated power and
directivity. The analysis predicts a 1.81 dBi decrease in directivity from an aperture width of
54.8 mm to 5 mm. The analysis can be taken further to compute gain or realized gain
provided the conductor, dielectric and mismatch losses are obtained through measurements.

The decrease in the directivity for small aperture widths W, occurs due to most of the
radiation propagation occurring at only a single radiating edge. The model does not account
for the radiation that increasingly propagates at the diagonal lengths of the trapezoid as the
aperture width W, becomes smaller. To account for the field propagation that occurs along
the diagonal lengths L4y of the trapezoidal patch, two additional apertures need to be

implemented into the model.
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For a RPA, the apertures along the lengths L4 are regarded as non-radiating apertures.
This is because the fields along these apertures almost cancel each other out completely in
the principal planes, thus the non-radiating apertures are typically neglected in patch antenna
analysis. The E-field along the non-radiating apertures have a co-sinusoidal taper, where the
maximum E-field occurs at the edges across the length as shown in Figure 4.16. For a TPA, it
is predicted that the magnitude of the E-field across the non-radiating apertures increases
due to introducing a horizontal component to the aperture since it is placed diagonally across
the yz plane.

In this section, non-radiating apertures are added to the aperture array analysis to
account for the radiation along the edges of the TPA. Also, a new characterization method is
presented for the TPA that incorporates the partial radiation that propagates along the
diagonal lengths L4 which has both z and y components.

X
A

Aperture #2

Aperture #1

Figure 4.15: Rectangular patch antenna geometry showing the electric fringe fields at each aperture.
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Figure 4.16: Non-radiating edges along the length of the rectangular patch antenna.
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Aperture #2
Aperture #4

Aperture

Figure 4.17: Trapezoidal patch antenna geometry showing the electric fringe fields at each aperture.

Figure 4.15 and Figure 4.17 show a comparison between the electric fringe fields that
propagate for a RPA and a TPA. For a RPA, the electric fields predominantly propagate at
Aperture #1 and #2.

The apertures formed along the lengths of the RPA are known as the non-radiating apertures.

The E-field at these apertures take form as a co-sinusoidal taper

Mg = —-24, X E, cos (%Z) (4.75)
Js=0 (4.76)
Since the magnetic current density propagates along the length or z axis, there is no M,

component to compute Ly in (4.42), thus Eg = 0. This leaves only a E component given as

_ —jke /¥ sin 6

L h
fZLthZEO cos (%Z’) glk(x'sinb cos p+z'cos6) gyr gy’ (4.77)
2772

E, =
¢ 4nr
E. = _jke_jkr Eysin 6 % % T, Jk(x'sin6 cos p+2z' cos0) 14! 5’ (4.78)
b= oy L) n CoS (IZ )e X az :
2 2
— —jke K" Eqsin @ g Jk(x'sin@ cos ) 4,/ % T 1) eJk(z' cos8) g0 4.79
Ey = o j_ﬁe dx _f_LCOS(EZ )e dz (4.79)

2
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E _—jkhe‘jkTEosinH . (1kh 0 ) 2mL? COS(%kLCOSQ) (4.50)
b= - sinc > sin 6 cos ¢ T 1212 cos2 d .

cos (% kL cos 9) e Jkr

4.81
w2 — k212 cos? 6 T ( )

1
Ey = —jkhL? Eysin 6 < sinc (E khsin 6 cos d)))

The non-radiating elements are placed along the y-axis as shown in Figure 4.18.
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Figure 4.18: Aperture Array Model analysis and far-field approximation for Aperture #3 and #4 with
lengths of L.
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The array factor term AF which combines the radiation from both apertures together is

transformed from the z axis to become

e—jk(r—% cos(cos™1(sin @ sin ¢))) e—jk(r+% cos(cos™1(sin @ sin ¢)))

AF, = . + .

(4.82)

which simplifies to

e—]kr

1
AF, = (2 cos (Z kw, sin 6 sin (,b)) (4.83)

where cos™1(sin 8 sin ¢) is the angle between the y axis of the array and the radial vector
from the origin to the observation point. Therefore, the total field across both non-radiating

apertures can be expressed as

cos (% kL cos 9)

1
EL, = —jkhL? E,sin6| sinc (— kh sin 0 cos )
X J 0 < 2 ¢ T[2 - kZLZ COS2 0 (484)

—jkr

(2 cos (% kw, cos(cos~1(sin 8 sin qb))))

For the TPA the electric fields are predicted to propagate predominantly at Apertures
#1 and #2 with partial electric field propagation at Apertures #3 and #4 due to the introduced
horizontal components of the magnetic current density along the lengths of the patch. A
relationship must be formed to link the aperture dimensions together to the field equations.

The front view geometry of the TPA is shown in Figure 4.19, where each length of the
trapezoid corresponds to an equivalent radiating aperture. Lg is the diagonal length of the
trapezoid, Ly, is the vertical length or height of the trapezoid and W,y is the width extension
distance that varies with an angle of a as the width W, of the antenna changes. Using the
Pythagoras theorem, a relationship can be formed between the diagonal length Ly of

Aperture #3 and #4, vertical length L, and the widths W, and W, of Aperture #1 and #2.
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Figure 4.19: Front view trapezoidal patch geometry modelled as a quad-aperture array.

The diagonal lengths of the equilateral trapezoid can be calculated as

Lg = /(Ly)? + (Wey)? (4.85)

where

Wexe = 7 (Wy — W) (4.86)

The fields propagated from Apertures #1 and #2 remain the same as for the Dual-AAM. To
form an expression for the electric fields propagated from Aperture #3 and #4, two additional
apertures are required for each of Aperture #3 and #4. A vertical aperture along the length
L, and a horizontal aperture along the width extension W,y,. The vertical apertures have their
electric field component in the form of (4.84), while the horizontal aperture has its electric
field components in the form of (4.66) and (4.68). The additional apertures are represented
in Figure 4.18 to approximate the fields at the far-field.

The combined electric field produced from Aperture #3 and #4 for both 8 and ¢

components are given by the superposition of the two radiating slots at the far-field as
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Ly

Elr = gl 4 Eg (4.88)

Xé ¢3

The radial distance R; and R, are defined as the distance from Aperture #3 and #4 of length
L, to the arbitrary far-field observation point. Both apertures are symmetrically positioned
from the origin with a length of + W./2 along the z-axis, where W_ is the separation distance

between the middle of apertures #3 and #4 defined as

1
We =2 (W +W,) (4.89)

The horizontal field components for Apertures #3 and #4 are modelled the same as

for the Dual-AAM, resulting in electric field components given as

= ; 1 . ; 1 ] e Jkr
Eqg = EZthEo cos ¢ sinc (E khsin 8 cos d)) sinc (EkWC sin @ cos d)) " (4.90)
jk U2 N ek
Ey = . 2hW,E, cos 0 sin ¢ sinc (E kh sin 6 cos qb) sinc (E kW, sin 6 sin qb) —  (4.971)

The electric field components are symmetric about the z-axis and therefore the array factor

term can be simplified to

e JkT 1
AF, = - (2 cos (Ekwc cos 0)) (4.92)

Therefore, the total electric field components due to the horizontal components of Apertures

#3 and #4 is given by

w, _ —Jk
Evo = o

1 1
sinc (E kW, sin @ cos (;b) cos (E kw, cos 9)

1
2hW_E, cos ¢ sinc (— khsin @ cos qb)

2 : 4.93)
e—jkT ( .

w, _ Jk U
EZ¢ = 2hWE cos 6 sin ¢ sinc (E khsin @ cos qb)

- jir (4.94)

1 1
sinc (E kW, sin 8 sin ¢) cos (E kw, cos 9)
The total electric field components for the TPA can be expressed as the sum of all apertures

using (4.69) (4.70) (4.84) (4.93) and (4.94)

Esg(0,9) = Egg?® + Egy + Egs (4.95)

_ W Ly We
Esy(6,¢) = Eya? + B’y + Eg (4.96)
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Equations (4.95) and (4.96) form the total electric field for the proposed Quad-AAM. To
observe the behaviour of the radiation pattern at the far-field, the normalized radiation
intensity is plotted for both the E-plane and H-plane in Figure 4.20 and Figure 4.21 by

computing (2.9) and varying the width of a single aperture from 5 mm < W, < 54.8 mm.
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Figure 4.20: E-plane far-field plot in terms of the normalized radiation intensity U comparing the
Dual and Quad-AAM for a RPA and TPA.
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Figure 4.21: H-plane far-field plot in terms of the normalized radiation intensity U comparing the
Dual and Quad-AAM for a RPA and TPA.
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The two normalized radiation intensity plots show that for a TPA where W, = 5 mm that the
antenna’s farfield pattern in the E-plane becomes less directive than that of a RPA where
W, = 54.8 mm. This is consistent with the Dual-AAM, however, when compared to the Quad-
AAM the magnitude of the normalized radiation pattern outside of where the maximum
occurs is predicted to be less than that of the Dual-AAM. This implies that the directivity will
not reduce as much as what the Dual-AAM predicts. Just like for the Dual-AAM, the Quad-
AAM predicts that the shape of the H-plane far-field pattern remains unaltered by reducing

the aperture width W,.

Directivity (dBi)

= = = Dual-Aperture Array Model
— Chuad- Aperture Array Model
5,5 Il 1 1 1 1 1 1 1 1
5 10 15 20 25 30 35 40 45 50 55
Aperture Width Wy (mm)

Figure 4.22: Comparison between the Dual and Quad-AAM analysis calculating the directivity of the
patch antenna varying the aperture width W.

By computing (2.10) the antenna’s maximum directivity can be plotted to investigate how it
changes by gradually reducing the width W, of aperture #2. This result is plotted in Figure
4.22 which compares the result to the Dual-AAM. It can be shown in the Quad-AAM that for
smaller aperture widths of W, the directivity does not decrease in as much compared to the
Dual-AAM. Both aperture array models show a decrease in directivity as the aperture width
W, is reduced. However, the Quad-AAM maintains a higher directivity than the Dual-AAM
even when the aperture width W, is reduced. For both models, the antenna’s directivity
decreases rapidly when the aperture width W, is reduced below 25 mm. At W, = 5 mm, the

difference in directivity between the models is approximately 0.6 dBi.
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To summarise, the aim of this section was to develop a simple analytical model to
characterize the far-field characteristics of a TPA. The parameters of interest for this analysis
were the antenna’s far-field pattern and directivity. The analysis was implemented in MATLAB
as shown in Appendix A. The Quad-AAM is proposed as a suitable analytical method for
characterizing the TPA in the far-field. In the next section, the Quad-AAM is validated against

a full-wave simulation analysis.
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4.4 Full Wave Simulation Analysis
To compare the results produced by the AAM, the TPA is modelled and simulated in CST

Microwave Studio. The time and frequency domain solvers are used to compare simulations
to verify the results. Before designing the TPA, an inset-fed rectangular patch antenna was
developed to act as a performance benchmark. The inset-feed offers a simple method for
impedance matching compared to an impedance matching network involving fixed or tunable
inductors and capacitors. It requires etching out a small portion of the radiating element
where the transmission line intersects the radiating element. The depth and width of the inset
control the input impedance.

The width W and vertical length L, of the RPA are computed using (4.67) and (4.68).
Using the analytical transmission line model as presented by Balanis in [28], the width of the
feedline W, and the inset feed recessed depth y, can be approximated.

The width of the feed line Wj, is calculated using [31]

1207
Jeror [ 2 +1.393 + 0667 In (2 + 1.444)]

Which is valid for W, /h > 1. Z_ is the characteristic impedance of the microstrip feedline

Zc= (4.97)

which is set to 50 ().

Thus, an approximate inset feed recessed depth y, can be calculated as [28]

1

R = ——————cos? (Eyo) (4.98)
" 2(G 2 Grp) L

Where the calculation for the conductance of a slot G; and the mutual conductance between
two slots G, can be found in [28].

For a substrate height of 2.8 mm, the calculated parameters using the Transmission

Line Model are shown in Table 4.2.

Transmission Line Model

Parameter Symbol Dimensions (mm)
Vertical Patch Length Ly 49.4
Aperture #1 Width w; 54.1
Aperture #2 Width W, 54.1
Inset Recessed Distance Yo 17.8
Feedline Width Wy 10.5
Substrate Height Hs 2.8
Inset Feed Gap Width Gep -

Table 4.2: Dimensions obtained using the Transmission Line Analysis for a RPA for operation at
2.4 GHz.
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The RPA is designed and simulated in CST Microwave Studio using the time domain and
frequency domain solver. Table 4.2 shows the analytical dimensions for the RPA. Comparing
this to the simulated results in Table 4.3 and Table 4.4 for when W; = W,, there is shown to
be a decrease within a few millimetres for the length L, and width W; to the analytical
dimensions obtained using the transmission line model. However, there is a large difference
of 4.3 mm between the calculation of the inset recessed distance and the simulated results.
This can be explained due to the transmission line not considering the width of the inset feed
Gyp, since through the simulations it is shown that it has a significant effect on the antennas
input impedance. Adjusting both the inset feed gap width G, and the inset recessed distance
Y, the antennas input impedance can be fine-tuned to match 50 (.

A ground plane width and length of 110 mm is chosen since a ground plane size of
approximately A1/2 is considered to be the critical ground plane size for input impedance
matching [37]. Simulating the antenna with these dimensions results in suitable shielding
resulting in a minimal radiating back lobe in the radiation pattern. The width W, of aperture
#2 is varied from W, = W; = 52 mm to W, = 5 mm while W, is kept constant to see the
effects of transforming the RPA to a TPA has on its radiation characteristics. The values given
in Table 4.3 and Table 4.4 are the simulated results for varying the aperture width W, using

the frequency and time domain solver.

Wo

Figure 4.23: Front view geometry of the Trapezoidal Patch Antenna.
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The width W, of aperture #2 is varied from W, = W, = 52 mm to W, = 5 mm while W; is
kept constant to see the effects of transforming the RPA to a TPA has on its radiation
characteristics. The values given in Table 4.3 and Table 4.4 are the simulated results for

varying the aperture width W, using the frequency and time domain solver.

W, fres L, Lg Gep Yo D Gre € RESA Area Size

(mm)| (GHz) (mm) (mm) | (mm)| (mm)| BW (%) | (dBi) (dBi) (%) | (mm?) | Reduction %
5 2.4 53.34 58.29 2.67 11.8 2.36 7.74 4.47 47.1 1748.6 389
10 2.4 51.54 55.66 2.53 11.8 2.35 7.78 4.62 48.3 1839.2 357
15 2.4 50.80 54.06 2.53 11.4 2.48 7.77 4.66 48.9 1948.8 31.9
20 2.4 50.30 52.78 2.53 11.4 2.51 7.80 4.82 50.3 2060.3 28.0
25 2.4 50.02 51.81 2.53 11.4 2.53 7.85 4.98 51.7 | 2176.8 23.9
30 2.4 50.02 51.22 2.53 11.4 2.58 7.89 5.11 52.6 2301.8 19.5
35 24 50.00 50.72 2.53 11.4 2.68 7.96 5.28 53.8 2426.1 15.2
40 2.4 50.13 50.49 2.53 11.4 2.73 7.99 5.39 54.9 | 2556.4 10.6
45 24 50.24 50.37 2.53 11.4 2.76 8.07 5.56 56.1 | 2686.6 6.09
52 2.4 50.23 - 2.50 11.6 2.80 8.14 5.73 57.7 2860.9 0

Note: RESA = Radiating Element Surface Area

Table 4.3: A comparison of the simulated dimensions and radiation performance parameters of the
patch antenna by varying the aperture width W, using the frequency domain solver with a
tetrahedral mesh.

RESA Area Size

W, fres L, Ly Gep Yo D Gain €
(mm) (GHz) (mm) (mm) | (mm) | (mm) | BW (%) | (dBi) | (dBi) | (%) | (mm?) |Reduction%
5 24 51.95 57.02 2.23 13.0 2.59 8.03 4.94 49.1 1721.3 38.5
10 24 50.36 54.56 2.15 13.0 2.63 8.03 5.01 49.9 1812.6 35.2
15 2.4 49.46 52.80 2.12 13.0 2.69 8.04 5.12 50.1 1913.4 31.6
20 24 49.06 51.60 1.95 13.0 2.82 8.05 5.22 52.1 2029.2 27.5
25 24 49.00 50.84 1.94 13.0 2.78 8.05 531 53.1 2150.5 23.2
30 2.4 48.9 50.16 1.93 13.0 2.88 8.10 5.44 54.3 2270.9 18.9
35 2.4 48.7 49.43 2.53 13.0 2.96 8.22 5.69 55.8 2367.8 15.4
40 24 48.8 49.21 2.53 13.0 3.07 8.26 5.80 56.8 2495.9 10.8
45 2.4 49.0 49.12 2.53 13.0 3.19 8.30 5.92 57.8 2624.7 6.21
52 2.4 49.0 - 2.53 13.0 3.30 8.38 6.08 58.9 2798.4 0

Note: RESA = Radiating Element Surface Area

Table 4.4: A comparison of the simulated dimensions and radiation performance parameters of the
patch antenna by varying the aperture width W, using the time domain solver with a hexahedral
mesh.

Marginal resonant frequency detuning is shown to occur when the width W, would decrease
while all the other parameters remained the same. Small adjustments were made to the
vertical length L, inset feed gap G, and inset feed recessed depth y, to maintain operation
at 2.4 GHz with minimal mismatch. As shown in Table 4.3 and Table 4.4, these dimension

changes were small.
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Figure 4.24: Comparison of simulated reflection coefficients for the TPA and RPA using the (a)
frequency domain solver and (b) time domain solver.
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Figure 4.25: Comparison between the time domain and frequency domain solver in CST for (a)
bandwidth and (b) realized gain while varying the aperture width W,.

The simulated results using the frequency domain solver show that a linear relationship can
be established between the decrease in aperture width W, and the decrease in realized gain
and bandwidth. In Figure 4.25 the realized gain reduces by a total of 1.26 dBi from an

aperture width W, of 52 mm to 5 mm. The difference in the —10 dB bandwidths can be seen



in Figure 4.24 in which the TPA results in a 10.7 MHz reduction. Figure 4.26 shows the
variation in aperture width W, and the reduction in the surface area of the radiating element.

A surface area size reduction of 38.9 % is achieved reducing the aperture width W, to 5 mm.
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Figure 4.26: Change in the antenna’s radiating element surface area while varying the aperture
width W, and maintaining a resonant frequency of 2.4 GHz.

The simulations are repeated using the time-domain solver with a hexahedral mesh. Table 4.4
summarizes the results. There is a slight dimensional difference for the inset feed recessed
distance y,, which required an increase to 13 mm to match the antennas input impedance
back to 50 Q. There are also some notable differences with the simulated bandwidth and
gain. The time-domain solver predicts a 12 MHz increase for W, = 52 mm and a 5.6 MHz
increase for W, = 5 mm when compared to the frequency domain solver. The difference in
realized gain is marginal with the time-domain solver predicting a 0.35 dBi increase for W, =
52 mm and a 0.47 dBi increase for W, = 5 mm when compared to the frequency domain
solver. The surface area size reduction agrees well with the frequency domain results
resulting in a 38.5% size reduction when comparing a trapezoidal radiating element to a
rectangular one.

The simulated far-field plots are shown in Figure 4.27 and Figure 4.28 which compares
the results obtained using the time and frequency domain solvers. The analytical result using

the Quad-AAM is also compared alongside. The far-field cuts are plotted in terms of
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normalized electric field. For the simulated E-plane cuts, the maximum magnitude is

translated +90° to match the analytical AAM far-field coordinate system for a direct

comparison.
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Figure 4.27: E-plane radiation pattern cut comparison for the (a) RPA and (b) TPA between the
analytical Quad-AAM and full-wave simulations using the time and frequency domain solver.
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Figure 4.28: H-plane radiation pattern cut comparison for the (a) RPA and (b) TPA between the
analytical Quad-AAM and full-wave simulations using the time and frequency domain solver.

For both the E and H-plane, the simulations using both solvers agree well with each
other. There is however a difference between the Quad-AAM analysis and the simulation

results. For both the E and H-plane, the RPA and TPA have radiation patterns which are almost
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identical. The Quad-AAM predicts that the magnitude of the E-plane decreases, which means
that radiated power is distributed more broadly which implies that directivity decreases.
However, the simulated far-field pattern does not change from the RPA to the TPA, unlike the
Quad-AAM, which exceeds expectations in this regard. The reason for this is due to the
adjustment of the vertical length of the antenna. Converting the RPA to the TPA a vertical
length increase adjustment is made to counter the frequency detune. Whilst this a marginal
overall increase by up to 3 mm in L, from reducing W, to 5 mm, the effective length of L,
will be larger and thus the diagonal apertures contribute more to the overall radiated power
and thus directivity for a smaller aperture width W,. Currently the AAM does not account for
resonant frequency detuning and assumes that the structure resonates at 2.4 GHz for all

aperture widths.
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Figure 4.29: Comparison between the proposed analytical models and the simulated analysis
calculating the directivity of the antenna varying the aperture width W,.

The simulated maximum directivity of the antenna for the time and frequency domain
solver is plotted in Figure 4.29. Both simulated values for directivity are consistent with each
other showing a small linear decrease. Using the time domain solver to vary the antennas
aperture width W, to 5 mm, the total reduction in the antenna’s directivity is 0.4 dBi, while

using the frequency domain the directivity decreases a total of 0.35 dBi.
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Comparing the simulated directivity results with the analytical analysis it can be shown
that the Quad-AAM is consistent with the simulated frequency domain trendline up till
approximately W, = 30 mm where the directivity starts to diverge for decreasing the
aperture width W,. This is similar for the Dual-AAM but it starts to diverge at approximately
W, = 40 mm. The Quad-AAM predicted while reducing W,, the radiation produced by the
diagonal radiating apertures would compensate for the size reduction. The simulation
analysis shows that the maximum directivity of the antenna at smaller aperture widths
supersedes the performance to the analytical models. The explanation for this divergence is
the same explanation mentioned earlier due to the countering of the frequency detuning by
increasing the vertical length of the antenna L, which limits the decrease in directivity for
smaller values of W,.

Despite the subtle differences in the simulated results the correlation trends in the
performance parameters remain the same.
4.5 Conclusion
Overall, the simulated analysis in CST showed that the radiating element’s surface area can
be reduced by up to 39% when compared to a RPA with a marginal decrease in the antennas
realized gain, directivity, bandwidth, and radiation efficiency. Reducing the size of the patch
antennas radiating element is shown to be a key design consideration for low-profile
wearable textile patch antennas used in on-body to off-body communication links. The
decrease in the radiating elements size supersedes the marginal decrease in the antenna’s
radiation performance.

A partial textile prototype for the RPA and TPA was created and analysed. These are
preliminary results as the measurements were taken using a NanoVNA and are reported in
Appendix B.1. Further investigations are required by performing measurements using a VNA
as well as far-field measurements in the anechoic chamber to validate the full-wave
simulation results. However, the preliminary measured results in Appendix B.1 show an
agreement with the degree of surface area miniaturization and bandwidth reduction when

converting the RPA to a TPA.
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5 Investigating Patch Antenna Bending Effects

In this chapter cylindrical bending of the patch antenna is investigated. Following a literature
review, an extension to the Aperture Array Model is presented for the Trapezoidal Patch
Antenna as an aperture array on a conducting cylinder. A far-field analysis is performed to
investigate the antenna’s directivity for various bending angles.

Finally, a full wave simulation analysis using CST Microwave Studio is performed on
the trapezoidal patch antenna to validate the analytical model and further investigate
antenna bending in detail. The key parameters investigated in this analysis are shift in

resonant frequency, directivity, radiation efficiency, realized gain and bandwidth.

5.1 Literature
Analytical models in literature for patch antenna bending are outlined and discussed in this

section. Treating the patch antenna as a cylindrical cavity forms the basis of analysing patch
antenna bending to analytically obtain key parameters such as the antenna’s resonant
frequency, radiation pattern, radiation efficiency, input impedance and Q-factor [1]—[5]. In
the Cylindrical Cavity Model the patch antenna is modelled as a sector of an annulus between
two concentric circular cylinders as shown in Figure 5.1 and Figure 5.2.

Some of the earliest work on analytical modelling of patch antenna bending is
presented by C. Krowne [1] in 1981. C. Krowne used the cylindrical cavity model and a circuit
equivalent model to produce an expression for the antenna’s radiation efficiency. A more
rigorous analytical analysis was presented by C. Krowne in 1984 on patch antenna bending
[2] which focused on varying the patch antenna’s dielectric substrate thickness while bending
the antenna to investigate how the resonant behaviour changes. It was found that curvature
changed the resonant frequency by less than about 5% for a substrate thickness equal to one-

tenth of the radius curvature [2].

94



ANTENNA
PATCH &

Figure 5.1: Perspective view of a rectangular patch antenna modelled as a cylindrical-rectangular
cavity [2].
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Figure 5.2: Cross-sectional view of (a) the cylindrical-rectangular cavity model and (b) the isolated
sector that forms the patch antenna showing the associated boundary conditions [2].

The geometry of the patch antenna modelled in the cylindrical-rectangular cavity model is
shown in Figure 5.1 and Figure 5.2, where 26 is the bending angle along the ¢ component,
2b is the length of the radiating element and h is the height of the substrate. Figure 5.2(b)
shows the boundary conditions that are applied to the patch. The conductive radiating
element and ground plane are represented as electric walls, while the surrounding four walls
of the substrate are represented as magnetic walls. The radius of the concentric cylinders
along the p component is a and a + h as shown more clearly in Figure 5.8(a) which is based
on the same model.

By solving the electromagnetic vector wave equation (Helmholtz) in cylindrical
coordinates with the appropriate boundary conditions, the resonant frequency of the patch

antenna can be expressed for both TM?* and TE% modes as [2]
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e = e 2+ () (5.1)

1
2vme+ ™ \2p
Where k,,; is the radial wavenumber along the p component, which is solved for TE* modes

through

Ty kmi@)Yy (kmi(a + h)) = Jy(kmi(a + b)Yy (kpia) = 0 (5.2)
and for TM? modes using

Jo (k@) Yy (kmiCa + h)) = [y (kmi(a + h))Y, (ki) = 0 (5.3)

Where J,, and Y,, is the Bessel function of the first and second kind. The order of the Bessel

function v is given by

_mn
20’
The fundamental TE* mode corresponds to when m =1, [ =0 and i = 1, and for the

v m=1273,.. (5.4)
fundamental TM?* modewhenm =0,l=1andi = 1.

In the late 1980s, Dahele et al. [3] took the analysis further by computing the patch
antenna’s radiation pattern and input impedance which was then compared to measured

results.
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Figure 5.3: Geometry of the cylindrical-rectangular patch antenna [3].
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The geometry of the Cylindrical Cavity Model in [3] is given in Figure 5.3 which is almost the
same as that given in Figure 5.1. The difference in this model is that the antenna is fed by a
coaxial cable, which is represented as a current ribbon of width w to calculate the antenna’s
input impedance. In this analysis the derived resonant frequencies for the TM,,,, modes of

the antenna are expressed as

c m 2 n 2
(ﬁ*)mn = 2\/e—r\/(2(a+h)91> + (ﬁ) (5.5)

The resonant frequencies are simpler to compute using equation (5.5) when compared to
equation (5.1). (5.1) requires the computation of the transcendental equations (5.2) and (5.3).
Equation (5.5) was shown to be in agreement with the measured results in [3] for the TMy;
mode showing an unchanged resonant frequency for varying the bending angle. The TM;,

mode was not investigated through measurements for validation.

The analytical analysis for the radiation pattern in [3] is based on the analysis presented by
Roger F. Harrington [6] in 1961 on apertures in conducting cylinders. At the magnetic walls of
the patch antenna the currents are said to radiate radially in the presence of the cylindrical

surface [3], therefore for the TM;, mode the electric field components are expressed as

B, = ( 2Eoh )sm(kob cos 0) o—Jko(r+b cos0) Z &pjP cos(pb) cos [p (¢ _E)] (5.6)
an?r ko cos O o) HZ(JZ) (koacos@) 2

and for the TM,; mode

cos 9)
—jko(r+b cosB)

2E.h6 COS(
Ea = (] : 1) 2\/_

2r sin 8
- £, jP in(pd (5.8)
Z - ) sin(pf,) cos [p (qb 3 E)]
4= H,” (koa cos 0) pO; 2

where 1 is the radial distance at the farfield, HZ(,Z) is the hankel function of the second kind,

HISZ)' is its derivative and €, = 1 whenp = 0, else ¢, = 2.
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Equation (5.8) is computed in Figure 5.4 which is compared to measured results. The results
show that bending the antenna over a small cylinder of radius ‘a’ result in larger back lobe
radiation in the H-plane. The authors mention that similar results are obtained for the E-plane

but is not reported in their research.

Figure 5.4: Normalized radiation pattern comparison between the theoretical analysis (solid curves)
and measured results (broken curves) for TMy; mode [3].

In 1989, Kwai-Man Luk et al. [4] performed a similar analysis but for thin substrates much
smaller than the operating wavelength and radius of curvature when bending. Their analytical
analysis includes the investigation of the antenna’s radiation pattern, input impedance and
Q-factor.

The TM;, and TMy; modes for the E and H plane were analysed for their radiation
patterns which is shown in Figure 5.5 and Figure 5.6. The results for the TM;, mode showed
that there was significant back lobe radiation for large angles of bending. It was also found
that increasing the dielectric constant of the substrate while bending the antenna would
increase the back lobe radiation. The radiation patterns for the TM,; mode remain directive
while having significantly less radiation at the back lobe when compared to the TM;, modes.
This is expected since (5.5) implies that for TM,; modes the antenna’s resonant frequency is

not affected by antenna bending.
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Figure 5.5: Normalized power pattern plot showing the E and H plane for the TM;, mode with
e = 1.06[4].
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Figure 5.6: Normalized power pattern plot showing the E and H plane for the TM;; mode
with e = 1.06 [4].
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It was also found that for the TM;; mode the antenna’s Q-factor decreases (BW increase) as
the bending angle increases. However, for the TM;, mode, the Q-factor increases (BW
decrease) as the bending angle increases. This was tested for two cases where the antenna’s
substrate has a dielectric constant of &, = 2.32 and 9.8.

The input impedance of the antenna is also shown to be affected by antenna bending.
The input impedance is calculated analytically by assuming a coaxial feed to the patch antenna
which is modelled as a current ribbon which is represented by the three dotted lines in Figure
5.3 as an arc length w. The analysis and derivation for the input impedance can be found in
[4]. The results show that for the TM;, mode the resonant resistance increases as the bending
angle increases. However, it decreases for a &. = 1.06. For the TMy; mode the resonant
resistance decreases as the bending angle increases.

More recently modelling and investigating antenna bending has been of great interest
due to the development of wearable textile antennas. In 2016, Sanjari et al. [7] derived an
equation for tensile strain in bending operations for textile patch antennas. Tensile strain
causes stretching or elongation to occur during antenna bending. Thus, they incorporated this
term into the cylindrical cavity model to derive the resonant frequencies for E and H-plane
bending. It was found that incorporating tensile strain into the cylindrical cavity model, to see
the change in the resonant frequency during bending, agreed well with simulations and
measurements. The results show that for large bending angles along the E-plane the resonant
frequency decreases if elongation effects are considered as shown in Figure 5.7, where f is

the resonant frequency and Af is the change in resonant frequency due to bending radius.
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Figure 5.7: Percent change of the resonant frequency while varying the bending radius along the
textile patch antenna’s length [7].

Following their research, in 2018 L. Song and Y. Rahmat-Samii [5] produced a comprehensive
analysis of textile patch antenna bending using the cylindrical cavity model, a lumped element
circuit model, a full wave simulation analysis and measurements from a textile patch antenna
prototype. The cylindrical cavity model analysis presented in [5] is based on the work by C
Krowne [2]. The radius of the concentric cylinders is a and a + h as shown in Figure 5.8(a),
where W and L is the width and length of the rectangular patch and h is the height of the
cavity. The radiator and ground plane are modelled as perfect electric conductors (PEC), while
the edges of the patch are modelled as magnetic walls (PMC).

Figure 5.8(b) and Figure 5.8(c) show the antenna bent along the E and H plane.
Antenna bending in this configuration is defined as the angle 26 of the sector that is formed
between the edges of the radiating element. The orientation of which bending occurs is along

the z-axis.
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Cylindrical- Fixed: L = 26(a + h), Fixed: W = 28(a + h),
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Patch Cavity Varying: 26 and a. Varying: 26 and a.
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(a) (b) (©)

Figure 5.8: Cylindrical-rectangular cavity model showing the (a) geometry of the patch antenna bent
on a cylindrical surface and the bending configuration for (b) E-plane bending and (c) H-plane
bending [5].

The results in Figure 5.9 show that for E-plane bending the cylindrical-rectangular cavity
model predicts that the resonant frequency decreases with increasing bending angles. When
compared to the full wave and measured results, the results only agree with the cavity model
up to a bending angle of 40°. For angles greater than 40° the resonant frequency begins to
shift upwards as shown in Figure 5.9(a) and Figure 5.10. For H-plane bending the resonant
frequency is not shifted significantly as bending angle increases. The measured, simulated and
cavity model results shown in Figure 5.9(b) and Figure 5.10 agree with each other for H-plane

bending.
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Figure 5.9: Normalized frequency shift plotted against antenna bending angle using the cylindrical-
rectangular cavity model, HFSS port driven full wave simulation and HFSS eigenmode simulation for
(a) E-plane bending and (b) H-plane bending [5].
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Figure 5.10: Measured normalized frequency shift of the patch antenna prototype compared with
the simulated results for E and H-plane bending [5].

The patch antenna’s bandwidth was also investigated. It was found that for E-plane bending
the antenna’s bandwidth would gradually decrease for increasing angles of bending, while for

H-plane bending the bandwidth remained mostly unchanged.
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20 20 Bandwidth(E | Bandwidth
(E Plane) (H Plane) Plane) (H Plane)
35 64° 80°

1.03% 1.26%
60 40° 47° 1.01% 1.25%
105 22 27° 1.21% 1.29%
160 157 18° 1.31% 1.27%
250 108 128 1.28% 1.27%
flat 0° 0° 1.25% 1.25%

Table 5.1: Measured —10 dB bandwidth for the patch antenna bent over a cylinder of various radii

[5].

In 2015, T. Bird presented the Cylindrical Aperture Array Model (CAAM) for a
microstrip patch antenna placed on a cylindrical surface. The model for the analysis is shown
in Figure 5.11, where the patch antenna is modelled as a dual-aperture array on a conducting
cylinder. The radius of the cylinder R is assumed to be much larger than the width w, height
h, and length [ of the patch. The electric field from each aperture is polarized in the radial p
direction and the magnetic current at each aperture is given by M = —(;5 X (PEy). In this
analysis the height of the patch antenna is assumed to be small and thus the two apertures
are modelled as two uniform magnetic line sources of length w separated by a distance [

radiating in the presence of a large cylinder.

Figure 5.11: Microstrip patch antenna mounted on a cylinder to model antenna bending [8].

The electric field components radiating at the far-field is given by James R. Wait [9] as
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n=—oo
dE,(t,0) = 0 = dE,(t,0) (5.11)

where H,Sz)’(y) is the derivative of the Hankel function of the second kind of order n,

¥ = kR, sin 6 and z' corresponds to the source co-ordinate.

By calculating the field radiated by each aperture at ¢’ = +A¢/2 and ¢’ = —A¢/2, the total
electric field is calculated as the superposition of the fields radiated by each aperture given

as

By(r0,) = -0 €7 s(kw (9)) -
r,0,p) = — ——cos —
¢ 2m2Ry, T 2 Hr(12) o)

o n nveL
+2,ZIH,EZT)/)COS< R )cos(n(j)))

T. Bird plotted the radiation pattern for a patch antenna on a cylinder with a radius R, = 504

(5.12)

and shown in Figure 5.12. The dimensions of the patch antenna are given as w = 1/4,
l = A/2+/e, and h = 0.005A1. The dielectric constant of the substrate is &, = 2.54. Using (2.9)
the normalized radiation pattern plot is computed for the E and H-plane. The E-plane

corresponds to when 8 = 90°, while the H-plane corresponds to when ¢ = 0°.
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Figure 5.12: Radiation pattern displaying the E-plane and H-plane for a microstrip patch antenna on
a cylinder.

A comparison of the radiation pattern is made to a planar patch antenna with the same

dimensions in Figure 5.13 to highlight the key differences.
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Figure 5.13: Radiation pattern displaying the E-plane and H-plane for a planar microstrip patch
antenna.
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The significant difference when comparing Figure 5.12 and Figure 5.13 is the ripples in the
pattern. This is due to the interference between the space waves produced by the apertures
and the creeping waves that are excited around the conductive cylinder [8]. A cylindrically
bent microstrip patch antenna does not have a ground plane that wraps around the entire
cylinder. This reduces the effects of creeping waves.

Overall, some conclusions can be made from the cylindrical-rectangular cavity model and

the aperture array model on a conducting cylinder to model patch antenna bending.

- Bending along the antenna’s E-plane detunes the antenna’s resonant frequency
considerably when compared to bending along the antenna’s H-plane.

- Increasing the bending angle alters the radiation pattern resulting in large back lobe
radiation.

- Bandwidth is affected for both the TMy; and TM;, modes. As bending angle increases
the bandwidth Increases for TMy; modes and decreases for TM;, modes.

- Tensile properties of the substrate can affect the resonant behaviour during bending
but can be ignored in the analysis if the materials designing the patch antenna have a
low strain, which depends on the Young’s modulus of both the substrate, radiating
element and ground plane [5].

- The aperture array model can be used to approximate the far-field radiation for a bent
microstrip patch antenna placed on a conductive cylinder.

- Creeping waves can affect the radiation pattern of the patch antenna when bent over

a conductive cylinder.
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5.2 Aperture Array Model for Patch Antenna Bending

The Aperture Array Model was used in Chapter 4 to approximate the far-field characteristics
of the Trapezoidal Patch Antenna (TPA). In this section the aperture array model for a TPA is
applied onto a conductive cylinder. By modelling the patch antenna’s apertures onto a
conductive cylinder, it is possible to form a simple yet insightful analysis for antenna bending.

In Chapter 4, radiating apertures are modelled around the edges of the TPA with the
ground plane. For simplicity of the analysis, the fields across the apertures are modelled as
uniform. Since the electric field only exists over the aperture and zero elsewhere, a perfect
electric conductor (PEC) is introduced behind the aperture. The equivalent source on the
aperture produces an image or an electric field which is twice the strength of the original
source.

By modelling the separation distance between the two apertures as a constant of arc
length L over the cylinder, antenna bending can be represented as the change in the angle ®
or radius R, that forms the sector between the two apertures. The geometry of the model is
shown in Figure 5.14. The dotted lines represent the rest of the cylinder. As the length L
remains fixed, an inverse relationship can be established between the radius R, of the
cylinder and the bending angle @, that is if the size of the radius of the cylinder increases the

bending angle decreases.

Aperture #1
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(b) (c)

Figure 5.14: Model representing antenna bending as a sector of a cylinder where (a) represents a
sector with a bending angle @ < 180°, (b) @ = 180° and (c) @ > 180°.

The sources for the apertures on the cylinder are considered to radiate in the presence of a
large cylinder using (5.10) which is a high frequency approximation for the elemental field

radiated by a line source on the axis of a cylinder [8].
The magnetic current at each aperture is given by
M, = —¢ x (PEy) (5.13)

The main radiating apertures appear as two uniform magnetic line sources of length W; and
W, which are separated by a distance L. Both apertures are parallel to the z axis of the
cylinder. There also exists a uniform magnetic line source of length W,y which corresponds

to the horizontal component along the side apertures of the trapezoid of length Lg.
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AZ

Figure 5.15: Aperture array model for the TPA on a cylinder.

For this analysis, it is assumed that there are two uniform magnetic line sources at each
aperture placed at A¢/2 and —A¢/2. The sources on the cylinder are assumed to be
separated by the angle A¢ = L/R,. An additional line source is assumed for the side
apertures at ¢ = 0°. In Chapter 4 it was shown that the side apertures are regarded as ‘non-
radiating apertures’, however since the side apertures for the TPA are angled with horizontal
and vertical components they are regarded as partial radiators. Therefore, an additional line
source is introduced to account for the horizontal component of the side apertures of length

Wext-
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Combining the electric field contributions E¢ 1, EW2 and EWextof each aperture of width W;,

W, and W,,; using equation (5.10) results in the total electric field E;

T _ Wy W, Wext
Ey = E¢ + E¢ +2E¢ (5.14)
where E;Vl, E;’z and EWe’“ are
. W1 (o] I _%
—-jkr == in ]n(gb 2)
E(‘gll - _ hfo e fz ejkz’cosedzr ]e? (5.15)
W, 2)!
2m“Ry T N =’ ()
wherey = kR,sinf
. W2 [} I %
—jkr == in ]n(¢+ 2 )
Eglz - _ hfo e jz ejkz’cosedzr z ]e? (5.16)
2 !
2m“Ry, T _% e AR (%)
; Wext o i
hE e_Jkr 2 Ly 'ne]n(¢)
E:l)/ext — _2 2; fW elkz' cosb 1 Z ]—(2), (5.17)
ke T ) Text e Hy (V)
After solving the integrals, Eg can be simplified to
hE, e /kr < jnein® kW,
ET = — — | W S( cos 0)
¢ 2m2Ry T La H®'(y) A2

kw, kW,
+ W,S (T cos 0) + 2Wext5(

el 2% 4 1>

hE, e Jkr kW,
E} = — W, s(
¢ m?Ry T ( ! 2

b 2W (222 o) i e (o5 (21) 41)
oxt > cos H(Z)’(y) cos 2R,

n=-oco" M

tc059)> <e(j"§¢) (5.18)

kW,
cos 9) + W,S (T cos 9)
(5.19)
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Using the Dirichlet kernel, the series term can be expanded as

El = — hE, e/ WS(kW1 cosH)+WS(%cost9)
¢ 2R, T 7\ 2 )

kW,
+ 2Wext5( zext cos 9))

The average power density, radiation intensity, radiated power P,.,4; and maximum directivity
Dynax is calculated using (2.7), (2.9), (2.8) and (2.10). Due to the complexity in solving the
equation for the radiated power, a numerical series approximation method is used to solve
the integral which is outlined by C. Balanis in [10].

The normalized radiation intensity is plotted for the antenna’s E and H-plane while
varying the size of the cylinder as shown in Figure 5.16 and Figure 5.17. To investigate how
the antenna’s far-field radiation varies as the bending angle or radius changes, the radiation
intensity is plotted for a bending angle of 30° to 240° which is equivalent to the radius of the
cylinder varying from 90.1 mm to 11.3 mm. The antenna’s E-plane corresponds to § = 90°,

while the H-plane corresponds to ¢ = 0°.
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Figure 5.16: E-plane far-field radiation intensity pattern for the TPA bent over a conductive cylinder
for 0° < ¢ < 360°.
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Figure 5.17: H-plane far-field radiation intensity pattern for the TPA bent over a conductive cylinder
for0° < 6 < 360°
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The antenna’s E-plane is shown in Figure 5.16, where for bending angles between 30° and
240° the major and back lobe appear to get broader for larger bending angles. The H-plane
plot in Figure 5.17 shows similar behaviour with the major and side lobe pattern broadening
for higher angles of bending. However, the radiation intensity at the back lobe varies in
magnitude from a bending angle of 30° by initially decreasing and then increasing for bending
angles greater than 120°.

The computed directivity for bending angles between 1° and 240° by varying the
radius of the cylinder is shown in Figure 5.18. For a small bending angle, the directivity starts
to diverge exponentially to large values. This is because for very small bending angles, the
CAAM models the conductive cylinder to be extremely large. A 1° bending angle corresponds
to the antenna laying on a cylinder with a radius of approximately 3 meters. For a small
bending angle of 30°, the analysis predicts a high directivity of 12.6 dBi which decreases to
10.9 dBi for a bending angle of 240°.

1 ? T T T T T T T T T T T
TPA E-plane Bending
= = = RPA FE-plane Bending
16 .
15 .

Directivity (dBi)

1[} 1 1 1 1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160 180 200 220 240
Bending Angle ¢ (°)

Figure 5.18: Computed directivity using the cylindrical aperture array model for various bending
angles.

Comparing the directivity in Figure 5.18 to the equivalent calculated directivity for a flat patch
antenna in Figure 4.22 there is a clear difference. In Chapter 4, the AAM for the TPA predicts
a much lower directivity for the TPA with an aperture width W, = 5 mm. The Dual and Quad-

AAM predicts a directivity of 5.8 dBi and 6.5 dBi. This is due to the model representing the
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entire cylinder with an infinite conductivity. For a large cylinder the apertures can be assumed
to be placed on a large cylindrical ground plane. Since the region surrounding the apertures
is conductive and extends for a significant distance, the directivity of the antenna is enhanced.

For bending angles @ << 30° the cylinder becomes exceedingly large, and ripples
will start to form throughout the pattern. An example of this phenomenon is shown in Figure
5.12. This is due to the interference between the main lobe radiation produced by the patch
and the creeping waves excited around the conductive cylinder [8].

Figure 5.18 also compares the performance of the RPA to the TPA. It can be shown
that the decrease in directivity for increasing bending angle is almost the same for both
antennas with the RPA having a slightly higher directivity by 0.1 dBi across all bending angles
greater than 8°.

Overall, the CAAM attempts to model bending to investigate the far-field
characteristics for the TPA. It was found that increasing the bending angle of the antenna
decreases its directivity, which means that the antenna radiates less in the direction of
maximum radiation. For very small antenna bending angles on a large conductive cylinder,
parameters such as the antenna’s radiation intensity and directivity exhibit different radiation
characteristics when compared to the planar aperture array models presented in Chapter 4.

For modelling the antenna for on-body applications such as a human arm, the size of
the cylinder can be modelled to approximate the typical bending angles that would occur
when the antenna is placed conformally on the arm. Typical values for a radius R, of a cylinder
size which is consistent to a human arm can be calculated from the average arm
circumference which is shown to be 33.6 + 7.5 cm [11]. Therefore, the radius of the cylinder
will range between 11.9 mm to 53.5 mm, which is equivalent to a bending angle between

the range of 51° to 227°.

5.3 Modelling Resonant Frequency Detuning
Using the cylindrical-rectangular cavity model which was previously presented in [2], the

change in the patch antenna’s resonant frequency for bending along the H-plane and E-plane
can be analytically investigated. By treating the patch antenna as an isolated sector with
appropriate boundary conditions and solving the auxiliary vector wave equation in cylindrical
co-ordinates, the rectangular patch antenna’s resonant frequencies can be solved for various

bending angles.
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Antenna bending in this analysis is characterized by the angle ® subtended that forms
the bending arc of the radiating element of the patch antenna. To solve equations (5.1)-(5.4)
for a RPA, values for the antenna’s resonant frequency, length L, width W, height h and
dielectric constant of the substate &, must be known. The simulated values given in Table 4.2
for a RPA resonating at 2.4 GHz serves as a template for the required values.

Solving (5.1) for a resonant frequency at 2.4 GHz for a 0° bending angle requires an
adjustment of the length L and width W of the antennato L = 49.4 mm and W = 49.4 mm.
By plotting (5.1) for various antenna bending angles ® as shown in Figure 5.19, it can be
shown that the Cylindrical-Rectangular Cavity Model predicts that for the TE* mode or E-
plane bending the resonant frequency increases up to 2.73 GHz for a bending angle of 240°.

TM? mode or H-plane bending does not alter the antenna’s resonant frequency.
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Frequency (GHz)
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0 30 60 90 120 150 180 210 240

Bending Angle @ (°)
Figure 5.19: Resonant frequency shift for increasing bending angles using the cylindrical-rectangular
cavity model for H-plane and E-plane bending.
This model is only valid for the RPA. Applying this model to the TPA is not possible since the
cross-sectional width varies along the length of the trapezoidal radiating element.
Nonetheless, the model provides insight to how bending along the different radiation planes

for a patch antenna affects the resonant frequency.
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Based on the insights from Chapter 4, for the TPA the non-radiating apertures along the
diagonals of the patch become partial radiating apertures. Narrowing the aperture width W,
caused the horizontal component of the diagonal apertures of length L, to contribute more
to the total electric field over a smaller surface area than in the RPA. Therefore, it is predicted
that the TPA will have less resonant frequency detuning due to this redistribution of the

electric field over the smaller area.
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5.4 Full-Wave Simulation Analysis of Patch Antenna Bending

To further investigate patch antenna bending a full wave simulation comparison is presented
in CST Microwave Studio between a Rectangular Patch Antenna (RPA) and Trapezoidal Patch
Antenna (TPA). The performance parameters investigated are the shift in the antenna’s
resonant frequency, bandwidth, radiation efficiency, directivity and realized gain. The
performance parameters while bending across the antennas H and E-plane are investigated.
The dimensions used for the rectangular and trapezoidal patch antenna are the values given
in Table 4.3, where the aperture width W, = 52 mm corresponds to the RPA while W, =
5 mm corresponds to a TPA. The frequency domain solver based on the Finite-Element
Method (FEM) is used since the tetrahedral mesh enables efficient modelling of curved
structures [12].

Antenna bending in this analysis is characterized by the angle subtended that forms
the bending arc of the patch antenna. Previously in the CAAM, the bending arc spans the
edges of the apertures, however for a patch antenna with a finite ground plane this can no
longer be the reference. Therefore, the bending arc spans from the edges of the ground plane
for both E and H-plane bending. Stretching and compression of the patch antenna while
bending are assumed negligible for simplicity as this is said to be a reasonable approximation
for thin substrates [5].

To begin the analysis a performance benchmark is set by simulating antenna bending
for a rectangular patch antenna (RPA). This is used as a reference to compare antenna
bending for a trapezoidal patch antenna. The dimensions used to investigate antenna bending

for both the RPA and TPA is shown in Table 5.2.

Simulated Rectangular Simulated Trapezoidal
Parameter Symbol | Patch Dimensions (mm) | Patch Dimensions (mm)
Vertical Patch Length Ly 49.0 52
Aperture #1 Width w; 52.0 52
Aperture #2 Width W, 52.0 5
Inset Recessed Distance Yo 13.0 13.0
Feedline Width W, 10.5 10.5
Substrate Height Hs 2.8 2.8
Inset Feed Gap Width Gyp 2.53 2.23

Table 5.2: Simulated dimensions for a rectangular and trapezoidal patch antenna for operation at
2.4 GHz.
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(a) (b)
Figure 5.20: RPA cylindrically bent along its (a) width, YZ plane or E-plane and (b) length, XZ plane or
H-plane.

Figure 5.20 shows the RPA bent along the H and E-plane. The bending angle for the antenna

is increased from its flat condition and incremented in steps of 30° up to 180°.
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Figure 5.21: Simulated input reflection coefficient for various E-plane bending angles @ of the RPA.

The simulated reflection coefficients for various E-plane bending angles from Figure 5.21 and
Figure 5.22 shows a linear increase in the RPA’s resonant frequency from 2.4 — 2.44 GHz. As
the bending angle increases the impedance mismatch increases. The gradual shift in
frequency and increasing mismatch is due to the change in the antenna effective length
between the radiating edges as bending increases. The fringe fields at both apertures are
moving closer together thus creating an electrically smaller structure. This changes both the

antenna input impedance and resonant frequency.
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Figure 5.22: Change in the RPA’s resonance frequency while bending along the YZ plane or E-plane.
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Figure 5.23: Change in the RPA’s bandwidth while bending along the YZ-plane or E-plane.
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Figure 5.24: Simulated radiation pattern for (a) X-Z or H-plane and (b) Y-Z or E-plane while bending
the antenna across its length or E-Plane.
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Bending Angle —10 dB Bandwidth | Total Radiation | Directivity Realized
d () f..s (GHZ) (MHz) Efficiency (%) (dBi) Gain (dBi)

0 2.400 2.76 57.7 8.14 5.73

30 2.407 2.76 56.7 8.38 5.91

60 2.414 2.66 56.4 8.49 6.00

90 2.421 2.66 56.6 8.45 5.98
120 2.427 2.63 57.2 8.25 5.82
150 2.435 2.61 57.9 7.88 5.50
180 2.442 2.43 58.4 7.38 5.04

Table 5.3: Performance Parameters Comparison for YZ-plane or E-Plane Bending Angles.

The antenna’s far-field radiation patterns are plotted in terms of realized gain in Figure
5.24. Both the radiation patterns for the H and E-plane for E-plane bending show the RPA
reducing in realized gain for increasing bending angles. The major lobe for both planes reduce
in magnitude while the back lobe becomes larger and broader. The performance parameters

are summarised in Table 5.3.
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Figure 5.25: Change in realized gain while bending along the YZ plane or E-plane.
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Figure 5.26: Change in total radiation efficiency while bending along the YZ plane or E-plane.

The realized gain for the flat RPA is shown to be 5.73 dBi. For small bending angles up
to 60° the realized gain increases to 6 dBi. For bending angles greater than 60° the realized
gain reduces to 5.04 dBi for a bending angle of 180°. The total radiation efficiency varies
inversely to the realized gain as shown in Figure 5.26. The shift in total radiation efficiency
from a flat RPA to an RPA bent 180° is marginal ranging from 56.4% — 58.4%.

The reflection coefficient of the RPA while bending along the antenna’s XZ-plane or H-
plane is shown in Figure 5.27. Bending along the H-plane of the RPA shows little changes in
the resonant frequency shift when compared to E-plane bending. The resonant frequency
shifts from 2.4 GHz from its unbent condition to 2.408 GHz for an 180° bend. The effective
length between the radiating apertures is not changed as significantly compared to E-plane
bending. It can also be shown that the magnitude of the reflection coefficient decreases as
the bending angle increases due to the impedance mismatch occurring by bending across the

inset feed line. Bending the inset feedline increases the input impedance from 50 Q.
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Figure 5.27: Simulated input reflection coefficient for various XZ Plane Bending angles @ of the RPA.
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Figure 5.28: Change in resonance frequency while bending the RPA along the XZ plane or H-plane.
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Figure 5.29: Change in bandwidth while bending the RPA along the XZ plane or H-plane.

From Figure 5.29, increasing the H-plane bending angles is shown to linearly increase the

RPA’s bandwidth. The impedance mismatch due to bending over the inset feedline is shown

to gradually increase the antenna’s —10 dB bandwidth for increasing bending angles.

Bending —10 dB Bandwidth | Total Radiation | Directivity Realized
Angle @ (°) | f..s (GHz) (MHz) Efficiency (%) (dBi) Gain (dBi)

0 2.40 2.76 57.7 8.14 5.73

30 2.402 2.78 59.0 7.86 5.54

60 2.404 2.85 60.5 7.53 5.34

90 2.405 2.86 61.5 7.20 5.08
120 2.405 2.90 62.7 6.91 4.88
150 2.406 2.95 63.5 6.66 4.68
180 2.408 3.01 64.2 6.36 4.43

Table 5.4: Performance parameter comparison for H-Plane bending angles.
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Figure 5.30: Simulated radiation pattern in terms of realized gain for the (a) X-Z plane and (b) Y-Z plane
while bending the antenna across its width or H-Plane.
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The antenna’s far-field is plotted in Figure 5.30 which shows a similar reduction in the realized
gain at the major lobe in both planes when compared to E-plane bending. However, it can be
seen in Figure 5.31 that the realized gain reduction is more significant for this type of bending,

reducing to 4.43 dBi for a 180° bending angle.
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Figure 5.31: Change in realized gain while bending the RPA along the XZ plane or H-plane.
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Figure 5.32: Change in total radiation efficiency while bending the RPA along the XZ plane or H-
plane.

127



While the RPA’s gain reduces for increasing bending angles, Figure 5.31 shows that the total
radiation efficiency increases linearly from 57.7% to 64.2%.
The same bending analysis is performed for the Trapezoidal Patch Antenna (TPA). The

bending configurations for E and H-plane bending is shown in Figure 5.33.

(a) (b)

Figure 5.33: Trapezoidal Patch Antenna Cylindrically Bent Along Its (a) Width, YZ plane or E-plane
and (b) Length, XZ plane or H-plane.

The TPA’s reflection coefficient for bending along the E-plane is shown in Figure 5.34. The
unbent TPA has a resonant frequency of 2.4 GHz which shifts to 2.43 GHz for a bending angle
of 180°. Compared to the RPA for the same bending angle of 180°, the TPA resonant shift is
10 MHz less than for the RPA.

By increasing the bending angle of the antenna, a linear relationship for the increase in the
TPA's resonant frequency can be established similarly to the RPA as shown in Figure 5.35. For
a bending angle of 180° the magnitude of the reflection coefficient increases due to the
impedance mismatch created by changing the effect length between the apertures. This

results in the sudden decrease for the —10 dB bandwidth as shown in Figure 5.36.
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Figure 5.34: Simulated input reflection coefficient for E-plane bending of the TPA.
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Figure 5.35: Change in the resonance frequency while bending the TPA along the YZ-plane or E-plane.

129



2.8 T T T T T T T T
':""'--.,'_‘ e  Simulated RPA E-plane Bending
275 F ""h-..__: - RPA E-plane Bending Trendline | 4
ey O Simulated TPA E-plane Bending
Y B o . T .
h N CTTTTTTe T'PA E-plane Bending Trendline
27k -~ “"--.._‘ I g 4
e ®
— 265 T S 1
& Smao *
= e .
2 26 ~. 1
.: ""h.‘
k ™
S 2ssf e
o “"\,
sl ~.
n 256 b
-
=
v 2451 7
.
2.4 ]
O llllllll )
235 (_. .................... 9 ............................. o J
O o
2.3 1 1 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180
Bending Angle ®(°)

Figure 5.36: Change in the bandwidth while bending the TPA along the YZ-plane or E-plane.
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Figure 5.37: Simulated radiation pattern for (a) X-Z plane, (b) Y-Z plane and (c) X-Y plane while
bending the antenna across its length or E-Plane.

Bending —10 dB Bandwidth | Total Radiation | Directivity | Realized
Angle ® (°) | f..s (GHZ) (MHz) Efficiency (%) (dBi) Gain (dBi)

0 2.400 2.36 47.1 7.74 4.47

30 2.404 2.35 46.3 8.01 4.67

60 2.409 2.33 46.1 8.16 4.79

90 2.413 2.33 46.4 8.08 4.75
120 2.418 2.35 47.0 7.81 4.54
150 2.422 2.39 48.4 7.38 4.23
180 2.427 2.38 49.7 6.79 3.76

Table 5.5: Performance parameters comparison for E-plane bending angles.

The far-field is plotted in terms of realized gain in Figure 5.37 for bending the TPA along its E-
plane. The far-field behaviour shows the same behaviour as bending the RPA, whereby for
increasing bending angles the main lobe reduces in magnitude, while the back lobe and side

lobes increase in magnitude.
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Figure 5.38: Change in realized gain while bending the TPA along the YZ plane or E-plane.
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Figure 5.39: Change in radiation efficiency while bending the TPA along the YZ plane or E-plane.

Figure 5.38 shows that the TPA has a smaller realized gain due to the size reduction of
a radiating aperture when compared to the RPA. The realized gain for the unbent TPA is
4.47 dBi which increases to 4.79 dBi for a 60° bending angle then decreases to 3.76 dBi for
a bending angle of 180°.
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Finally, the bending analysis is performed on the TPA for H-plane bending. The
simulated reflection coefficient results in Figure 5.40 show that bending has a small impact
on the resonant frequency shift, but rather a significant impact on the magnitude of the
return loss. Just like for bending along the H-plane of the RPA, the gradual increase in the
magnitude of the TPA’s return loss for increasing bending angles is due to the impedance
mismatch created by the bending across the inset feedline. The trends for the antenna’s

resonant frequency shift and bandwidth are shown in Figure 5.41 and Figure 5.42.
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Figure 5.40: Simulated input reflection coefficient for H-plane bending of the TPA.
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Figure 5.41: Change in resonance frequency of the TPA while bending along the XZ plane or H-plane.
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Figure 5.42: Change in the bandwidth of the TPA while bending along the XZ plane or H-plane.
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Figure 5.43: Simulated radiation pattern for (a) X-Z plane and (b) Y-Z plane while bending the
antenna across its width or H-Plane.
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Bending —-10dB Total Radiation | Directivity Realized
Angle ®@ (°) | f..s (GHz)| Bandwidth (MHz) | Efficiency (%) (dBi) Gain (dBi)

0 2.400 2.36 47.1 7.74 4.47
30 2.400 2.33 49.3 7.36 4.29

60 2.401 2.38 51.2 6.98 4.07
90 2.402 2.45 53.3 6.63 3.90
120 2.402 2.47 55.0 6.35 3.75
150 2.404 2.48 56.0 6.07 3.55
180 2.404 2.55 58.0 5.86 3.49

Table 5.6: Performance parameters comparison of the TPA for H-plane bending angles.

The far-field behaviour for TPA H-plane bending in Figure 5.43 shows a reduction in the

antenna’s realized gain for increasing bending angles at the main lobe. Also, it can be shown

that the side lobe broadens, and the back lobe increases in magnitude for increasing bending

angles for both plane cuts.
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Figure 5.44: Change in realized gain while bending the TPA along the XZ-plane or H-plane.

The change in the TPA’s gain and total radiation efficiency for increasing bending angles in

plotted in Figure 5.44 and Figure 5.45. The realized gain reduces linearly for increasing

bending angles while the total radiation efficiency increases.
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Figure 5.45: Change in radiation efficiency while bending the TPA along the XZ-plane or H-plane.
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Figure 5.46: Comparison between the analytical and simulated directivity of the TPA during bending.

Lastly, a comparison is made between the computed directivity from the Cylindrical
Aperture Array Model (CAAM) and the full wave simulations for bending across both the E
and H-plane of the TPA. The CAAM and the simulated H-plane bending analysis have a

common trend of decreasing directivity for increasing bending angles. The behaviour for the
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simulated E-plane bending analysis is quite different, with an initial increase in directivity
peaking for a bending angle of 60°and then decreasing. This type of bending is also where the
biggest resonant detuning occurs for increasing bending angles.

The CAAM attempts to model E-plane bending whereby the radiating apertures are
assumed to uniform and rectangular for a given bending angle. As shown in Figure 5.46, while
the CAAM predicts a much higher directivity, the result for directivity over various bending
angles resembles the same trend as for the simulated H-plane bending analysis. The simulated
analysis for E-plane bending shows more complex behaviour whereby the directivity increases
for bending angles ® < 60° and then starts to deteriorate at higher bending angles.

While the CAAM provides insight into the far-field behaviour from an analytical
perspective by computing the normalized power plot, it fails to accurately represent the
directivities for E-plane bending when compared to the full-wave simulation results.

Overall, the CAAM predicts a much higher directivity when compared to the full wave
simulations for E-plane bending. Previously this was explained due to the entire cylinder being
conductive rather than being only conductive to where the ground plane extends to,
therefore the directivity is enhanced. Also, the directivity in the CAAM might be overshooting
due to not implementing the effects of the dielectric substrate. Currently in this analysis the
dielectric properties are only implemented in calculating the length L between the apertures
of the antenna as shown in Chapter 4. It may be that modifying the CAAM by adding a
dielectric coating may lead to a better result. However, this adds further complexity to the
model.

To conclude, the full wave simulation performance of the RPA and TPA for both types
of bending exhibit similar properties. Bending the TPA along both the E and H-plane results in
marginal frequency detuning. Bending along the E-plane results in a frequency detune which
is 15 MHz less than the detuning for the RPA, while H-plane bending is 4 MHz less. The
realized gain for the TPA suffers a lot more than the RPA. It was already shown in Chapter 4
that miniaturising the RPA to a TPA results in a reduction in the antenna’s realized gain.
Bending along the antenna’s H and E-plane worsens the performance further. Some

preliminary measurements for E-plane bending the RPA and TPA is reported in the appendix.

138



5.5
(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]
(10]

(11]

(12]

References

C. Krowne, “Cylindrical-rectangular microstrip antenna radiation efficiency based on cavity Q
factor,” in 1981 Antennas and Propagation Society International Symposium, 1981, vol. 19,
pp. 11-14, doi: 10.1109/APS.1981.1148607.

C. Krowne, “Cylindrical-rectangular microstrip antenna,” IEEE Trans. Antennas Propag., vol.
31, no. 1, pp. 194-199, Jan. 1983, doi: 10.1109/TAP.1983.1143000.

J. S. Dahele, R. J. Mitchell, K. M. Luk, and K. F. Lee, “Effect of curvature on characteristics of
rectangular patch antenna,” Electron. Lett., vol. 23, no. 14, p. 748, 1987, doi:
10.1049/el:19870530.

Kwai-Man Luk, Kai-Fong Lee, and J. S. Dahele, “Analysis of the cylindrical-rectangular patch
antenna,” IEEE Trans. Antennas Propag., vol. 37, no. 2, pp. 143-147, Feb. 1989, doi:
10.1109/8.18699.

L. Song and Y. Rahmat-Samii, “A Systematic Investigation of Rectangular Patch Antenna
Bending Effects for Wearable Applications,” IEEE Trans. Antennas Propag., vol. 66, no. 5, pp.
2219-2228, 2018, doi: 10.1109/TAP.2018.2809469.

R. F. Harrington, “Cylindrical Wave Functions,” in Time-Harmonic Electromagnetic Fields, |EEE,
2009, pp. 198-263.

H. R. Sanjari, A. A. Merati, S. M. Hosseini Varkiyani, and A. Tavakoli, “Evaluation of the effect
of bending on the resonance frequency of inset-fed rectangular textile patch antenna,” J. Ind.
Text., vol. 46, no. 1, pp. 19-44, Jul. 2016, doi: 10.1177/1528083715569377.

T. S. Bird, Fundamentals of aperture antennas and arrays: From theory to design, fabrication
and testing. John Wiley & Sons, Inc., 2015.

J. R. Wait, Electromagnetic Radiation from Cylindrical Structures. Pergamon Press, 1959.

C. A. Balanis, Antenna Theory: Analysis and Design, 4th ed., vol. 4, no. 3. John Wiley & Sons,
Inc., Hoboken, New Jersey, 2016.

E. Boksem, J. M. Schotman, F. B. M. Joosten, M. M. G. J. van Borren, and H. de Boer,
“Prediction of total body electrical resistance normal values based on limb muscle thickness
assessed by ultrasound,” Eur. J. Clin. Nutr., vol. 75, no. 8, pp. 1267-1274, 2021, doi:
10.1038/s41430-020-00837-7.

F. Gustrau and D. Manteuffel, EM Modeling of Antennas and RF Components for Wireless
Communication Systems, 1st ed. Berlin/Heidelberg: Springer, 2006.

139



6 Optimisation Techniques using an Artificial
Magnetic Conductor (AMC) Metafilm

This chapter introduces the Artificial Magnetic Conductor (AMC) and the physics behind its
zero-degree phase reflection properties. The application of the AMC can enhance the
radiation performance of a patch antenna if loaded into the dielectric substrate in an array
configuration. The specific array configuration is known as a metafilm. A characterization of
the dielectric substrate with the AMC metafilm is performed through full wave simulation
using the effective medium model and generalized sheet transition condition (GSTC) method.
A full wave simulation analysis is performed on the TPA while embedding the AMC metafilm
into the substrate. The Trapezoidal Patch Antenna loaded with an AMC MetaFilm (TPA-MF)
displays enhanced radiation characteristics when compared to a Trapezoidal Patch Antenna
(TPA). A bending analysis is performed on the antenna to investigate how it affects the

antenna’s resonant frequency and radiation characteristics.

6.1 Background of an Artificial Magnetic Conductor Metafilm

The ground plane on a microstrip patch antenna prevents radiation from propagating
backwards by redirecting it in the opposite direction. The Interaction between the
backpropagating waves from the patch radiator and the forward reflected waves from the
ground plane are out of phase and form a standing wave. If the patch antenna consists of a
very thin substrate which is less than 1/4, the phase of the backpropagating wave is reversed
when reflected from the ground plane. This results in destructive interference with the waves
that propagate outwards into free space from the top side of the radiating element. This is

shown in Figure 6.1(a).
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<) [4 >
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(a) (b)
Figure 6.1: Radiating element close placed at a distance (a) less than 1/4, (b) approximate 4/4 from
ground plane [1].
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If the thickness of the substrate is approximately A/4, as shown in Figure 6.1(b), the phase
shift is cancelled leading to constructive interference. The main issue with this configuration
is that it creates an extremely thick antenna if it were designed for operation at 2.4 GHz.

In 1999, Sivenpiper [2] found that the surface impedance of the ground can be altered
by introducing an array of metallized patches above the ground plane. The introduced patches
increase the surface impedance giving rise to the incident electric field having an antinode at
the surface while the magnetic field has a node.

To understand this concept better a standing wave representation of the electric and

magnetic as presented by Sivenpiper is shown in Figure 6.2.

—

_’é
(a) (b)
— —_—
— —

(c) (d)
Figure 6.2: Standing wave fields at a frequency (a) far below resonance, (b) Near or below the
resonance, (c) at the resonance and (d) above the resonance [1].

Away from the intended operational frequency of the structure, the surface impedance is
low. The electric field has a node at the surface, and the magnetic field has an antinode, as
shown in Figure 6.2(a). The behaviour away from the resonant frequency is the same to that
of a ground plane or a metal sheet in which there is a phase reflection reversal. Near the
resonant frequency or just below it, the formed standing wave behaves as if its reflection
point has shifted which is represented by the dotted line in Figure 6.2. At resonance the
surface is largely inductive, and the impedance is large which is represented by the antinode
for the electric field at the surface in Figure 6.2(c) where it has now shifted enough where the
reflection phase crosses through zero [1]. Above the resonant frequency the surface is now

capacitive and the magnetic field is negative as shown in Figure 6.2(d), which behaves as if
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the reflection phase has slipped into the surface by one-half wavelength as shown by the
imaginary dotted line boundary [1].

Another issue with the presence of the ground plane is due to the generated surface
currents that propagate along the ground plane. Due to the finite size of the ground, when
these currents reach the edge, they radiate into free space. The fringe fields produced by each
of the apertures at the radiating element have a resultant effect at the far-field which
produces a space wave propagating normally from the patch. Spurious fringe fields propagate
towards the edge of the ground plane and results in multipath interfere with the surface

waves as shown in Figure 6.3.

Space Waves

Ground Plane Substrate

Figure 6.3: Interference of the space waves and surface waves at the edge of the ground plane.

Y | | | | e | e | [

(b)

(a)

Figure 6.4: Hexagonal high impedance surface (a) perspective view and (b) cross sectional side view

[3].
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Sievenpiper [1] proposed a High Impedance Surface (HIS) ground plane that has an in-phase
reflection characteristics and does not support surface waves. The proposed high impedance
surface consists of an array of metallized patches of hexagonal geometry connected to the
ground plane by a vertical shorting pin as shown in Figure 6.4. The addition of the vertical
shorting pin makes sure that surface waves are not propagating below the metallized patch
array. The vertical electric field current density that propagates through the shorting pin can
be represented using the circuit as shown in Figure 6.5(b) having the impedance of a parallel
resonant LC circuit. Where the capacitance represents the gaps between the hexagonal array
elements and the total inductance is represented by the conductive elements from the
hexagonal patch, shorting pin, and ground plane. The circuit is capacitive above the resonant

frequency and thus the structure does not support the propagation of TM surface waves [2].

L
(b)

Figure 6.5: Unit cell of the hexagonal high impedance surface (a) cross-sectional view and equivalent
circuit [3].

Sievenpiper compared the E-plane radiation performance of a centre fed patch antenna
operating at 13.5 GHz, with the proposed high-impedance surface ground plane to that of a
regular ground plane. The performance of the antenna with the regular ground plane showed
to have significant back propagating radiation with ripples produced in the forward

propagating main lobe.
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= High-Impedance Ground Plane
=== Ordinary Metal Ground Plane

Figure 6.6: E-plane radiation pattern of a patch antenna consisting of an ordinary ground plane and a
high-impedance surface as a ground plane [1].
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Figure 6.7: Dipole antenna mounted on a high impedance ground plane [1].

Figure 6.7 shows a dipole antenna mounted next to a high-impedance surface (HIS). The HIS
allows the antenna to be near the ground plane without sacrificing performance from out of
phase wave reflections and propagating surface waves. The high-impedance surface is also
known as an electromagnetic band gap (EBG) surface [4] due to the region or band-gap
produced in the dispersion plot for surface wave propagation. The EBG structure shown in
Figure 6.8(a) was simulated to analyse the dispersion and reflection phase properties. Figure
6.8(b) shows distinct band where no surface waves can propagate regardless of its direction.
The reflection phase properties of the EBG structure are shown in Figure 6.8(c) as well as the
phase regions where the structure exhibits properties as a perfect electric conductor (PEC)

and perfect magnetic conductor (PMC).
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simulated (b) dispersion properties showing the band gap for surface waves and (c) reflection phase
properties [4].
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A high-impedance or EBG surface without the vertical vias is a surface known as an artificial
magnetic conductor (AMC) [4]. The difference between a high-impedance or EBG surface and
an artificial magnetic conductor (AMC) surface is that the AMC surface only allows the control
of the phase reflection properties since there is no vertical vias to prevent surface mode
propagation. The AMC structure can be thought of as a surface distribution of electrically
small scatterers just like that of a frequency-selective surface (FSS). The term ‘metafilm’ is
used to describe these structures as a two-dimensional pattern at a surface characterized by

its electric and magnetic surface susceptibilities [5].

A X arbitrary shaped scatterer
4 /
/
/
//
v VoY v ¥
4 A~

Ny

Figure 6.9: Illustration of a metafilm with a periodic arrangement of an arbitrarily shaped scatterer in
the xy-plane [4].

A fundamental theorem of surface electromagnetics is the Generalized Sheet Transition
Conditions (GSTC), which is argued as the most suitable way of characterizing a metafilm
embedded on or in a dielectric substrate [6]-[9]. Surface electromagnetics focuses on the
study of the boundary conditions where the surface equivalence theorem is the foundation.
The surface equivalence theorem links the internal fields to the external fields to that of a
closed surface by constructing surface currents on the boundary of the surface that satisfy
the defined boundary conditions [4].

The generalized sheet transition conditions (GSTCs) are a set of equations that have
coefficients that model the metafilms interaction with an electromagnetic field. These
coefficients correspond to the uniquely defined electric Xzs and magnetic X, surface
susceptibilities which have units of meters as they are dependent on the sheet thickness [10].
The surface susceptibilities describe the shape and size characteristics of the metafilm which

are incorporated through the boundary conditions in equation (6.1) and (6.2) [11].
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The GSTC equations for a metafilm are given by
a, X [EA - EB]y:O = _j(‘).uO(XMS “Hgy)r — a, X Vt(ay "XEs Eav) (6.1)
a, X [HA - HB]y:O = _waO(XES ) Eav)t —a, X Vt(ay “Xwms - Hav) (6.2)

Equations (6.1) and (6.2) represent the difference in the tangential components of the electric
and magnetic fields across the metafilm [5] for an incident field as shown in Figure 6.10(b).
The electric (E4 and E®) and magnetic fields (H4 and H?) above and below the reference

plane are defined through the superscripts A and B respectively.

2 E,H
Region A
!;A ¥ ”A

I.—-( Region B
p €g, Hp

(a)

g\:,\H
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Y

fas Ha

y=0 -------— - - o—
A _B _j ‘z
X [F' -E J Region B

a, X [IIA-IIB] “8 M8

(b)
Figure 6.10: Metafilm with (a) a periodic arrangement of an arbitrarily shaped scatterer and the (b)
equivalent model for a metafilm where the GSTCs are applied [4].

The subscript t refers to the x and z components which are tangential to the y axis, and the

average fields are defined by

1
Eov =5 (EA + EB) (6.3)
and
1
H,, = > (HA + HB) (6.4)

The actual and equivalent model for the metafilm can be shown in Figure 6.10(b) where the

reference plane for the metafilmis centred at y = 0. Itis also important to note that the fields
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described by the GSTC equations are macroscopic, in that they exhibit variations only on a
large scale such as the wavelength in the surrounding medium [11].

There are approximate analytical expressions based on dipole interactions for a
square patch array to obtain the surface susceptibility of a metafilm [12]. For other metafilm
geometries the surface susceptibilities can be determined using a full wave analysis or from
experimental measurements. This is achieved by determining the reflection and transmission
coefficients for an incident TE and TM polarized wave on the metafilm. For metafilm
structures in which the scatterers have sufficient symmetry the surface susceptibility dyadic
is diagonal. Therefore only y**, ¥¥Y and y?* exist within the surface susceptibility dyadic.

These are computed using the following equations [11].

For an incident TM polarized wave at normal incidence y7s, xifs and )(g is determined by

2j Rry (0) + Ty (0) — 1

xx — 2 (6.5)
XES = ey Ry (0) + Trpg (0) + 1
427 = ﬂRTM(O) = Trm(0) +1 (6.6)
MS ™ ko Rey(0) — Trpg (0) — 1
yy . _ _
ng _ Xus 2j cos(8) Try(0) — 1 — Ry (6) (6.7)

sin2(0) | ko sin2(0) Ty (8) + 1 — Rpp (0)

and for an incident TE polarized wave at normal incidence x3%, xZ% and xy% is determined

by

2j Rrp(0) = Trg(0) + 1

XX — (6.8)
M5 = o Rpp(0) — Trg(0) — 1
2i R 0)+T+£(0)—1
ng _ _J r£(0) 7£(0) (6.9)
ko Rre(0) + Trp(0) +1
yy ;
yy _ Xums 2j cos(8) Trg(0) —1— Rp(6) (6.10)

XMs = T 5in2(0) " kg sin2(0) Trg(8) + 1 — Rpg(0)

where R(0) is the reflection coefficient at normal incidence, T(0) is the transmission

coefficient at normal incidence, the subscripts denote whether it is for a TE or TM polarized
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wave. )(gg and )(13\:,3; is calculated using the transmittance T(0) and reflectance R(6) at some
oblique incidence angle 6 [10].

To summarize so far, a metafilms interaction with a field can be interpreted
macroscopically using the GSTC equations. Also, characterizing a metafilm by its surface
susceptibility has been shown to be an effective method of characterizing its properties over
the traditional effective-medium layer model [8].

Through the GSTCs the derived reflection and transmission coefficients for the
metafilm predict a resonator that overcomes the 4/2 size limit when placed between two

parallel metal plates [12].
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Figure 6.11: Metafilm placed between two parallel metal plates [4].

Figure 6.11 shows the metafilm placed at y = 0 modelled between two parallel plates located
at y = d; and y = —d,. For simplicity, region A and B are filled with the same homogenous
medium. For a metafilm placed at the centre between the parallel plates the phase-matching

conditions at resonance for a given separation distance d; = d, = d can be expressed as

A 2 s
_t _ e (F _
d= > [1 + nm 7Ttan (A )(ES)] forn=0,1,2,3, .. (6.11)
A 2 s
_2 _c i (F _
d = 5 [Znﬂ —tan (A Xms)] forn=0,1,23, ... (6.12)
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The equations show that designing a metafilm that exhibits a certain magnetic or electric
susceptibility which makes it is possible to overcome the 1/2 size limit for the resonator or

radiating element. The derivations for this result can be found in [12].

An example for a square patch array is shown in Figure 6.12.

PEC Patch

/
V/ /7 /7 /7 4
Yy 7 7 7 7 4
Yy 7 7 7 7 4
V7 7 7 7 4 X
o

Figure 6.12: Surface array of metallic square patches with a period ‘p’ and a patch width ‘1" [12].
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Figure 6.13: Resonant frequency of an air-filled parallel-plate resonator loaded with a square-patch
metafilm [10].

The resonant frequencies for the parallel-plate resonator with a loaded square-patch
metafilm are shown in Figure 6.13. Full wave result and various analytical results are
compared with each other. The results show that for high values of [/p and small separation

gaps d, a high degree of miniaturization can be achieved. The degree at miniaturization occurs
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scales with the frequency. For low frequencies below 75 GHz, the metafilm must be designed
with a high [/p value to achieve any significant degree of miniaturization.

The AMC metafilm is selected to be integrated into the TPA as a performance
enhancement technique. Designing the AMC metafilm with in-phase reflection properties at
2.4 GHz is predicted to improve the antenna’s performance and reduce the size of the
resonator. The AMC metafilm surface is easier to implement into the patch antenna substrate
as there are no vertical elements when compared to the high-impedance or EBG surface. The
downside is that the AMC metafilm does not prevent the propagation of surface wave modes.
Surface wave effects for microstrip structures are typically ignored when they operate at
frequencies below 10 GHz and consist of substrates with low dielectric constants less than 5
[13], therefore surface wave effects is ignored in this research. The AMC also increases the
antenna’s effective aperture. Using more cells for the AMC ground plane enhances the

antennas performance [14].

6.2 Design of Proposed AMC Metafilm

Researchers have developed and incorporated various AMC metafilm structures into the
design of patch antennas and other planar antennas. They have found that an AMC square
ring [15]—[17], as also shown in Figure 6.14(b) and (d), performs similarly to a solid square
AMC or other more complex geometries described in [18]—[23].

Symmetrical shapes are investigated as they exhibit an isotropic wave response for an
incident TE or TM plane wave for various angles of incidence. To begin, a square patch is
studied for its properties to perform as an AMC. This result is compared to the proposed
square ring AMC. The unit cell is designed in CST using the frequency domain solver. The
geometry of the unit cell is shown in Figure 6.14 below. The proposed AMC conductor is

placed at the centre of two cotton substrates.

(a) (b)
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(c) (d)
Figure 6.14: Overall unit cell geometry of (a) square AMC and (b) AMC square ring centred between
substrates. Front view dimensions of (c) square AMC (d) square ring AMC.

To model the electromagnetic response of the AMC’s periodicity, Floquet's theorem can be
used which provides the underlying theory of wave propagation in periodic structures [24].
Unit cell analysis in CST is carried out using an excitation method for periodic structures called
a ‘Floquet port’ which allows planes of periodicity modelling. The fundamental Floquet modes
that are excited using this port are TM and TE linearly polarized plane waves. The boundary
condition defined around the edges of the structures is called a ‘Unit Cell’ boundary condition,
which repeats the modelled structure periodically in two directions up to infinity. In the
example given in Figure 6.15(c) the directions of infinite periodicity are along the x and y axis.
The open boundary condition on the front of the unit cell across the xy plane as shown in
Figure 6.15(a) and (b) is where the Floquet port modes interact with the front face of the AMC
structure. The incident fields across the unit cell is the same at every point. A perfect electrical
conductor boundary condition is defined at the backside of the AMC unit cell as shown in

Figure 6.15(d), which represents a ground plane.

For this analysis, the phase of the reflection coefficient S;; is the parameter of interest.
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o

(d)
Figure 6.15: Floquet port boundary conditions for a square and square ring AMC. (a) and (b) shows
the defined open boundary conditions, (c) is the defined periodic boundary condition around all four
edges and (d) is the perfect electrical conductor boundary condition at the base of the structure in
place of a ground plane.

The dimensions of the AMC unit cell are optimized so that the reflection phase is 0° at the

antenna operating frequency of 2.4GHz.

Dimensions of Square AMC (mm) Parameter Value (mm)
Length Lgq 42.1
Width Wiq 42.1
Height of Conductor H, 0.035
Height of Top Dielectric Hg1 14
Height of Top Dielectric Hgo 1.4
Spacing between each unit cell element G, 0.3

Table 6.1: Dimensions of Solid Square AMC unit cell.

Dimensions of Square Ring AMC Parameter Value (mm)
Length L, 27.4
Width W, 27.4
Ring Thickness Tr 5
Height of Conductor H. 0.035
Height of Top Dielectric Hq 1.4
Height of Bottom Dielectric Hqo 1.4
Spacing between each unit cell element G, 0.3

Table 6.2: Dimensions of the Square Ring AMC unit cell.
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Figure 6.16: Reflection phase comparison of a solid square and square ring AMC metafilm.

AMC Configuration Bandwidth (%) Surface Area (mm?)
Solid Square 7.96 1772.41
Square Ring 3.35 447.6

Table 6.3: AMCs bandwidth performance in comparison to its occupied surface area at a zero-degree
reflection phase at 2.4 GHz.

The bandwidth for the AMCs in Figure 6.16 is defined as the region of frequencies around the
zero-degree phase reflection between +90° to —90°. The extracted bandwidth and surface
area profile of the AMC unit cell is shown in Table 6.3. The bandwidth of the solid square AMC
unit cell is 7.96%, while the square ring AMC is 3.35%. The square ring AMC offers a size
reduction of 11.1 mm for both the length and width and a conductive surface area size
reduction of 1324.81 mm?, making the conductive surface area profile 74.7% less than that
of the solid square. However, the size reduction comes at a cost in which the zero-degree

phase reflection bandwidth of the AMC is reduced by 4.61%.

A circuit analysis of the AMC structure can give insight into why the miniaturization occurs for

the AMC cells.
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Figure 6.17: Adjacent AMC unit cells with eqiuivalent circuit elements (a) front view and (b) cross-
sectional view.

Figure 6.18: Equivalent circuit model for two-unit cells of the proposed AMC.

Using the equivalent circuit model in Figure 6.18, the total surface impedance can be

calculated by combining the impedances Z; and Z, in parallel.

From Figure 6.18, the total surface impedance Z; can be calculated as

2]( J +2ij)

_ ZiZ,  oCap T wCyp 6.13)
= = : : :
Z,+7Z, 2j ( J . )
- + (- + 2jwL
wCsyp WCgap J
And simplified to
—2j(2CgapLew? — 1)
o £ (6.14)

" 0(2CgapCsupLw? — 2Ceup — Cgap)
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The resonant frequency can be expressed when the sum of the reactive impedances equal

zero.
wCsyp wCgap
2
froa = e |G * 2Cn) (6.16)
2T ZCgapCsubL

Thus, a relationship can be established between the resonant frequency and the effective
inductance L of the square ring and square AMC. For the square patch AMC, the inductance
L will be small since the induced currents can spread further over the conductive surface
decreasing the effective inductance. Tuning the size of the gap in the ring increases the
effective inductance around the rectangular ring and reduces the frequency at which the 0°

reflection phase occurs for the same dimensions.

6.3 Effective Parameters of the Proposed AMC Metafilm

In this section the proposed AMC structure is analysed using the effective medium theory [25]
to extract the material properties such as the refractive index, permittivity, and electric
susceptibility through a full wave simulation analysis. This analysis provides a full
characterization of the dielectric properties of the AMC metafilm that is loaded into the
dielectric substrate of the patch antenna.

CST offers a result template to extract the material properties for some
inhomogeneous medium simulated between two ports through the S-parameters. The result
template is based on the effective medium theory presented by X. Chen et al. [25]. Once the
S-parameters are known through either simulation or measurements, the dielectric medium’s

permittivity and permeability are extracted using equations (6.17)-(6.20).

7=+ (1+ 5,12 - S5, (6.17)
@ =511)%—S5

2
. 1 1
enkod — +ill1= (6.18)
25;:(1 - 5%1 + 551) _]\/< 25, (1 - 551 + S%1)>

156



&= (6.19)

n
Z
u=nz (6.20)

where Z is the wave impedance, S;; is the reflectance, S,; is the transmittance, n is the
refractive index, k, is the free space wavenumber, d is the thickness of the medium, ¢ is the
permittivity and u is the permeability of the medium.

The simulated unit cell analysis for the AMC is the same as that of Figure 6.15(c). The
only difference is that the defined electric boundary condition at z = 0 across the xy plane is
replaced by another Floquet port creating a two-port system. This allows the computation of

the reflectance S;; and transmittance S,; through the unit cell as shown in Figure 6.19.
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Figure 6.19: Reflectance and Transmittance across the unit cell metafilm.
Figure 6.19 shows that the maximum reflectance and minimum transmittance of the incident
waveform occurs at 2.4 GHz. Figure 6.20 shows that the transmitted wave S,; has a zero-

degree phase reflection at 2.4 GHz.
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Figure 6.20: Phase of the transmittance of the unit cell metafilm
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Figure 6.21: Complex Refractive Index of the unit cell metafilm.

The complex refractive index n can be defined as

n=ngy+ jK = T\l & (6.21)
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Where n is the real part of the refractive index which is also known as the ordinary refractive
index. The ordinary refractive index describes how much a wave slows down inside the
material relative to the speed of light. The term k is the extinction coefficient which is the
imaginary part which describes the attenuation of the wave due to losses [26]. From Figure
6.21 the peak of the ordinary refractive index ny occurs just below resonance at 2.3 GHz with
a value of 19.9. At resonance the ordinary refractive index n, is 10, while the extinction
coefficient k is at a maximum of 22.4. This implies that at resonance the structure is exhibiting
its maximal reflectance properties which agrees well with Figure 6.19. Above resonance the
ordinary refractive index n, approaches near to zero with a value of 0.03, which begins to
slowly rise at approximately 6.42 GHz. The extinction coefficient decreases exponentially

after resonance approaching near zero above 6.42 GHz.
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Figure 6.22: Relative permittivity of the unit cell metafilm.

The permittivity &, as a function of frequency can be defined as

& =¢+j& (6.22)
where ¢, is the real part and &/ is the imaginary part of permittivity. This version of
permittivity €, is a complex function and considers the losses of the material through the
imaginary part. In radio frequency analysis it is common to specify a dielectric material

through the real part of permittivity and its loss tangent tan § using [27]
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& =¢&(1—jtand) (6.23)
Figure 6.22 shows that below resonance the imaginary part is zero, while the real part is starts
to decrease exponentially from &, = 22 to a point below resonance at 2.25 GHz, peaking at
& = 330. Just below resonance at 2.28 GHz the imaginary part decreases to a minimum of
g’ = —504. At resonance the real part &, exhibits a negative permittivity decreasing to a
value of &, = —236. The imaginary part &,/ at resonance is approximately &,/ = —132, which
indicates high loss which is consistent with extinction coefficient k in Figure 6.21. Above
resonance the permittivity tends to zero where the metafilm unit cell starts to behave like a
vacuum, reaching a zero-crossing point at approximately 6.42 GHz, which slowly keeps

increasing until the second mode of resonance where it will exhibit similar properties again.
The surface susceptibilities are said to be the most appropriate way of characterizing
a metafilm. The electric susceptibility can be calculated from the effective medium approach
[25] using the simulated permittivity in Figure 6.22 and computing Hyq(&, — 1). The electric
susceptibility can also be calculated using (6.5) or (6.9) derived from the generalized sheet
transition conditions (GSTCs) using the simulated values for reflectance S;; and transmittance

S, of the unit cell analysis.
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Figure 6.23: Electric susceptibility H; (g, — 1) extracted using the effective medium approach of the
AMC metafilm unit cell.
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The electric susceptibility using the effective medium approach and using (6.5) based on the
GSTCs is plotted in Figure 6.23 and Figure 6.24. The computed electric susceptibility in Figure
6.23 shows the same trend as the permittivity in Figure 6.22 which is expected. This form of
susceptibility is a function of the substrate’s height Hy and thus its units are in meters.
Figure 6.24 shows the electric susceptibility which is calculated using (6.5) or (6.9) for
anincident TM or TE polarized wave. Since the geometry of the proposed AMC metafilm unit
cell is symmetrical the susceptibility dyadic along the x and z component is equal
55 = x£%). The simulated reflectance and transmittance are the two parameters required

to characterize the substrate’s susceptibility.
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Figure 6.24: Electric susceptibility Yz using the equations derived from the generalized sheet
transition conditions (GSTCs).

A closer comparison between two methods of extracting the electric surface susceptibility is
shown in Figure 6.25 and Figure 6.26, where the methods are compared with each other for
the real and imaginary part resepctively. While both results are similar there are differences
when comparing the real and imaginary parts of the susceptibility in Figure 6.25 and Figure

6.26. A comparison must be made with measured results.
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Figure 6.25: Comparison of the real electric susceptibilities from computed using the effective
medium approach and the generalized sheet transition conditions (GSTCs) approach.
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Figure 6.26: Comparison of the imaginary electric susceptibilities from computed using the effective
medium approach and the generalized sheet transition conditions (GSTCs) approach.

162



Overall, using the GSTCs to extract the susceptibility of any given metasurface is
argued as a more natural method to model the macroscopic interaction with an
electromagnetic field since the method is independent from the mediums thickness [4]. The
susceptibility coefficients in (6.1) and (6.2) are uniquely defined for a given metasurface.
Embedding the AMC metafilm into the substrate showed that the dielectric properties vary
as a function of frequency, exhibiting a very high dielectric constant at the operating

frequency.
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6.4 Integrating the AMC Metafilm in The Trapezoidal Patch Antenna

In this section the AMC metafilm is integrated into the trapezoidal patch antenna and
simulated in CST Microwave Studio to investigate its radiation performance.

Implementing the AMC structure within the edge fed trapezoidal patch antenna is not
trivial. Simply removing the ground plane and replacing it with a periodic array cannot be
done since it disrupts the quasi-TEM line that is formed between free space, the feedline, and
the ground plane. One method of implementing the AMC metafilm is by converting the
ground plane to a partial ground plane up to the radiating element, in turn creating a
monopole antenna [28]. Another method is the use of a coplanar waveguide [29]-[32] with
the AMC placed underneath. For a centre fed patch antenna the placement of the AMC
metafilm had a significant impact on the impedance matching [16]. Thus, the AMC was placed
on the same layer as the patch antenna, with a partially reflective surface placed on top of
the antenna. Another method of integrating the AMC metafilm is presented by S. Yan et al.
[15] where a centre fed planar antenna consists of a an AMC metafilm which is loaded into
the substrate. The antenna consists of three layers with the radiating element at the top, an
AMC metafilm loaded between the substrate and a ground plane below. A via is placed from
the ground plane to the radiating element.

All the designs mentioned add multiple layers and complexity to integrating the AMC
metafilm. Sievenpiper [1] incorporated a high impedance surface into the dielectric substrate,
placed within the substrate at a distance ‘t’ away from the ground plane. As shown in Figure
6.27 the substrate and the high impedance surface combined are considered as an effective
dielectric slab. The gap of height ‘t’ between the high impedance surface and the metal

ground consists of a substrate with its own dielectric properties.
Y
t 1

teff

metal ground

Figure 6.27: The equivalent effective medium model for a metafilm loaded into a dielectric
substrate [1].
The high impedance surface without a ground plane are poor reflectors. With an added

ground plane behind the structure becomes extremely reflective as well as allowing the

control of the phase properties [1].
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The proposed configuration is to place the AMC metafilm in the middle of the
substrate, below the radiating element and the radiating edges. The proposed configuration
is an alternative method to that proposed by S. Yan et al. [15] which is designed for an edge
fed antenna configuration. An AMC metafilm array configuration is placed in the middle of
the substrate where each element is spaced 0.3 mm apart. A single AMC cell is removed as
to not disrupt the TEM line that is formed along the microstrip feed line towards the radiating

element as shown in Figure 6.28.

Figure 6.28: Front view of the proposed AMC metafilm with the trapezoidal patch superimposed.

The TPA-MF is designed and simulated in CST Microwave Studio. The geometry of the
radiating element and feedline are shown in Figure 6.29. The optimised dimensions are shown
in Table 6.4 with a comparison of the dimensions of the inset-fed rectangular and trapezoidal

patch antenna.

-

Wo

Figure 6.29: Front View Geometry of Trapezoidal Patch with a loaded AMC metafilm.
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Parameter Symbol RPA (mm) TPA (mm) TPA-MF (mm)
Vertical Patch Length Ly 48.5 52.0 34.0
Diagonal Patch Length La - 51.5 40.5
Aperture #1 Width w 52.0 52.0 52.0
Aperture #2 Width w’ 52.0 5.0 5.0
Inset Recessed Distance Yo 13.5 13.8 19.9
Feedline Width W, 10.5 10.5 10.5
Total Substrate Height Hs 2.8 2.8 2.835
Inset Feed Gap Width Gip 2.6 1.5 1.5

Table 6.4: Dimensions of Rectangular patch, Trapezoidal patch, and Trapezoidal patch with an AMC
metafilm.

The dimensions of the radiating element of the trapezoidal patch antenna in Chapter 4 are
used as the template for the initial design for the TPA-MF. The addition of the AMC metafilm
results in a resonance much lower than 2.4 GHz and a poor impedance match, thus
optimisation is required on the dimensions of the radiator. During the optimisation process,
the vertical length L, is required to be smaller to maintain a resonant frequency of 2.4 GHz.
It was also found that the inset feed depth y, had to be increased to maintain an input
impedance match at 50 ().

The simulated performance parameters are shown in Table 6.5 where a comparison
is made to the performance parameters of a RPA and TPA. The TPA-MF shows an increase in
the antenna’s bandwidth, realized gain and directivity. The simulated TPA-MF has a directivity
of 8.7 dBi which is an increase by 0.65 dBi compared to the TPA. The realized gain is 5.92 dBi
whichis an increase by 1.37 dBi. The TPA-MF’s radiating element is shown to be 55 % smaller

than the RPA and 26.3 % smaller than the TPA.

Patch Antenna | f,., | Bandwidth | e, Gre D Radiating Element Area Size
Type (GHz) (%) (%) | (dBi) | (dBi)| Surface area (mm?) | Reduction (%)
RPA 2.40 2.8 57.7 5.7 8.11 2860.9 0
TPA 2.40 2.1 47.5 4.55 8.05 1748.6 38.9
TPA-MF 2.40 2.9 52.7 5.92 8.7 1288.1 55.0

Table 6.5: Performance parameter comparison of a RPA, TPA and TPA-MF.
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Figure 6.30: Simulated input reflection coefficient comparison between a rectangular patch antenna,
trapezoidal patch antenna and trapezoidal patch antenna with an AMC metafilm loaded into the
dielectric substrate.

The simulated reflection coefficient for the RPA, TPA and TPA-MF are compared to each other
in Figure 6.30. The extracted bandwidth of the TPA-MF is shown to be 2.9% which is greater
than the TPA by 0.8%.
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Figure 6.31: Simulated radiation patterns in terms of realized gain for the antennas (a) XZ plane and
(b) YZ plane.

The antenna’s far-field pattern is shown in Figure 6.31 which is compared to an RPA
and a TPA. The X-Z or H-plane in Figure 6.31(a) shows that the TPA-MF has smaller side lobes
than the RPA and TPA while also being the most directive at 8 = 0. The Y-Z or E-plane in Figure
6.31(b) shows that while the antenna remains most directive at & = 0 when compared to an

RPA and TPA, the antenna also exhibits directive properties from 0° to 30°.
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6.5 Antenna Bending Analysis

A simulated bending analysis is performed for the TPA-MF and compared to the performance

of a TPA. Figure 6.33 shows the bending configurations to be analysed.

—

., Y

Figure 6.32: Cross sectional view for antenna bending modelled as an annulus bent over an invisible
cylinder with a sectoral bending angle @ and radius R.

It is worth noting that the antenna bending angle is defined by the radial distance to the edge
of the antennas ground plane rather than the radial distance to edge of the antennas radiating
element as used by C. Krowne [33] and L. Song et al. [34], since this definition encompasses

the bending of the antenna as a whole than just the bending of the radiating element.

yvz"x

(a) (b)

Figure 6.33: TPA-MF cylindrically bent along its (a) H-plane and (b) E-plane.
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Figure 6.34: Simulated input reflection coefficient for H-plane bending of the TPA-MF.

Bending along the XZ or H-plane results in a small shift in the resonant frequency. A total shift

of 8.2 MHz occurs from its flat condition to an extreme bend of 180°. Although the operating

frequency of 2.4 GHz changes as the bending angle increases, all bending angles include

2.4 GHz as part of its bandwidth, so the operation of the antenna is still satisfactory. Figure

6.34 shows the gradual detune of the resonant frequency for the various bending angles.

Bending Angle fres BW e D Gre
0(°) (GHz) | (%) (%) | (dBi) | (dBi)
0 2.400 2.94 52.7 8.70 5.92
30 2.405 3.04 53.7 8.61 5.91
60 2.409 3.07 54.7 8.40 5.78
90 2411 3.16 55.9 8.15 5.63
120 2.414 3.18 56.8 7.85 5.38
150 2.417 3.17 58.1 7.56 5.21
180 2.421 3.25 59.3 7.22 4.96

Table 6.6: Performance parameters comparison for XZ plane bending angles.
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Figure 6.35: Simulated radiation pattern in terms of realized gain for the antenna’s (a) H-plane and

(b) E-plane while bending the antenna across its width or H-Plane.

The antenna’s far-field patterns are shown in Figure 6.35 for E-plane bending. The antenna’s

H-plane shows broadening of the major lobe and back lobes, while the E-plane shows some

broadening of the major lobe and an increase in magnitude at the back lobe.
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Figure 6.36: Resonant frequency shift comparison between the antennas with respect to increasing
bending angles across the H-plane.
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H-plane bending the TPA-MF in comparison to the RPA and TPA is shown in Figure 6.36. The
TPA-MF is shown to exhibit a higher shift in the resonant frequency compared to the RPA and
TPA. For a bending angle of 180° the TPA-MF detunes by almost 20 MHz compared to the
TPA. Even with the resonant frequency detuning being much higher, the bandwidth contains
the intended resonant frequency of 2.4 GHz. Comparing the bandwidth of the TPA-MF to the
RPA and TPA, the TPA-MF has the highest bandwidth for all bending angles investigated. The

bandwidth is on average 0.7% higher for all bending angles compared to the TPA.
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Figure 6.38: Directivity comparison between the RPA, TPA and TPA-MF while bending along the H-
plane.

Increasing the bending angle to 180-degrees across the H-plane from its flat condition is
shown to decrease the directivity and realized gain for the TPA-MF. The directivity reduces
from 8.7 dBi to 7.2 dBi, while the realized gain reduces from 5.92 dBi to 4.96 dBi. A
comparison is made between the RPA and TPA as shown in Figure 6.38 and Figure 6.39. The
TPA-MF outperforms the RPA and TPA in terms of directivity and realized gain for all the

investigated bending angles.
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Figure 6.39: Realized Gain comparison between the RPA, TPA and TPA-MF while bending along the

H-plane.
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along the H-plane.
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Figure 6.41: Dielectric losses for the various TPA-MF H-plane bending angles @.

130 T T T T T

D=0

120

110

100

90

Conductor Loss (mW)

80

70

60 1 1 1 1 1 1 1 1 1 1
232 234 236 238 24 242 244 246 248 25 252 254
Frequency (GHz)

Figure 6.42: Conductor losses for the various TPA-MF bending angles &.

Furthermore, increasing bending decreases both the conductor and dielectric losses,
which in turn increases the total radiation efficiency as shown in Figure 6.40. Typically, the
total radiation efficiency would be expected to decrease caused by increasing mismatch

losses due to bending over the microstrip line which changes the input impedance from 50 Q.
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However, the total radiation efficiency is shown to increase due to a reduction in conductor
and dielectric losses.

Conductor and dielectric losses decrease during antenna H-plane bending because
less power is transferred to the antenna due to increased input impedance mismatch, and
due to the fringing fields that contribute to the overall radiation pattern are less exposed to
the dielectric substrate, AMC cells and the ground plane. The ground plane is not performing
as an adequate electromagnetic shield to its planar configuration. This is highlighted from the
fact that the back lobe radiation increases as the bending angle increases as shown in Figure

6.35.

The power transmitted P¢ into the conductive elements of the patch antenna is dissipated as

heat within a very short distance from the surface. This is calculated as [35]

_ 2|E|?R,

Pt
4

(6.24)
Where 7 is the impedance of free space (Q), E, is the peak electric field vector (V/m) and Ry

is the surface resistance of the metal given as

Ry = — (6.25)

Where ¢ is the conductivity (S/m) and &, is the skin depth (m). Increasing the bending angle
marginally decreases the surface resistance of the metal since less of the electric field vector

is exposed to it.

The dielectric loss of the antenna’s substrate can be characterized by the loss tangent which

is defined as

n

&
tand = — (6.26)
ST

where the real part of the permittivity &, indicates how much energy from an external field is
stored in the dielectric material and the imaginary part &, represents the losses within the
dielectric in presence of an external field. The average power loss due to the dielectric P; (W)

can be expressed as [36]

Py = wege" |Eyl*V (6.27)
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where w is the angular frequency (Hz), €, is the permittivity of free space and V is the volume
of the substrate (m3). The dielectric power loss is given in Figure 6.41, which shows a gradual
decrease in power loss for increasing H-plane bending angles. Overall, Figure 6.42 shows that
the conductor loss reduction is small for increasing bending angles, while the dielectric loss
reduction shown in Figure 6.41 is more significant reducing the losses by up to 0.2 W.
H-plane bending the TPA-MF is shown to detune the resonant frequency, however at
its detuned frequency the reflection loss does not degrade when compared to the RPA and
TPA for increasing bending angles. This is attributed to the width of the inset feed being
smaller. The inset feed introduces a junction capacitance which is designed to tune the input
impedance to 5002. A smaller inset feed gap results in the input impedance of the line to be

less affected during H-plane bending.
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Figure 6.43: Simulated input reflection coefficient for E-plane bending of the TPA-MF.

Bending BW ey D G
Angle 6 (°) fres (GHz) | (MHz) (%) (dBi) (dBi)
0 2.400 70.6 52.7 8.70 5.92

30 2411 72.7 53.0 8.49 5.74

60 2.421 73.4 53.5 8.11 5.39

90 2.430 74.4 54.5 7.55 4.91
120 2.433 77.7 55.6 6.88 433
150 2.444 79.5 56.6 6.05 3.57
180 2.456 83.2 57.7 5.23 2.86

Table 6.7: Performance Parameters Comparison for YZ Plane Bending Angles.

177



Bending along the YZ or E-plane results in a larger shift in the resonant frequency when
compared to H-plane bending. From its flat condition to a bending angle ® of 180-degrees a
total resonant frequency shift of 56 MHz occurs. The gradual shift in resonant frequency can
be shown in Figure 6.44. Just like for H-plane bending, the bandwidth also increases for
increasing bending angles like that of H-plane bending as shown in Figure 6.46. However, for
bending angles & > 150°, the intended operational frequency of 2.4 GHz is no longer part of
the antenna’s bandwidth. In Chapter 5, for E-plane bending the RPA was also shown to
completely detune its intended operating frequency’s bandwidth for ® > 150°. The TPA
performed the best regarding E-plane bending with the bandwidth not including 2.4 GHz for
a ® = 150°. The comparison between the resonant frequency shifts for the RPA, TPA and
TPA-MF is shown in Figure 6.44. The TPA-MF is shown to have the largest frequency detune

for increasing E-plane bending angles.
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Figure 6.44: Resonant frequency shift comparison between the RPA, TPA and TPA-MF with respect
to increasing bending angles across the E-plane.
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Figure 6.45: Simulated radiation pattern in terms of realized gain for (a) XZ plane and (b) YZ plane
while bending the TPA-MF across its length or E-Plane.

For E-plane bending the antenna’s radiation patterns are affected more compared to H-plane
bending. Broadening of the major lobe and an increase in the magnitude at the back is

apparent for both plane cuts in Figure 6.45.
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Figure 6.46: Bandwidth comparison between the RPA, TPA and TPA-MF while bending along the E-
plane.

An observation can be made regarding the bandwidth increase for increasing bending angles
for the TPA-MF in Figure 6.46. That is maximum bandwidth is not achieved at the resonant
condition but rather with some mismatch with the antenna’s input impedance. This
bandwidth enhancement of up to 0.44% is at an expense of higher frequency detuning.
Another way of saying this is the antenna’s Q-factor reduces for increasing bending angles.
Bending the RPA, which has the largest radiating element, deteriorates the bandwidth by
0.42% as the E-plane bending angle increases to 180 degrees, while there are marginal
changes regarding the TPA’s bandwidth which stays at a bandwidth of 2.3% for all bending
angles investigated. The RPA’s bandwidth is shown to be most affected due to input
impedance mismatch for increasing E-plane bending.

Figure 6.47 shows the change in realized gain for the various bending angles. The
realized gain is shown to decrease quite drastically when compared to H-plane bending with
the realized gain reducing to 2.86 dBi for a 180-degree bending angle. The radiation efficiency
increases just like for H-plane bending with similar power losses for both the dielectric and

conductive material.
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Figure 6.47: Simulated maximum realized gain comparison between the RPA, TPA and TPA-MF for
various E-plane bending angles &.
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Figure 6.48: Simulated maximum directivity comparison between the RPA, TPA and TPA-MF for
various E-plane bending angles &.

Whilst the TPA-MF has superior radiation performance compared to the RPA and TPA in its
unbent form, E-plane bending results in rapid degradation of the antenna’s directivity and

realized gain. Figure 6.48 shows that the directivity of the TPA-MF for bending angles ® >
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60° results in increasingly worse performance than the TPA. The realized gain in Figure 6.47
suffers a lot more for the TPA-MF for bending angles = 120° when compared to the TPA. The

RPA is shown to outperform both the TPA-MF and TPA for large E-plane bending angles.
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Figure 6.49: Simulated Total Radiation Efficiency comparison between the RPA, TPA and TPA-MF for
various E-plane bending angles @.

The dielectric and conductor loss are shown in Figure 6.50 and Figure 6.51. For E-plane
bending, the maximum magnitude for both the dielectric and conductor losses is similar to H-
plane bending. The difference is that the maximum magnitude of these losses occurs at
different frequencies since E-plane bending causes more resonant frequency detuning
compared to H-plane bending. The explanation for the reduction in the conductor and
dielectric is the same given for H-plane bending, which is that the fields that propagate along
the sides of the patch are less exposed to the ground plane and the dielectric material as the
bending angle increases. Also, as bending increases input impedance mismatch affects the
amount of power transmitted to the antenna. If less power is transmitted to the antenna, the
radiated electromagnetic fields will interact less strongly with the conductive and dielectric
elements. These effects are highlighted by the larger back lobe radiation in Figure 6.35 and
Figure 6.45.
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Figure 6.50: dielectric losses for the various bending angles @ along the YZ-plane or E-plane.
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Figure 6.51: Conductor losses for the various bending angles @ along the YZ-plane or E-plane.

6.6 Conclusion

Bending the TPA-MF affects the antenna’s resonant frequency, bandwidth, radiation
efficiency, directivity and realized gain. The TPA-MF results in a performance enhancement

when compared to a TPA. There is an increase in bandwidth, directivity and realized gain. The
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proposed design also reduces the radiating element’s surface area by 26.3 % compared to
the TPA.

The disadvantage of the TPA-MF is that resonant detune for both types of bending is
greater than for a TPA. H-plane bending for a TPA from a 0-degree bend to a 180-degree bend
shifts by 6 MHz, while E-plane bending shifts by 30 MHz. The TPA-MF has a resonant detune
of 21 MHz for H-plane bending and 56 MHz for E-plane bending.

For both the TPA and TPA-MF bent along the H-plane, the —10 dB bandwidth is within
that of the intended operational frequency of 2.4 GHz for all bending angles up to 180-
degrees. For E-plane bending, the TPA for a 180-degree bend has completely detuned in
which the —10 dB bandwidth does not contain 2.4 GHz. The TPA-MF for bending angles of
150 and 180-degrees have —10 dB bandwidths that do not contain 2.4 GHz. Therefore, while
the TPA-MF has an increased bandwidth, resonant frequency detuning is affected to a slightly
higher degree when compared to the RPA and TPA for E-plane bending. Thus, orientation of
the TPA-MF is an important factor to consider. Bending the TPA-MF across its H-plane is

shown to be resilient to radiation performance degradation.
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7 Simulation of the Wearable Trapezoidal
Patch Antenna on the Human Body

Placing Antennas in proximity to lossy tissue raises challenges which include propagation
losses, resonant detuning, fading and shadowing effects further influenced by variations in
body posture and antenna positioning [1].

Since antenna measurements cannot be made on the human body directly due to
uncertainty in exposure safety, measurements are made on physical phantoms, tissue probes
and laboratory animals. Building a physical phantom body model containing liquids that
mimic human tissue is an expensive and difficult method for radiofrequency dosimetry
analysis. Physical models of body parts include the Specific Anthropomorphic Mannequin
(SAM) head phantom which models the human head as a plastic shell filled with liquid
mimicking the tissue within, and CTIA hand models which are posable for a variety of grips.

Due to the increased computational capabilities of modern hardware as well as
efficient numerical techniques, computational human models offer an inexpensive
alternative and can be simulated with submillimetre resolutions. The advancement in
numerical dosimetry have led to it being an accepted method for specific absorption rate
(SAR) compliance testing, provided ‘the computation properly captures everything that is
required by the relevant exposure standard’ [2]. It is an ideal choice for situations where
experimental SAR assessments is extremely complex [3].

Computational body models range from simple block models to complex voxel models
which capture all the various tissues within the human body. Simple cubic or cylindrical
models are layered with the various types of tissue such as skin, fat, muscle, and bone. A
homogenous body model consists of a single layer in which the dielectric properties are
averaged. A non-homogenous body model consists of discretized tissue each having its own
dielectric properties [4].

CST offers a variety of bio models, from full body poseable homogenous phantoms to
a variety of detailed high-resolution models such as voxel body models and FEM human
models. The voxel body models are available in a range of ages, sizes, weight, number of
tissues and resolutions of the voxels. During the import process the number of tissues can be

customized to simplify the structure.
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This chapter briefly introduces how the dielectric properties of human body tissue are
realised in CST Microwave Studio followed by a short introduction to the specific absorption
rate (SAR) and the legal limits for it. The main section of this chapter presents the investigation
of the effect of body proximity on the proposed antennas performance and the SAR for
different configurations. The configurations include a Cubic Tissue Model, Cylindrical Tissue
Model, Homogenous Phantom Model, and the FEM Human Model. The tissue models are in

order of increasing geometric complexity to represent the human arm.

7.1 Dielectric Properties of Human Body Tissue
Dielectric properties of human tissue vary with tissue type, frequency, and temperature. The

non-frequency dependant dielectric properties of human tissue can be characterized by

& :i:g’ —jg”:g’ _ﬁ
T 80 r r r 80(1)

(7.1)

where the real part of the permittivity &, indicates how much energy from an external field
is stored in the dielectric material and the imaginary part &,/ represents the losses within the
dielectric in presence of an external field. Conductivity ¢ has units of (S/m ) while the angular

frequency is in (rads/s).

Dielectric loss is defined by the dissipation factor tan § where

n

&
tan§ = — (7.2)
ET

As the frequency changes various polarization mechanisms occur. Molecular polarization or
relaxations are associated with the translation, rotational, and vibratory modes of molecules
within the medium. The field of dielectric spectroscopy is focused on observing these
molecular relaxations. In the context of human tissue, the dielectric spectrum is characterized
by three main relaxation regions, &, 8 and y dispersion [5]. a dispersion occurs at frequencies
less than 100kHz [6] and is associated with ionic diffusion at the site of the cellular membrane
[7]. B dispersion occurs between 100 kHz ~ 500 MHz [8] and is due to the polarization of
cellular membranes that act as barriers to the flow of ions between intra and extra cellular
media [7]. ¥ dispersion occurs at the gigahertz range which will be the focus in this research.

It occurs due to the polarization of water molecules [7].
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The frequency dependence for tissue within each of the polarization or dispersion regions is

expressed by the Cole-Cole equation

(@) = 4 Z Ag, 4 o;
ST n=1 1+ (or,)1%  jwe (7.3)

where g; is the ionic conductivity, 7,, is the time constant or relaxation time, Ag, is the

magnitude of dispersion and « is an introduced term to describe the broadening of the

dispersion [7].

Fitting the Cole-Cole equation to experimental data is shown to be accurate when compared
to measured data. For frequencies in the y dispersion region the predicted frequencies can
be used with confidence [7]. Experimental data on dielectric properties of human tissue by
C. Gabriel can be found in [9]. The dielectric property definitions for biological material in CST
for a given frequency is based on the Cole-Cole equation and the measured results found

in [9].

7.2 Specific Absorption Rate (SAR) and Recommended Human

Exposure Limits
For human exposure to frequencies between 0 Hz to 300 GHz there are three biological

effects to consider. Nerve stimulation, changes in permeability of membranes and
temperature rise. At low frequencies between 0 Hz to 10 MHz, nerve and muscle stimulation
effects can include induced ventricular fibrillation and inhibited breathing [10]. Furthermore,
electromagnetic pulsed waveforms at low frequencies (up to 5 MHz [11]) can alter cell
membrane permeability, which can lead to permanent damage to cells [12]. At higher
frequencies between 100 kHz and 6 GHz heat is generated when the electromagnetic waves
are exposed to human tissue.

Before talking about the effects of the induced temperature rise, a distinction must
be made between a steady-state temperature rise and a brief temperature rise. Assuming an
electromagnetic wave between 100 kHz and 6 GHz which is absorbed into the human body,
a steady state temperature rise refers to heat dissipation over a large tissue mass and for
thermoregulatory processes to counter the increase in temperature, while a brief
temperature rise refers to a small region where there may not be enough time for the heat
to dissipate. These small areas can result in a large temperature increase. A steady-state

temperature increase of 1°C outside of the normothermic range (37 + 1°C) of the body core
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temperature can result in hyperthermia [13]. While localized temperature increase can cause
tissue damage at temperatures greater than 41°C — 43°C. Above 6 GHz, heating
predominantly occurs within the skin [13]. For a temperature rise due to exposure of an
electromagnetic wave between 100 kHz and 6 GHz, the specific absorption rate (SAR) is the

parameter of interest.

The SAR is defined as the “rate of incremental energy absorbed by an incremental mass

contained in a volume element of a given density” [11].

The SAR can be expressed by

SAR = d (dW) (7.4)
~dt \pdV '

and can be related to the root mean square (rms) of the E-field at a point by

o|E|?
2p

SAR = (7.5)

The SAR has units in (W/Kg) where W is the energy (W), V is the volume (m?), p is the mass
density of the tissue (Kg/m3), o is the tissue conductivity (S/m) and E is the peak electric

field vector (V/m) in the tissue.

The SAR can also be expressed in terms of a temperature increase at a point

cAT
SAR ~ — (7.6)
At

Where AT is the change in temperature (°C), At is the duration of exposure (s) and c is the

specific heat capacity (J/Kg°C).

SAR depends on the properties of the incident electromagnetic field as well as the properties
of the exposed body. For example, conductive elements and the dielectric substrate of a
body-worn patch antenna cause attenuation to the radiated fields. The fields that propagate
into human tissue due to edge diffraction at the ground plane are already attenuated and
further attenuation occurs when they interact with human tissue. For simplicity, if the edge

diffracted fields are modelled as plane waves, they have the form

E(r) = Eje/kr (7.7)
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Where E, is the amplitude of the electric field, r is the distance from the observation point

to the source point and k is the complex propagation constant, given as
k=k—ja (7.8)

where a is the attenuation coefficient (Np/m) which is a measure of the spatial rate of decay
of the wave in the medium [14] and k is the propagation constant which corresponds to the

number of wave cycles per unit length.

Incorporating attenuation into (7.5) and assuming a linear, isotropic, homogenous, lossy
medium, the SAR or absorbed power due to an attenuated plane wave can be expressed as
oE?
SAR = —2¢~2ar (7.9)
2p
The attenuation coefficient a captures all the loss parameters and can be expressed in terms

of the waveforms frequency and the medium’s dielectric and conductive properties as [14]

a=w ad 1+(i)2_1 (7.10)

This example assumes the non-frequency dependant dielectric properties of the medium.
To limit the human exposure to emitted radio/microwave frequencies various
standards have been developed for personal protection. The standards provide guidance on
the maximum levels of permittable electromagnetic radiation exposure to protect against an
excessive temperature rise in any part of the body that might result from local or nonuniform
radiation exposure [11]. Standards such as the International Commission on Non-lonizing
Radiation Protection (ICNIRP) or the Institute of Electrical and Electronic Engineers
International Committee on Electromagnetic Safety (IEEE ICES) provide guidance on limiting
radiation exposure. National authorities can also have their own standards depending on the
country [1]. From the IEEE, for human electromagnetic exposure between frequencies 0 Hz
to 300 GHz there are two standards which complement each other, first is the C95.1-2019
[11] which is a standard to provide a criterion to protect against exposure to electromagnetic

fields. The second is the C95.3-2021 [2] standard which provides ‘concepts, techniques and
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instruments that can be applied to computation of the SAR or electric field strength in humans
and phantom models.” This standard also provides various computational techniques on
human exposure to electromagnetic fields. For human exposure, the (€95.1-2019
recommends compliance with the dosimetric reference level (DRL) or the exposure reference
level (ERL). The metrics provided for the DRL is given by the specific absorption rate (SAR)
(W/Kg) or the Epithelial power density (W/m?) which is associated with surface heating.

The metrics associated with the ERL is the rms electric and magnetic field strengths,
power density and plane wave equivalent power density (Sg, Sy). For frequencies between
100 kHz and 6 GHz, compliance with measuring the parameters associated with the ERL
implies compliance with the DRLs. At higher frequencies between 6 GHz to 300 GHz, both
the DRLs and ERLs should be evaluated to demonstrate compliance. Recommended ERL limits
can be found in [11].

Another standard for exposure criteria is defined in the 2013 directive by the
European parliament and the council of the European union [15] which was established to
limit human exposure to radiation in the frequency range from OHz to 300GHz.

Human exposure guidelines are also defined by the International Commission on Non-
ionizing Radiation Protection (ICNIRP) which is a non-governmental organization formally
recognized by the World Health Organisation (WHO) [1].

A summary of the SAR exposure limits from the various standards is shown in Table

7.1 below. The restricted environments refer to where the general public are not permitted

unless subject to an applicable safety program.

Exposure Whole Body Average | Local Head/Torso | Local Limbs SAR

Standard environment Frequency Range SAR (Wkg™1) SAR (Wkg™1) (Wkg™1)
IEEE C95.1-2019 Restricted 100 kHz — 6 GHz 0.4 10 20
IEEE C95.1-2019 | General Public 100 kHz — 6 GHz 0.08 2 4
ICNIRP Restricted 100 kHz — 300 GHz 0.4 10 20
ICNIRP General Public 100 kHz — 300 GHz 0.08 2 4

DIRECTIVE

2013/35/EU 100 kHz — 6 GHz 0.4 10 20

Table 7.1: Summary of SAR exposure limits from various standards.

Hirata and Fujiwara [16] found that a 10g cubic mass provides a good representation of EMF
induced temperature changes. Therefore, local SAR is averaged over a 10g cubic mass. For
the IEEE C95.1-2019 and the ICNIRP the whole-body average SAR exposure is for over 30

minutes while local exposure is for averaged over 6 minutes. The DIRECTIVE 2013/35/EU
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average SAR exposure for the whole-body and local exposure is averaged over 6 minutes.
Overall, electromagnetic exposure of frequencies between 100 kHz to 300 GHz has been
researched extensively.

While one of the aims of this research is to investigate how the radiation performance
parameters of the proposed antennas are affected in the presence of lossy dielectric tissue,
computing SAR is an essential parameter which must comply with exposure limits defined in

Table 7.1.

7.3 Effect of Body Proximity on Antenna Performance and SAR

In this section the effect of body proximity and bending of the antenna around the human
arm is investigated to show how it affects the antennas performance parameters and specific
absorption rate (SAR).

Initially for simplicity, a cubic and cylindrical multilayer human tissue model of the
upper arm of a human is used from [17], where the volumes for both models are equivalent.
The density, thermal and dispersive properties for each layer of tissue are already defined in
the CST BioModel library extension, their definitions are included in the appendix. When
designing the cubic and cylindrical tissue model, each layer is given a material definition with
skin, fat, muscle, and bone. They each have a respective thickness of 1.5 mm, 8.5 mm,
27.5mm and 12.5 mm [17]. These dimensions are consistent with other tissue models
reported in literature for the upper arm of a human [18]-[20]. Antenna bending is
incorporated when simulating the antenna on the cylindrical multilayer tissue model,
homogenous phantom model, and FEM human model.

The homogenous body model represents the human tissue as a single material
averaging the properties of muscle and fat, while the voxel and FEM meshable model is more
complex and realistic with material definitions for individual tissue within the body. The
homogenous body model is imported using the Bio Extension macro. The macro gives a choice
of various body model poses in which the arm down pose is chosen.

Since the voxel tissue model is not available for tetrahedral meshing, only the FEM
meshable body model is used for simulations which involves the frequency domain solver.
These models represent the most detailed tissue body models available for tetrahedral
meshing. CST Microwave Studio offers two models ‘Nelly’ and ‘Hugo’ which are optimized for

tetrahedral meshing. Nelly and Hugo are based on a female and male frozen corpse from the
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US National Library of Medicine's Visible Human Project which was dissected and
photographed and converted to a 3D CAD model. Nelly is 59 years old with a body mass of
86 kg, while Hugo is a 38 years old, with a mass of 103 kg.

For large structures the frequency domain solvers memory requirements increase
guadratically with the number of tetrahedron mesh cells. In Chapter 5 and 6 the frequency
domain using a tetrahedral mesh was shown to simulate bending effects well. The transient
solver using a hexahedral mesh requires an extremely dense mesh to capture the angular
changes in the structure effectively. The Finite Difference Time Domain (FDTD) solver also
known as the Transient Solver is known to be suited for electrically large simulations and
detail rich structures [22]. The solver also allows the unique feature of being able to simulate
the antennas with voxel body models. However due to not being able capture small changes
in antenna bending effectively, the Transient Solver is not used. Since the memory
requirements of the frequency domain will be high for a full body simulation and will exceed
the available memory (RAM) during the simulation, adjustments to the bounding box of the
simulation are made. For the Homogenous Phantom Model and FEM Tetrahedral Meshable
Body Model the bounding box for the simulation is extended by an extra 10 cm in all
directions from the antenna which captures the simulation of the upper arm, part of the torso
and part of the lower arm. Each of the tissue model configurations are shown in Figure 7.1.

The diameter of the cylindrical tissue model, upper arm of the homogenous phantom,
upper arm of the voxel model and upper arm of the FEM meshable body model are
respectively 100 mm, 90 mm, 120 mm and 140 mm. The arm of the homogenous phantom,
voxel model and FEM meshable body model does not form perfect cylinders. The antenna is
bent around the arm and is placed as closely as possible to the arm without intersecting the
antenna into the tissue. A 110° bending angle is applied across the cylindrical tissue model
and homogenous phantom since the bending angle results in the antenna conforming to the
surface of the upper arm well. The FEM meshable body model has a larger upper arm
diameter of 140 mm and thus a bending angle of 90° is used. Bending along the E and H-
plane is investigated for each of these models.

The antennas performance parameters are compared with the various body model
configurations. Since one of the aims is to investigate the antenna’s suitability for wearable
applications, the specific absorption rate (SAR) is a crucial parameter that must be

investigated to ensure that there are no health risks to the human body. SAR is expected to
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be low and well within the standards recommendations as the patch antenna configurations
contain a relatively large ground plane. The SAR calculations are performed using the IEEE/IEC
62704-1 standard averaging method [3] provided in the SAR calculation tool in CST Microwave

Studio.
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(a) Cubic Tissue Model (b) Cylindrical Tissue Model

(c) Homogenous Phantom Model

(d) FEM Tetrahedral Meshable CAD Body odel ‘Nelly’

Figure 7.1: Body model configurations to test the various antennas performance in the presence of
human tissue.
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The antenna simulations without any tissue implemented is labelled ‘free space’, which is
included as a benchmark to compare how exposure to human tissue and antenna bending at
the same time affects the radiation performance parameters.

For full wave simulations performed using the frequency domain solver, the TPA
simulated on the cubic tissue model and compared to the TPA simulated in free space. The
performance parameter results are shown in Table 7.2. The results show a decrease in the
antenna’s bandwidth by 0.45% compared to the TPA in free space. The introduction of lossy
tissue results in a radiation efficiency reduction by 6.2%. However, there is a performance
enhancement regarding the antenna’s directivity and realized gain. The directivity increases

by 0.7 dBi and the realized gain increases by 0.15 dBi.

Antenna | Tissue Model fres Bandwidth | Directivity | Total Radiation Realized SAR 10g
Type Configuration | (GHz) % (dBi) Efficiency % Gain (dBi) (W/Kg)
TPA Free Space 2.400 2.30 7.74 47.1 4.47 -
TPA Cubic 2.399 1.85 8.44 40.9 4.57 0.135

TPA-MF Free Space 2.400 2.94 8.70 54.0 5.92 -

TPA-MF Cubic 2.393 3.07 9.72 48.3 6.56 0.105

Table 7.2: Comparison between the TPA and TPA-MF simulated in free space and placed on the
cubic tissue model.

Simulating the TPA-MF on the cubic tissue model displays a performance enhancement in all
the radiation performance parameters compared to the TPA-MF simulated in free space,

including the antenna’s bandwidth which was not seen for the TPA on the cubic tissue model.

Antenna Tissue Model Mesh Cells Peak Memory | Total Simulation
Type Configuration (Tetrahedrons) Used (GB) Time (s)
TPA Free Space 88778 1.181 86
TPA Cubic 362072 15.67 892

TPA-MF Free Space 187056 9.17 317

TPA-MF Cubic 202718 9.39 726

Table 7.3: Comparison of the computational requirements using the frequency domain solver for the
TPA and TPA-MF simulated in free space and placed on the cubic tissue model.

Table 7.3 shows the computational requirements comparing the proposed TPA and TPA-MF
simulated in free space and placed on the cubic tissue model. A limiting factor in the antenna
simulations with human tissue models is the memory requirements. The frequency domain is
a finite elements type solver with numerical requirements which increase exponentially with
larger simulation models. The peak memory requirements encompass the frequency domain

solver’s equation system set up, system solver and mesh refinement over the tetrahedral
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meshing of the model. The maximum amount of mesh cells for a simulation is determined by
the level of mesh refinement the model requires which is set by the threshold convergence
value for the S-parameters. The TPA and TPA-MF in free space and placed on the cubic tissue
model have short simulation times with the maximum taking approximately 15 minutes, and
moderate memory (RAM) requirements with the maximum peaking just under 16 GB of RAM.

Bending is now incorporated into the analysis and a comparison is made between the
proposed TPA and TPA-MF in free space and placed on the FEM Human Model. The
simulations are performed for E and H-plane bending where the results are shown in Table

7.4 and Table 7.5.

Antenna | Bending | Tissue Model fres Bandwidth | Directivity | Total Radiation Realized SAR 10g
Type Angle (°) | Configuration | (GHz) (%) (dBi) Efficiency (%) Gain (dBi) (W/Kg)
TPA 90 Free Space 2.413 2.31 8.08 46.4 4.75 -
TPA 90 FEM Human 2.414 1.73 8.31 42.0 4.53 0.335

TPA-MF 90 Free Space 2.430 3.06 7.55 54.5 491 -

TPA-MF 90 FEM Human 2.425 2.96 8.49 48.5 5.35 0.526

Table 7.4: E-plane bending comparison between the TPA and TPA-MF simulated in free space and
placed on the FEM Human Model.

In Chapter 5 and 6, frequency detuning was shown to be more significant for E-plane bending.
Simulating E-plane antenna bending with the FEM Human tissue model shows the same
amount of resonant frequency detuning as the free space configuration for a 90° bend. For
the TPA the radiation efficiency is reduced by 4.4% and the bandwidth is reduced by 0.58%.

However, there is a marginal increase in the TPA’s directivity by 0.23 dBi.

E-Plane
0°
330° 30°

300° 60~
2707 90°
240° 120°
FEM Human Model
Free Space
210° 150°
180°

Figure 7.2: E-plane far-field cut in terms of realized gain for TPA while bending along its H-plane.
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Figure 7.3: H-plane far-field cut in terms of realized gain for TPA while bending along its H-plane.

A comparison of the far-field cuts for the TPA simulated in free space and with the FEM
Human Model is shown in Figure 7.2 and Figure 7.3 for the E-plane and H-plane cuts. For the
TPA on the FEM Human Model, the E and H-plane is shown to have smaller back lobes
compared to the TPA in free space. The magnitude at the major lobes also decreases for both
cuts. The E-plane cut shows broadening of the major lobe for the FEM Human Model, while
the H-plane does not.

The TPA-MF shows a small reduction in the antenna’s bandwidth of 0.1%. The
radiation efficiency shows to reduce by 6% which is more than for the TPA. The TPA-MF
shows an enhancement to the antenna’s directivity by 0.94 dBi. The realized gain is
marginally enhanced by 0.44 dBi since the increase in the antenna’s directivity supersedes

the decrease in radiation efficiency.

Antenna Bending Tissue Model fres Bandwidth | Directivity | Total Radiation Realized SAR 10g
Type Angle (°) | Configuration | (GHz) % (dBi) Efficiency % Gain (dBi) (W/Kg)
TPA 90 Free Space 2.402 2.45 6.63 53.3 3.90 -
TPA 90 FEM Human 2.402 1.95 6.98 48.2 3.83 0.0721

TPA-MF 90 Free Space 2.411 3.16 8.15 55.9 5.63 -

TPA-MF 90 FEM Human 2.410 3.19 8.44 55.9 5.91 0.0385

Table 7.5: H-plane bending comparison between the TPA and TPA-MF simulated in free space and
placed on the FEM Human Model.

H-plane bending the TPA placed on the FEM Human Model is shown to cause no changes to
the resonant frequency and very small enhancement to the directivity. Due to a reduction in

the TPA’s radiation efficiency by 5.1%, the radiation efficiency’s reduction supersedes the
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increase in the antenna’s directivity and thus this time the realized gain reduces. The TPA’s
bandwidth reduces by 0.5%.

Despite the increased resonant frequency detuning for the TPA-MF compared to the
TPA, the TPA-MF is shown to maintain its radiation performance for all the parameters. There
is even a small improvement in the TPA-MF’s directivity and realized gain.

A comparison of the far-field cuts for H-plane bending the TPA-MF in free space and
placed on the FEM Human Model is shown in Figure 7.4 and Figure 7.5. For both cuts at the
major lobe, the magnitudes are almost equivalent. For the TPA-MF placed on the FEM Human
Model, the H-plane cut shows a reduction in magnitude at the back lobe for the antenna
placed on the FEM Human Model. It can also be seen that ripples are introduced at the back
lobe due to the interference between the radiation from the back lobe and the reflected
waveforms from the ground plane and human tissue. Also, the major lobe becomes

marginally broader in the E-plane cut.
E-Plane

0°
330° 30°

300° 60°
270° 90*
240° 120°
FEM Human Model
Free Space
210° 150°
180°

Figure 7.4: E-plane far-field cut in terms of realized gain for TPA-MF while bending along its E-plane.
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Figure 7.5: H-plane far-field cut in terms of realized gain for TPA-MF while bending along its E-plane.

Antenna | Bending Bending Tissue Model Mesh Cells Peak Memory | Total Simulation
Type Type Angle (°) | Configuration | (Tetrahedrons) Used (GB) Time (s)
TPA E-Plane 90 Free Space 85001 3.89 253
TPA E-Plane 90 FEM Human 900378 19.63 4237
TPA H-Plane 90 Free Space 85609 1.41 208
TPA H-Plane 90 FEM Human 903605 20.16 4407

TPA-MF E-Plane 90 Free Space 942538 8.10 609

TPA-MF E-Plane 90 FEM Human 512736 42.53 4463

TPA-MF H-Plane 90 Free Space 182558 9.27 414

TPA-MF H-Plane 90 FEM Human 510415 44.82 5555

Table 7.6: Comparison of the computational requirements using the frequency domain solver for

bending the TPA and TPA-MF in free space and placed on the FEM Human Model.

Adding the FEM Human Model drastically increases the computational effort requiring over
40 GB of RAM and taking a significantly longer time to simulate. The longest simulation time
is recorded for the TPA-MF H-plane bent over the FEM Human Model which lasted just under
2 hours. The largest amount of mesh cells belongs to both E and H-plane bending the TPA
over the FEM Human Model. Convergence of the S-parameters was shown not to be found
early in the mesh refinement process.

The various simulated radiation performance parameters for the TPA and TPA-MF for

the other tissue model configurations such as the cylindrical and homogenous phantom
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models for E and H-plane bending are given in Table C.1 and Table C.2 whereby similar trends
are seen.

SAR is computed for each tissue model for the proposed TPA and TPA-MF. The results are
shown in Table C.1 and Table C.2. SAR is shown to be low and complies well within the
recommended limits for all antenna model configurations. The result is expected due to the
antenna consisting of a large ground plane acting as an EM shield against backpropagating
radiation. There is shown to be some variance in the SAR results between the models for both
E and H-plane bending. For the cylindrical tissue model, SAR for both E and H-plane bending
is shown to be almost equivalent. For the homogenous phantom model, SAR is shown to be
slightly larger by 0.2 W/Kg, for H-plane bending, while the FEM human model shows the
opposite behaviour with SAR being higher for E-plane bending. Differences in SAR can be
attributed to how the antenna is placed on a cylindrical surface which is non uniform. The air
gaps between the skin tissue and the ground plane vary and thus SAR will also vary based on
the separation distance. SAR for the TPA-MF simulated on the FEM human model is shown to
be highest at a value of 0.526 W/Kg when E-plane bending the antenna and lowest for H-
plane bending with a value of 0.0385 W/Kg.

7.4 Conclusion
Overall, introducing human tissue models and bending effects to the proposed TPA and TPA-

MF show small changes to the antenna’s performance parameters. Introducing the human
tissue beneath the antennas shows an improvement in the antenna’s directivity compared to
its free space counterpart.

Chapter 5 and 6 found that E and H-plane bending results in a performance
degradation in different ways. For E-plane bending, the resonant frequency of the antenna
was shown to increase more than for H-plane bending, while H-plane bending shows to cause
impedance mismatch due to bending across the feedline and a more significant degradation
for the antennas realized gain than E-plane bending. Therefore, the orientation of the
antenna placed on a curved surface on the human body is an important factor to consider.

In this chapter, incorporating cylindrical type tissue models with increasing geometric
complexity to replicate a human arm shows marginal changes to the antenna’s performance
parameters. This can be attributed to the antennas consisting of a large ground plane.

The key results that have been identified in this analysis are:
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e Frequency detuning occurred for both antennas simulated in the presence of the FEM
human tissue model, however, the TPA-MF has the largest frequency detune shifting
upwards of up to 2.43 GHz for a 90-degree E-plane bending angle. Despite this shift
the operational bandwidth is large enough to operate at the intended resonant
frequency of 2.4 GHz.

e H-plane bending is shown to reduce the TPA’s directivity by 1.33 dBi compared to E-
plane bending when in the presence of the FEM human tissue model.

e The proposed TPA-MF simulated on the FEM human tissue model is shown to maintain
its directivity performance of 8.4 dBi for both E and H-plane bending operations.

e Abandwidth of 3% is maintained for both E and H-plane bending the TPA-MF in free-
space and placed on the FEM human tissue model.

e Introducing the FEM human body model results in a reduction in the total radiation
efficiency, which is shown to be more drastic for E-plane bending the TPA, reducing
from 46.4% to 42%

e Total radiation efficiency is shown to be superior for the TPA-MF than the TPA
simulated in free space and in the presence of tissue models.

e E-plane bending the TPA-MF in the presence of the FEM Human model results in a
total radiation efficiency reduction by 6% however it remains being a more efficient
radiator compared to the TPA by 6.5%.

It was also found that a detailed tissue model such as the FEM Human Model can be
simulated without the use of a high-performance workstation, provided that the simulation
is confined to the area of interest around the antenna. The area of interest in this analysis
was located on the arm of the FEM Human Model and thus mesh refinement processes on
the antennas can be performed to achieve a geometrically accurate simulation of the antenna

without exceeding memory (RAM) capability.

204



7.5
(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

[13]

(14]
[15]

(16]

References

D. Poljak and M. Cvetkovi¢, Human Interaction with Electromagnetic Fields. 2019.

C95.3-2021 - IEEE Recommended Practice for Measurements and Computations of Radio
Frequency Electromagnetic Fields With Respect to Human Exposure to Such Fields , 100 kHz —
300 GHz. |EEE, 2021.

Determining the Peak Spatial Average Specific Absorption Rate (SAR) in the Human Body from
Wireless Communications Devices, 30 MHz - 6 GHz. Part 1: General Requirements for using
the Finite Difference Time Domain (FDTD) Method for SAR Calculations. |EC/IEEE, 2017.

M. H. Repacholi, Biological Effects and Dosimetry of Nonionizing Radiation. Boston, MA:
Springer US, 1983.

S. Gabriel, R. W. Lau, and C. Gabriel, “The dielectric properties of biological tissues: Ill.
Parametric models for the dielectric spectrum of tissues,” Phys. Med. Biol., vol. 41, no. 11, pp.
2271-2293, 1996, doi: 10.1088/0031-9155/41/11/003.

M. Wolf, R. Gulich, P. Lunkenheimer, and A. Loidl, “Broadband dielectric spectroscopy on
human blood,” Biochim. Biophys. Acta - Gen. Subj., vol. 1810, no. 8, pp. 727-740, 2011, doi:
10.1016/j.bbagen.2011.05.012.

N. Base, Radio Frequency Radiation Dosimetry and Its Relationship to the Biological Effects of
Electromagnetic Fields. Dordrecht: Springer Netherlands, 2000.

S. Afshar et al., “Full Beta-Dispersion Region Dielectric Spectra and Dielectric Models of Viable
and Non-Viable CHO Cells,” IEEE J. Electromagn. RF Microwaves Med. Biol., vol. 5, no. 1, pp.
70-77, 2021, doi: 10.1109/JERM.2020.3014062.

C. Gabriel, “Compilation of the Dielectric Properties of Body Tissues at RF and Microwave
Frequencies,” King’s College London, 1996.

R. D. Saunders and J. G. R. Jefferys, “A neurobiological basis for ELF guidelines,” Health Phys.,
vol. 92, no. 6, pp. 596—603, 2007, doi: 10.1097/01.HP.0000257856.83294.3e€.

C95.1-2019 - IEEE Standards for Safety Levels with Respect to Human Exposure to Electric,
Magnetic, and Electromagnetic Fields, 0 Hz to 300 GHz. IEEE, 2019.

J. Song, R. P. Joshi, and K. H. Schoenbach, “Synergistic effects of local temperature
enhancements on cellular responses in the context of high-intensity, ultrashort electric
pulses,” Med. Biol. Eng. Comput., vol. 49, no. 6, pp. 713-718, 2011, doi: 10.1007/s11517-011-
0745-z.

G. Ziegelberger et al., “Guidelines for Limiting Exposure to Electromagnetic Fields (100 kHz to
300 GHz),” Health Phys., vol. 118, no. 5, pp. 483-524, May 2020, doi:
10.1097/HP.0000000000001210.

Matthew N.O. Sadiku, Elements of Electromagnetics, 7th ed. Oxford University Press, 2018.

European Union, “Directive No. 2013/35/EU, of 26 June 2013, on the minimum health and
safety requirements regarding the exposure of workers to the risks arising from physical
agents (electromagnetic fields),” Off. J. Eur. Union, vol. L179, no. June, pp. 1-21, 2013,
[Online]. Available: http://eur-lex.europa.eu/legal-
content/EN/TXT/PDF/?uri=CELEX:32013L0035&from=PT.

A. Hirata and O. Fujiwara, “The correlation between mass-averaged SAR and temperature
elevation in the human head model exposed to RF near-fields from 1 to 6 GHz,” Phys. Med.

205



(17]

(18]

(19]

[20]

[21]

[22]

Biol., vol. 54, no. 23, pp. 7227-7238, 2009, doi: 10.1088/0031-9155/54/23/013.

A. Alemaryeen and S. Noghanian, “On-Body Low-Profile Textile Antenna,” IEEE Tran. Antenn.
Propag., vol. 67, no. 6, pp. 3649-3656, 2019.

M. A. Callejon, J. Reina-Tosina, D. Naranjo-Hernandez, and L. M. Roa, “Galvanic coupling
transmission in intrabody communication: A finite element approach,” IEEE Trans. Biomed.
Eng., vol. 61, no. 3, pp. 775783, 2014, doi: 10.1109/TBME.2013.2289946.

M. Tudela-Pi, J. Minguillon, L. Becerra-Fajardo, and A. Ivorra, “Volume conduction for
powering deeply implanted networks of wireless injectable medical devices: A numerical
parametric analysis,” IEEE Access, vol. 9, pp. 100594-100605, 2021, doi:
10.1109/ACCESS.2021.3096729.

M. S. Wegmueller et al., “An attempt to model the human body as a communication
channel,” IEEE Trans. Biomed. Eng., vol. 54, no. 10, pp. 1851-1857, 2007, doi:
10.1109/TBME.2007.893498.

G. M. Noetscher, P. Serano, W. A. Wartman, K. Fujimoto, and S. N. Makarov, “Visible Human
Project® female surface based computational phantom (Nelly) for radio-frequency safety
evaluation in MRI coils,” PLoS One, vol. 16, no. 12, Dec. 2021, doi:
10.1371/journal.pone.0260922.

T. Weiland, M. Timm, and |. Munteanu, “A practical guide to 3-D simulation,” IEEE Microw.
Mag., vol. 9, no. 6, pp. 62—75, 2008, doi: 10.1109/MMM.2008.929772.

206



8 Conclusions

This thesis has addressed the challenge of miniaturizing and optimizing the patch antenna for
suitability in wearable applications, where the antenna can still perform optimally under H
and E-plane bending deformation. The Trapezoidal Patch Antenna (TPA) and the Trapezoidal
Patch Antenna with an AMC Metafilm (TPA-MF) are proposed as edge and inset fed
miniaturized variants of the microstrip patch antenna and are compared to the traditional
Rectangular Patch Antenna (RPA).

This chapter provides a chapter-by-chapter summary of the thesis followed by

suggestions for future work and a final reflection.

8.1 Summary

8.1.1 Chapter4
The TPA has been previously presented as a miniaturization technique however, there have

been no analytical methods presented giving insight into its radiation characteristics. An
approximate analytical analysis based on the Aperture Array Model (AAM) is presented for
the TPA. A far-field normalized power pattern plot can be computed analytically, while the
radiated power and directivity of the antenna is evaluated numerically. The aperture array
model shows that directivity decreases if the size of a radiating edge decreases.

A full-wave analysis shows that transforming the radiating element of a rectangular
patch to a trapezoidal patch can result in a surface area reduction by up to 38.9 % while
operating at the same frequency.

The size reduction of the radiating element’s aperture is shown to be a design
consideration for low-profile patch antenna applications. The decrease in the radiating
element’s size supersedes the marginal decrease in the antenna’s radiation performance. The
reduction in performance of the antenna’s directivity is less than what the analytical aperture
array analysis predicts.

8.1.2 Chapter5

The Cylindrical Aperture Array Model (CAAM) is used to analyse the radiation characteristics
of the proposed trapezoidal patch antenna (TPA). The CAAM shows that patch antenna
bending degrades the directivity of the antenna while increasing back lobe radiation and

broadening the side lobes.
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Using the Cylindrical-Rectangular Cavity Model the resonant frequency detune for a
rectangular patch antenna can be investigated for both E and H-plane bending. The model
represents the cross-section of the patch as a sector of an annulus between two concentric
circular cylinders of radius Ry and h. The results show that bending along the E-plane of the
antenna increases the resonant frequency linearly from 2.4 GHz for a 0° bending angle to
2.73 GHz for a 240° bending angle. Bending along the H-plane has no effect on the resonant
frequency. This model assumes a ground plane that extends the width and length of the
aperture.

A full wave simulation analysis is performed on the TPA which is compared to the
insights gained from the analytical models. The definition of antenna bending for the full wave
simulation analysis is now changed to account for the antenna’s ground plane which is larger
than the radiating element. E-plane bending is shown to increase the antennas resonant
frequency the most. However, the proposed TPA results in a resonant frequency detune
which is 15 MHz less than the RPA for E-plane bending and 4 MHz less than the RPA for H-
plane bending. The simulated farfield pattern is plotted in terms of realized gain. The farfield
pattern is consistent with the power pattern plotted using the CAAM, showing a decrease in
magnitude at the main lobe, increasing back lobe and broadening side lobes.

H-plane bending for a bending angle between 0° and 180° reduces the realized gain
linearly for the TPA from 4.47 dBi to 3.49 dBi. While for E-plane bending the realized gain
increases for small bending angles up to a bending angle of 60°. For bending angles greater
than 60° the realized gain starts degrading. Overall, E-plane bending does not degrade the
antennas realized gain as much as H-plane bending.

8.1.3 Chapter 6
The Trapezoidal Patch Antenna loaded with an AMC MetaFilm (TPA-MF) is proposed as a
performance enhancement method. Compared to the RPA, the TPA-MF results in a 55 %
reduction in the radiating element’s surface area, while maintaining the antenna’s bandwidth
and realized gain.

The Generalized Sheet Transition Conditions (GSTCs) is argued as the appropriate
method of characterizing the metafilm’s dielectric properties and thus a comparison is made
between the effective medium model and the generalized sheet transition condition (GSTCs)

method to characterize the AMC metafilm. There are differences in the computed
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susceptibilities between the two characterization models which needs to be validated with
measured results.

Bending analysis for both E and H-plane bending results in more resonant detuning
when compared to the TPA. For E-plane bending the TPA-MF detunes to 2.456 MHz for a
bending angle of 180°, while the TPA only detunes to 2.427 GHz for the same bending angle.
The realized gain for the TPA-MF suffers more than the RPA and TPA for increasing bending
angles. E-plane bending improved the realized gain and directivity for the TPA and RPA for
small bending angles up to 60°, however for the TPA-MF the realized gain and directivity falls
sharply. For an E-plane bending angle of 120° the realized gain of the TPA outperforms the
TPA-MF. The directivity of the TPA outperforms the TPA-MF after a bending angle of 90°. The
TPA-MF has an increasing bandwidth for increasing bending angles which is shown to
outperform both the RPA and the TPA.

For H-plane bending, the TPA-MF has a resonant shift to 2.421 GHz for a bending
angle of 180°. The antenna’s realized gain, directivity and bandwidth decrease as the bending
angle increases but not as much when compared to E-plane bending. The TPA-MF maintains
superior performance to that of the TPA and RPA over all the bending angles analysed.

E-plane bending the TPA-MF for a bending angle of 150° results in the intended
operating frequency of 2.4 GHz detuning outside of the antenna’s bandwidth. This is the
same for the RPA. The TPA is shown to be the most resilient to E-plane bending only detuning
outside of the antenna’s bandwidth for a bending angle of 180°.

Overall, it can be shown that the radiation performance of the TPA-MF exceeds that
of the RPA and TPA. However, when bending is applied to the antenna the performance of
the TPA-MF varies depending on the type of bending. E-plane bending for the TPA-MF is
shown to have more detrimental effects than H-plane bending.

8.1.4 Chapter7

Introducing human tissue to the proposed TPA and TPA-MF has a small performance
enhancing effect on the TPAs and TPA-MFs directivity. Introducing human tissue models
behave as if it were extending the antenna’s ground plane. Due to the lossy nature of human
tissue, the total radiation efficiency of the antenna reduces compared to its free space
counterpart.

For the antenna operating at 2.4 GHz, SAR is shown to be low and complies well within
the recommended limits for all antenna model configurations.
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Introducing antenna bending by placing the antenna on a curved surface such as the
human arm model shows that it is important to consider the orientation of the antenna.
Chapter 6 showed that there are significant differences between H-plane and E-plane bending
for the TPA and TPA-MF. Simulating the TPA and TPA-MF on the FEM Human Model did not
show much change compared to the free space equivalent simulations in Chapter 6.

When the antennas are placed on a curved cylindrical surface such as an arm, leg,
torso etc, H-plane bending the antenna across the surface is recommended as opposed to E-
plane bending for the proposed TPA-MF. H-plane bending the TPA-MF results in less resonant
frequency detuning and maintains a superior realized gain for increasing bending angles
compared to the TPA.

Modelling the FEM Human Model is computationally expensive. It was shown that this
type of detailed tissue model can be simulated accurately with mesh refinement techniques
without the use of a high-performance workstation provided the simulation is confined to the

area of interest.

8.2 Future Research Directions

8.2.1 Fabrication and Measurements
The research presented in this thesis can be taken forward in various ways. First and foremost

a natural progression from the research undertaken so far would be to focus on fabrication
and measurements for the proposed TPA and TPA-MF using a digitally controlled sewing
machine to create a fully textile antenna.

A prototype was generated for the TPA which is designed as a partial textile with a
cotton substrate and copper tape used for the conductive elements. So far only reflection
parameters have been obtained using a NanoVNA. Measurements for the radiation pattern,
realized gain, directivity, radiation efficiency, impedance are required to validate the
simulated results. A prototype for the TPA-MF has also been created however no
measurements have been obtained as of now.

Measurements are also required to validate the characterization of the AMC

metafilm’s susceptibilities using the GSTC method.

8.2.2 Analytical Analysis
The AAM in Chapter 4 only considers radiation in the upper hemisphere of the TPA’s radiation

pattern. Future work for this model includes incorporating edge diffraction effects around the

ground plane using straight edge diffraction equations derived from Uniform Theory of
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Diffraction (UTD). Future work also includes incorporating H-plane bending to the Cylindrical-
AAM. In H-plane bending the apertures themselves are bent resembling a sector of an
annulus. Therefore, the form of the electric field of the radiating apertures will not be the

same as for E-plane bending.

8.2.3 Further Miniaturization
Miniaturization in this research was focused solely on the patch antenna’s radiating element,

while the adjacent structures such as the size of the ground plane remain constant. This type
of miniaturization is regarded as a secondary miniaturization. Further miniaturization of the
antenna can be achieved by reducing the size of the ground plane or the number of AMC unit
cells used in the TPA-MF. It may be worth investigation if there is a critical size which enables
the proposed TPA and TPA-MF to remain compact yet have optimal radiation performance
parameters.

8.2.4 Applying Further Bandwidth Enhancement Techniques

The TPA-MF was shown to have a bandwidth enhancement. However, this can be increased
by investigating bandwidth enhancing techniques using parasitic elements or slots to create
resonances around the patch’s resonant frequency and without alteration to the antenna’s

ground plane.

8.2.5 Further Simulation of the Proposed Antennas on the Human Body
Full-wave simulations with the antennas on a full body model need to be performed using a

high-performance workstation to determine whether a partial body model is adequate for an

accurate characterization on how the antenna interacts with the other parts of the body.

8.2.6 Method for Implementing Circular Polarization
A circularly polarized patch is known to be favourable for wearable applications due to their

improved signal robustness with human body movement [1]. Furthermore, bending circularly
polarized antennas is known to remove the circular polarization characteristics [2]. Therefore,
a method to circularly polarize the TPA and TPA-MF while maintaining circular polarization

characteristics during bending operations is to be investigated.

8.3 Reflection

This PhD research started as an investigation of textile microstrip patch antennas with the
focus on modelling and simulation. The aim was to investigate whether woven textiles

influenced the patch antenna’s radiation performance parameters.
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Although not formally reported, an attempt to simulate woven structures in CST
Microwave Studio was explored. Attempts were made to generate textile models in the
software TexGen and exporting them into CST. There were also attempts to manually build a
model of the woven textile patch antenna in CST. However due to the exceedingly large
amount and poor quality of mesh cells during the discretization process of the model, it did
not seem possible to achieve an accurate simulation while incorporating mesh refinement
processes with the available computational capabilities. A decision was made not to pursue
the simulation challenges further.

Consequently, the research focus moved to other challenges related to wearable
textile patch antenna’s, specifically, investigating methods for antenna bending and
techniques to miniaturize the antenna without sacrificing performance in the presence of
surrounding human tissue. This journey taken on pushing the developments of a suitable
wearable textile patch antenna has led to the proposed inset-fed TPA being miniaturized and
more resilient to antenna bending compared the traditional RPA. The TPA-MF was also
proposed which achieved a performance enhancement regarding the antenna’s directivity,
realized gain and bandwidth, allowing for improvements in operational performance. A
performance comparison between the proposed antennas and various textile patch antennas
is presented in Table 8.1. The TPA-MF has a high realized gain of up to 6.56 dBi which
outperforms most of the reported antennas. The probe fed textile rectangular patch antenna
reported in [3] has marginally better gain, however the proposed TPA and TPA-MF use a
microstrip feed which guarantees a flat structure and the ability to use a relatively thin
substrate. The microstrip feed also allows the assembly of electronic components directly on
the fabric in antenna proximity [4]. The TPA-MF also showed a bandwidth enhancement
compared to the TPA without using bandwidth enhancing techniques such as an aperture
coupled feedline [5] and introducing slots into the resonator [6].

As discussed in Chapter 1, various application examples for wearable patch antennas
were highlighted such as on-body power harvesting and location transmitters. In this research
the TPA-MF was shown to miniaturize the radiating element to that of a conventional RPA
while also maintaining bandwidth, radiation efficiency and high gain performance. In addition
to the peak gain of the TPA-MF, it is also important to consider how its coverage is distributed
around the body [7]. A body-worn patch antenna with a narrow beamwidth is more sensitive

to the wearer's movements and will experience a significant decrease in performance as a
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result. Multiple antenna elements placed strategically around the body can result in a
radiation pattern with a high gain over a wide field-of-view. The TPA-MF is a good candidate
for an on-body distributed array for off-body communication links as it is low-profile, resilient
to antenna H-plane deformations and the influence of lossy human tissue. Such distributed
array applications include on-body power harvesting [8], space communication and

navigation system for astronauts [7] and body-worn MIMO systems [9].

Ref Patch Antenna fres e tan & Antenna Size RESA Gain Bandwidth e Year
Configuration (GHz) r (mm?) (mm?) (dBi) (%) (%)
[10] Textile 2.45 1.25 - 78x73.5 2548 - 6.9 70 | 2006
Rectangular-Ring
[3] Textile 2.44 1.9 0.0045 115x73 x4 1358 6.6 6.2 78 2008
Rectangular Patch
Inset-Fed 100 x 100 x
[11] Rectangular Patch 2.45 1.6 0.02 2.808 1922 - - 41.4 2012
Dual Band Patch
[12] with AMC 2.45/5.20 1.2 0.044 100x100x 3 2087 2.5/4 - >40 2014
[13] TEXt"ePgt”ci"Ba"d 2.40/520 | 1.3 | 0.044 | 50x20x6.34 | 200 | -3.8/6.2 5.51/13.7 - 2015
Textile 100 x 100 x
[14] Rectangular Patch 2.40 2.1 - 1.06 2050 - 1.25 - 2017
Aperture Coupled 100 x 100 x
[5] Textile Patch 2.45 1.35 0.044 334 1267 5.42 9.72 50.8 2023
This Inset-Fed 110 x 110 x «
work Trapezoidal Patch 2.40 1.6 0.02 2.87 1749 4.57 1.84 40.9 2023
. Inset-Fed
This | 1o pezoidal Patch 2.40 16 | 002 110x110x | ,5g 6.56* 3.07 483 | 2023
work . 2.87
with AMC
Note: RESA = Radiating Element Surface Area *Realized Gain

Table 8.1: Proposed antennas compared with some textile patch antennas reported in Chapter 2.
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Appendix

A. MATLAB Codes

Al Dual-AAM to compute far-field patterns for the TPA
This section provides a walkthrough of the implementation of the Aperture Array Model

(AAM) presented in Chapter 4 using MATLAB.

clc

format long;

% units

meters = 1;

seconds =1;

hertz = 1/seconds;
millimeters = le-3 * meters;
gigahertz = 1le9 * hertz;
seconds =1;

degrees = pi/180;

% constants
cO0 = 299792458 * meters/seconds;
e0 = 8.854187812813e-12 * 1/meters;

u0 = 1.256637062121e-6 * 1/meters;

NO = 376.7303136686;

er = 1.6; %relative permittivity of patch substrate
h = 2.8*millimeters; %height of aperture

f = 2.4*gigahertz; S%Sresonant frequency

lambda = c0/f; %wavelength

k = (2*pi)/ (lambda) ; S%$wavenumber

o0

Computation of the patch antennas width and length and distance to
farfield

o0

w = (c0/(2*f)) *sqrt(2/ (er+l)); %Aperture width

e reff = ( (er+l)/2 ) + ( (er-1)/2 )*( 1+ 12*(h/w))"(-1/2); %effecitve dieletric
constant

1 ext = ( 0.412*%(h)) * ((e_reff +0.3) * ( (w/h) + 0.264 )) ...,

/ ((e_reff -0.258) * ( (w/h) + 0.8 )) ; %length extension due to fringe fields
1= (1/ (2*f*sgrt(e_reff)*sqrt (ud*el)) ) - 2*1 ext ; %length between apertures
1l eff =1+ 2*1 ext; Stotal length including fringe fields
r = 2*(w) "2/ (lambda) ; %$farfield distance (diagonal distance of trapezoid)

% E-plane
PHI = 0;

THETA=(0:360) *pi/180; % convert degrees to radians

$Forming the vector of various widths for the aperture of width W'
w_prime sweep = linspace(5*millimeters, w,2);

no_sweep = numel (w_prime sweep); Snumber of elements in the sweep
P n container = zeros(no sweep,numel (THETA)); S%preallocated container

index = 1;

for w prime = w_prime sweep %calculating P _n for each value of W'
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$calculating the diagonal length 1 d of equilateral trapezoid
= (w-wprime ) ./ 2 ;
~d = sqgrt( (1)*"2 + (g9).%2 );

= Q

%angle of triangle that forms the sides of the trapezoid
alpha = asind(g./1 d);
alpha rad = alpha .* degrees;

$midline distance in trapezoid

w c = (wtw _prime)/2;

d = (k*h)/(2*pi*r);

X = (k*(w/2)).*sin (THETA) .* (sin (PHI)) ; %argument X
Y = (k*(w_prime/2)).*sin(THETA) .*sin (PHI); %Sargument Y
w_funl = w.*sincX(X) 3

w fun2 = w prime.*sincX(Y) ;

exp w = 1li*k*1 eff*cos (THETA)/2;

exp wprime = -1i*k*1 eff*cos (THETA)/2;

%E-fields for the apertures across the widths of the patch

E theta = -1i*d .*cos(PHI).* (exp(-1li*k*r)/r) .* ...,
( (w_funl.*exp(exp w)) + (w_fun2.*exp(exp wprime) ) );

E phi = 1li*d .*cos(THETA).*sin(PHI).* (exp(-li*k*r)/r) .* ...,
( (w_funl.*exp(exp w)) + (w_fun2.*exp(exp wprime) ) );

E theta total = E theta ;
E phi total = E phi ;

absk thetasqgl = abs( E theta).”2; %absolute value squared for E theta
absE phisql = abs( E phi)."2; %absolute value squared for E phi

absE thetasqg2 = abs( E theta total).”2; %absolute value squared for E theta for
Quad-AAM

absE phisg2 = abs( E phi total).”2; %absolute value squared for E phi for Quad-AAM
W rad = ( 1/(2*NO) ) .* ( absE thetasg2 + absE phisg2);

U=r"2 .* W rad;

P n container(index,:) = 10*1oglO((U)./(max(U))); Snormalized power pattern or
radiation intensity plot

index = index + 1;
end
figure (1)

plot ((180/pi) *THETA, (P_n container(l,:)), 'LineWidth', 1.5,
'Color', 'k', 'LineStyle','-");

hold on
plot((lBO/pi)*THETA,(P_n_container(Z,:)), 'LinewWidth', 1.5 ,
'Color','k', 'LineStyle','-=-");

x1im ([0 90]);

ylabel ('$ \mathrm{U(\theta,\phi)} / \mathrm{U {max}} \; \mathrm{ (dB) }
S$','Interpreter', 'latex', 'FontSize', 12);

xlabel ('$\theta$ $("\circ) $', 'Interpreter', 'latex', 'FontSize',K 12);
title('E-plane', 'Interpreter', 'latex', 'FontSize', 12)

grid on;

legend({'SW 2 = 58 mm', 'SW 2 = W 1 = 54.8% mm'}, 'Location', 'Southeast',
'Interpreter', 'latex');

216



[

% H-plane

figure (2)

THETA = pi/2;

PHI=(0:360)*pi/180; % convert degrees to radians

$Forming the vector of various widths for the aperture of width W'
w_prime sweep = linspace(5*millimeters, w,2);

no_sweep = numel (w_prime sweep); Snumber of elements in the sweep
P n container2 = zeros(no_ sweep,numel (PHI)); S%preallocated container

index = 1;
for w prime = w_prime sweep %calculating P _n for each value of W'
$calculating the diagonal length 1 d of equilateral trapezoid

= (w- wprime ) ./ 2 ;
~d = sqgrt( (1)*"2 + (g9)."2 );

= Q

%angle of triangle that forms the sides of the trapezoid
alpha = asind(g./1 d);
alpha rad = alpha .* degrees;

$midline distance in trapezoid

w c = (wtw_prime)/2;

X = (k*(w/2)) .*sin (THETA) . *sin (PHI) ; %argument X
Y = (k*(w_prime/2)).*sin(THETA) .*sin (PHI); %Sargument Y
w_funl = w.*sincX(X) 8

w_fun2 = w_prime.*sincY(Y) ;

exp w = li*k*l*cos (THETA)/2;

exp wprime = -li*k*1l*cos(THETA)/2;

%E-fields for the apertures across the widths of the patch

E theta = -1i*d .*cos(PHI).* sincX(k*h*sin (THETA) .*cos (PHI)/2) .* (exp(-1li*k*r)/r)
*
o o ap
( (w_funl.*exp(exp w)) + (w_fun2.*exp(exp wprime) ) );

E phi = 1i*d .*cos(THETA).*sin(PHI).*sincX (k*h*sin (THETA) .*cos (PHI)/2).* (exp(-
li*k*r)/r) .* ...,
( (w_funl.*exp(exp w)) + (w_fun2.*exp(exp wprime) ) );

%E-fields for the non-radiating apertures across the length of the patch

% sin taper
E phi Ld = ((k*1 d)"2/pi) * (sin(2*THETA)) .* sincX(k*h*sin(THETA) .*cos (PHI)/2)
.* ( cos(k*1l d*cos(THETA)/2) ./ ((pi)”2 - (k*1 d*cos(THETA))."2 )).*...,
(cos((1/2) *k* w_c * sin(THETA).*cos(PHI) )).* (exp(-li*k*r)/r);

E theta Ld = 0;
E theta total = E theta + (E theta Ld) ;
E phi total = E phi + (E_phi Ld);

abskE thetasqgl = abs( E theta).”2; %absolute value squared for E theta
abskE phisql = abs( E phi).”"2; %absolute value squared for E phi

absE thetasq2 = abs( E theta total).”2; %absolute value squared for E theta for
Quad-AAM

abskE phisq2 = abs( E phi total).”2; %absolute value squared for E phi for Quad-AAM
W rad = ( 1/(2*N0) ) .* ( absE thetasq2 + absE phisq2 );
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U=r1r"2 .* W rad;

P n container2(index,:) = 10*1loglO((U)./(max(U))); Snormalized power pattern or
radiation intensity plot

index = index + 1;

end

P n container2(1,91) NaN;
P n container2(2,91) = NaN;
plot ((180/pi) *PHI, (P n _container2(1,:)), 'LineWidth', 1.5 ,

'Color', 'k', 'LineStyle','=-");

hold on
plot((lSO/pi)*PHI,(P_n_container2(2,:)), 'LineWidth', 1.5 ,
'Color', 'k', 'LineStyle', '-=");

x1im ([0 907);

ylabel ('$ \mathrm{U(\theta,\phi)} / \mathrm{U {max}} \; \mathrm{ (dB) }
$','"Interpreter', 'latex', 'FontSize',6 12);

xlabel ('$\phi$ $("\circ) $', 'Interpreter', 'latex', 'FontSize',6 12);
title('H-plane', 'Interpreter', 'latex', 'FontSize', 12)

grid on;

legend ({'SW 2 = 55 mm', 'SW 2 = W_1
'Interpreter', 'latex');

54.8$% mm'}, 'Location', 'Southeast',

function out = sincX(x)

out = sin(x)./(x);
if x == 0

out = 1;
end

end

function out = sincY (y)

out = sin(y)./(y):
if y ==
out = 1;
end
end

A2 Dual and Quad-AAM to compute directivity for the TPA

clc

close all

format long;

Aperture Array Model

Implementation of the Aperture Array Model (AAM) presented in Chapter 4

for modelling the trapezoidal patch antenna as an array of 2 and 4 apertures.

o oo

oe

oe

DEFINED UNITS

meters = 1;

seconds = 1;

hertz = 1/seconds;
millimeters = 1le-3 * meters;
gigahertz = le9 * hertz;
seconds = 1;

degrees = pi/180;

% CONSTANT DEFINITIONS
c0 = 299792458 * meters/seconds;
e0 = 8.854187812813e-12 * 1/meters;
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u0 1.256637062121e-6 * 1/meters;
NO = 376.7303136686;

er = 1.6; %relative permittivity of patch substrate
h = 2.8*millimeters; $height of aperture

f = 2.4*gigahertz; S$Sresonant frequency
lambda = c0/f; %wavelength
k = (2*pi)/ (lambda) ; S%$wavenumber

o©

Computation of the patch antennas width and length and distance to
farfield

o©

w = (c0/(2*f))*sqrt(2/(er+l)); %Aperture width

e reff = ( (er+l)/2 ) + ( (er-1)/2 )*( 1+ 12*(h/w))"(-1/2); %effecitve dieletric
constant

1 ext = ( 0.412*(h)) * ((e_reff +0.3) * ( (w/h) + 0.264 )) ...,

/ ((e_reff -0.258) * ( (w/h) + 0.8 )) ; %length extension due to fringe fields
1= (1/ (2*f*sqrt (e reff) *sqrt (ud*e0)) ) - 2*1 ext ; %length between apertures
1l eff =1 + 2*%1 ext;

r = ( 2/ (lambda) ) * (w)”"2; %$farfield distance calculated with the largest

dimension of the antenna

oo

The upper and lower limits of $S$\theta $$ and $S$S\phi $$ in degrees are defined.
The upper limit for $S\theta = 90"{\circ} $$ defines that
% radiation is propagating normal to the patch in the upper hemisphere

o

Theta L=0;
Theta U=90;
Phi L=0;

Phi U=360;

%Creating the meshgrid

theta=(Theta_L:Theta_U)*pi/180; % convert degrees to radians
theta=theta-0.0001;

phi=(Phi L:Phi U)*pi/180; % convert degrees to radians
phi=phi-0.0001; % term added since first element cannot be zero.
$trailing edge incrementation for theta and phi

dth=theta (2)-theta (1) ;

dph=phi (2) -phi (1) ;

[THETA, PHI]=meshgrid (theta, phi);

$Forming the vector of various widths for the aperture of width W'
w_prime sweep = linspace(0.l*millimeters, w,100);

no_sweep = numel (w_prime sweep); Snumber of elements in the sweep

$preallocated container for computed directivities using the dual and quad
%aperture array model

dual direct container dB = zeros(no_ sweep,1l);
non radiating edges direct container dB = zeros(no_sweep,1l);
index = 1;

for w prime = w _prime sweep %calculating the directivity for each value of W'

%calculating the diagonal length 1 d of equilateral trapezoid
g= (w-wprime ) ./ 2 ;
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1 d=sqgrt( (1)"2 + (g)."2 );

e

$angle of triangle that forms the sides of the trapezoid
alpha = asind(g./1 d);
alpha rad = alpha .* degrees;

o©

e

$midline distance in trapezoid

w_c = (wtw_prime)/2;

%some variables defined to shorten the expression for the E-fields
d = (k*h)/(2*pi*r);

X = (k*(w/2)) .*sin (THETA) . *sin (PHI) ; %$argument X

Y = (k*(w_prime/Z)).*sin(THETA).*sin(PHI); Sargument Y

w_funl = w.*sincX(X) ;

w fun2 = w prime.*sincX(Y) ;

exp w = 1li*k*1 eff*cos (THETA)/2;

exp wprime = -1i*k*1 eff*cos (THETA)/2;

%E-fields for the apertures across the widths of the patch

E theta = -1i*d .*cos(PHI).* sincX(k*h*sin (THETA) .*cos (PHI)/2) .* (exp(-1li*k*r)/r)
*
5 o0p
( (w_funl.*exp(exp w)) + (w_fun2.*exp(exp wprime) ) );

E phi = 1i*d .*cos(THETA).*sin(PHI).*sincX (k*h*sin (THETA) .*cos (PHI)/2).* (exp(-
li*k*r)/r) .* ...,

( (w_funl.*exp(exp w)) + (w_fun2.*exp(exp wprime) ) );

$non-radiating apertures (horizontal components)

E theta g = (-1i*k*h*g/2*pi) * cos(PHI) .* sincX(k*h*sin (THETA).*cos (PHI)/2)...,
.*sincX (k*g*sin (THETA) .*cos (PHI)) .* (2*cos(k*w_c*cos(THETA)/2)) X (exp (-
li*k*r)/r);
E phi g = (-li*k*h*g/2*pi) * cos(THETA).*sin(PHI) .*
sincX (k*h*sin (THETA) . *cos (PHI) /2) ...,
.*sincX (k*g*sin (THETA) . *cos (PHI)) . * (2*cos(k*w_c*cos(THETA)/Z)) .* (exp (-

li*k*r)/r);

oe

E-fields for the non-radiating apertures across the length of the patch
(vertical component)
cosine taper

o

oe

E phi Ld = (-1i*k*h*(1)"2) * (sin(THETA)) .* sincX(k*h*sin(THETA) .*cos (PHI)/2) ...,
.* ( cos(k*1l*cos (THETA)/2) ./ ((pi)”*2 - (k*1*cos(THETA))."2 )).*...,
(2*cos ((1/2)*k* w_c * cos(acos (sin(THETA).*sin (PHI) ) ) )).*(exp(-

li*k*r)/r);
E theta Ld = 0;

E theta total = E theta + E theta g + E theta ILd ;
E phi total = E phi + E phi g + E phi Ld;

absE thetasqgl = abs( E theta) .”2; %absolute value squared for E theta
absE phisqgl = abs( E phi).”2; %absolute value squared for E phi

abskE thetasqg2 = abs( E theta total).”2; %absolute value squared for E theta for
Quad-AAM

absE phisg2 = abs( E phi total).”2; %absolute value squared for E phi for Quad-AAM
W radl = ( 1/(2*N0) ) .* ( absE_thetasgl + absE phisqgl ); %Dual-AAM average power
density

W rad2 = ( 1/(2*N0) ) .* ( absE thetasg2 + absE phisqg2); %$Quad-AAM average power
density

Ul = r*2 .* W radl; S%radiation intensity for Dual-AAM
U2 = r*"2 .* W rad2; S%radiation intensity for Quad-AAM

$numerical computation of the radiated power for the Dual-AAM and Quad-AAM
Pradl=sum(sum(Ul.*sin (THETA) *dth*dph) ) ;
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Dl=4*pi*max (max (Ul))/Pradl; %linear directivity calculation
D dbl=10*10gl0(Dl); S%directivity in dB

Prad2=sum (sum(U2.*sin (THETA) *dth*dph) ) ;
D2=4*pi*max (max (U2)) /Prad2;
D db2=10*1ogl0 (D2) ;

$gmaximum directivities for varyin W' collected here

dual direct container dB(index) = D dbl; %Dual-AAM

non radiating edges direct container dB(index) = D db2; %Quad-AAM
index = index + 1;

end

figure (1)

plot (w prime sweep*le3,dual direct container dB, 'LineWidth', 1.5 ,
'Color', 'k', 'LineStyle', '-=");

x1lim([5 55]);

$ ylim([3 12]);

ylabel ('Directivity (dBi)', 'Interpreter', 'latex');

xlabel ('Aperture Width WS 2% (mm)', 'Interpreter', 'latex');

grid on;

hold on

plot (w prime sweep*le3,non radiating edges direct container dB, 'LineWidth', 1.5 ,
'Color', 'k', 'LineStyle','-");

hold on

% W primel = [54.8 45 40 35 30 25 20 15 10 5]; $values for W' used in full-wave
simulations

W primel = [5 10 15 20 25 30 35 40 45 54.8];

Dir fd = [8.14 8.07 7.99 7.96 7.89 7.85 7.80 7.77 7.78 7.74 1; Sfull-wave
simulated directivites using frequency domain solver

Dir td = [8.38 8.30 8.26 8.22 8.22 8.1 8.05 8.04 8.04 8.03 ]; %full-wave simulated
directivities using time-domian solver

% legend({'Dual-Aperture Array Model', 'Quad-Aperture Array Model'}, 'Location',
'Southeast', 'Interpreter',6 'latex');

coefficients = polyfit (W primel, flip(Dir fd), 1);

xFit = linspace(min(W _primel), max (W primel), 1000);

yFit = polyval (coefficients , xFit);

plot (W primel, flip(Dir fd), 'k.', 'MarkerSize', 15); % Plot training data.

hold on; % Set hold on so the next plot does not blow away the one we just drew.
plot (xFit, yFit, 'k-.', 'LineWidth', 1.5); % Plot fitted line.

grid on;

)

% plot (W prime,Band w_td, 'lineWidth', 1.5, 'Color',6 'k',6 'LineStyle',6 '-");

hold on;

coefficients2 = polyfit (W primel, flip(Dir td), 1);

yFit2 = polyval (coefficients2 , xFit);

plot (W _primel, flip(Dir td), 'ko', 'MarkerSize', 5); % Plot training data.

hold on; % Set hold on so the next plot does not blow away the one we just drew.
plot (xFit, yFit2, 'k:', 'LineWidth', 1.5); % Plot fitted line.

oe

plot (W primel,Dir fd, 'LineWidth', 1.5, 'Color',6 'k',6 'LineStyle',':");

% plot (W primel,Dir td, 'LineWidth', 1.5, 'Color','k','LineStyle','-.");
legend ({'Dual-Aperture Array Model', 'Quad-Aperture Array Model', 'Simulated
Frequency Domain', ...,

'Frequency Domain Trendline', 'Simulated Time Domain', 'Time Domain Trendline'
}, 'Location', 'Southeast', 'Interpreter',6 'latex');

figure (2)

plot (w _prime sweep*le3,dual direct container dB, 'LineWidth', 1.5,
'Color', 'k', 'LineStyle', '=-");
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x1lim([5 55]);

% ylim([3 121);

ylabel ('Directivity (dBi)', 'Interpreter',6 'latex', 'FontSize', 12);

xlabel ('Aperture Width $\mathrm{W 2}$ (mm)', 'Interpreter',6 'latex', 'FontSize',
12);

grid on;
function out = sincX(x)
out = sin(x)./(x);
if x ==
out = 1;
end
end

A3 Quad-AAM to compute far-field pattern for the TPA

close all;
ele
format long;

% DEFINED UNITS

meters = 1;

seconds = g

hertz = 1/seconds;
millimeters = le-3 * meters;
gigahertz = 1e9 * hertz;
seconds = g

degrees = pi/180;

% CONSTANT DEFINITIONS

cO0 = 299792458 * meters/seconds;

e0 8.854187812813e-12 * 1/meters;
u0 1.256637062121e-6 * 1/meters;
NO = 376.7303136686;

er = 1.6; Srelative permittivity of patch substrate
h = 2.8*millimeters; $height of aperture

$ 1 = 52*millimeters; Smaximum dimension of patch
EO = 1; $normalized

f = 2.4*gigahertz; S%resonant frequency

lambda = c0/f; %$wavelength

= (2*pi)/ (lambda) ; %wavenumber

Computation of the patch antennas width and length and distance to
farfield

[

o\

w = (c0/(2*f)) *sqrt(2/(ex+l)); S$Aperture width

e reff = ( (er+l)/2 ) + ( (er-1)/2 )*( 1+ 12*(h/w))"(-1/2); %effecitve dieletric
constant

1 ext = ( 0.412*(h)) * ((e_reff +0.3) * ( (w/h) + 0.264 )) ...,

/ ((e_reff -0.258) * ( (w/h) + 0.8 )) ; %length extension due to fringe fields
1= (1 / (2*xf*sqrt(e_reff)*sqgrt(ul*el)) ) - 2*1 ext ; %$length between apertures
1l eff =1 + 2*1 ext; %total length including fringe fields
r = 2*(70*millimeters) ~2/ (lambda) ; %farfield distance (diagonal distance of
trapezoid)

% E-plane
PHI = 0;

THETA=(0:360) *pi/180; % convert degrees to radians

$Forming the vector of various widths for the aperture of width W'
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w prime sweep = linspace(5*millimeters, w,2);

no sweep = numel (w prime sweep); S%Snumber of elements in the sweep

P n containerl = zeros(no_sweep,numel (THETA)); %preallocated container
P n container2 = zeros(no sweep,numel (THETA)) ;

index = 1;

for w prime = w prime sweep %calculating P n for each value of W'

%calculating the diagonal length 1 d of equilateral trapezoid
= (w- wprime ) ./ 2 ;
~d = sqgrt( (1)*"2 + (g9)."2 );

=«

%angle of triangle that forms the sides of the trapezoid
alpha = asind(g./1 d);
alpha rad = alpha .* degrees;

$midline distance in trapezoid

w c = (wtw_prime)/2;

d = (k*h)/(2*pi*r);

X = (k*(w/2)).*sin (THETA) .* (sin (PHI)); %argument X
Y = (k*(w_prime/2)).*sin(THETA) .*sin (PHI); %argument Y

$ X = 0;

Y = 0;

w_funl = w.*sincX(X) B

w_fun2 = w prime.*sincX(Y) ;

exp w = 1i*k*1 eff*cos (THETA)/2;

exp wprime = -1i*k*1 eff*cos(THETA)/2;

$E-fields for the apertures across the widths of the patch

E theta = -1i*d .*cos(PHI).* sincX(k*h*sin (THETA) .*cos (PHI)/2) .* (exp(-1li*k*r)/r)
*
. ..y
( (w_funl.*exp(exp w)) + (w_fun2.*exp(exp wprime) ) );

E phi = 1i*d .*cos(THETA).*sin(PHI).*sincX (k*h*sin (THETA) .*cos (PHI)/2).* (exp(-
li*k*r)/r) .* ...,

( (w_funl.*exp(exp w)) + (w_fun2.*exp(exp wprime) ) );

$non-radiating apertures (horizontal components)

E theta g = (-1li*k*h*g/2*pi) * cos(PHI) .* sincX(k*h*sin(THETA).*cos(PHI)/2)...,
.*sincX (k*g*sin (THETA) . *cos (PHI)) .* (2*cos(k*w_c*cos(THETA)/Z)) .* (exp (-
li*k*r)/r);
E phi g = (-li*k*h*g/2*pi) * cos(THETA).*sin(PHI) .*
sincX (k*h*sin (THETA) . *cos (PHI) /2) ...,
.*sincX (k*g*sin (THETA) . *cos (PHI)) .* (2*cos(k*w_c*cos (THETA) /2)) .* (exp(-

li*k*r)/r);

o\

E-fields for the non-radiating apertures across the length of the patch
(vertical component)
cosine taper

oe

o\

E phi Ld = (-1i*k*h*(1)"2) * (sin(THETA)) .* sincX(k*h*sin (THETA) .*cos (PHI)/2)
.* ( cos(k*l*cos (THETA)/2) ./ ((pi)"2 - (k*l*cos(THETA))."2 )).*...,
(2*cos ((1/2)*k* w_c * cos(acos (sin(THETA) .*sin (PHI) ) ) )) . * (exp (-

li*k*r)/r);
E theta Ld = 0;

E theta total = E theta + E theta g + E theta ILd ;
E phi total = E phi + E phi g + E phi Ld;

E thetasqgl = ( E theta).”2; %absolute value squared for E theta
E phisql = ( E phi).”2; %absolute value squared for E phi
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E thetasqg2 = ( E theta total).”2; %absolute value squared for E theta for Quad-AAM

E phisgq2 = ( E phi total).”2; %absolute value squared for E phi for Quad-AAM
W radl = ( abs(E thetasql + E phisql) ); %Dual-AAM average power density
W rad2 = ( abs(E_thetasqg2 + E phisg2 )); %$Quad-AAM average power density

Ul = W radl; %radiation intensity for Dual-AAM

U2 = W rad2; %radiation intensity for Quad-AAM

P n containerl (index,:) = 20*1ogl0((U1l) ./ (max (Ul))); $normalized power pattern or
radiation intensity plot

P n container2(index,:) = 20*10ogl0 ((U2) ./ (max (U2))) ;

index = index + 1;

end

figure (1)

% plot ((180/pi)*THETA, (P n containerl(l,:)), 'LineWidth', 1.5,
'Color', 'k', 'LineStyle','-");

% hold on

% plot((lSO/pi)*THETA,(Pinicontainerl(2,:)), 'LineWidth', 1.5 ,
'Color','k', 'LineStyle',":" );

oo

% hold on

plot ((180/pi) *THETA, (P_n container2(2,:)), 'LineWidth', 1.5 ,
'Color','k', 'LineStyle','-", ...,

'Marker', 'none',
'MarkerIndices',1:3:1length(P_n container2(2,:)), 'MarkerSize',64);
hold on

load('e plane rpa 1d.txt');
x3 = e plane rpa 1d(:,1);
y3 = e plane rpa 1d(:,2);
plot (flip(x3),y3, 'lineWidth', 1.5, 'LineStyle',':',6 'Color','k', 'Marker',
'none', '"MarkerSize',4, ...,
'MarkerIndices',1:3:1length(P_n container2(2,:)));

hold on

load('e plane rpa TD 1d.txt');
x3 = e plane rpa TD 1d(:,1);
y3 = e plane rpa TD 1d(:,3);

plot (flip(x3),y3, 'lineWidth', 1.5,'LineStyle','-.', 'Color','k',6 'Marker',
'none', 'MarkerSize',4,...,
'Markerlndices',1:3:length(P_n_containerZ(2,:)));

x1im ([0 90]);

ylabel ('$ |[\mathrm{E (\theta,\phi)} / \mathrm{E {max}} [\; \mathrm{ (dB) }
S$','Interpreter', 'latex', 'FontSize', 12);

xlabel ('$\theta$ $("\circ) $', 'Interpreter', 'latex', 'FontSize',K 12);
title('E-plane', 'Interpreter', 'latex', 'FontSize', 12)

grid on;

legend ({'Quad-AAM RPA', ...,
'Simulated RPA Frequency Domain Solver', 'Simulated RPA Time Domain Solver'},
L4
'Location', 'Southeast', 'Interpreter',6 'latex');

figure (2)
plot ((180/pi) *THETA, (P_n container2(1l,:)), 'LineWidth', 1.5,
'Color', 'k', 'LineStyle','-", ...,

'Marker', 'none',
'MarkerIndices',1:3:1length(P_n container2(2,:)), 'MarkerSize',5);
hold on
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load('e plane tpa 1d.txt');
x4 = e plane tpa 1d(:,1);
y4 = e plane tpa 1d(:,2);
plot (flip(x4),y4, 'lineWidth', 1.5, 'LineStyle',':', 'Marker', 'none', 'Color','k',
.7
'MarkerIndices',1:3:1length(P n container2(2,:)));

hold on

load('e plane tpa TD 1d.txt');
x3 = e plane tpa TD 1d(:,1);
y3 = e plane tpa TD 1d(:,3);

plot (flip(x3),y3, 'lineWidth', 1.5, 'LineStyle','-.','Color','k', 'Marker',
'none', 'MarkerSize',4,...,
'MarkerIndices',1:3:1length(P n container2(2,:)));

x1im ([0 90171);

ylabel ('$ |\mathrm{E (\theta,\phi)} / \mathrm{E {max}} |\; \mathrm{ (dB)}
$','"Interpreter', 'latex', 'FontSize',6 12);

xlabel ('$\theta$ $("\circ) $', 'Interpreter', 'latex', 'FontSize',K 12);
title('E-plane', 'Interpreter', 'latex', 'FontSize', 12)

grid on;
legend ({'Quad-AAM TPA', ...,
'Simulated TPA Frequency Domain Solver', 'Simulated TPA Time Domain Solver'},

.7
'Location', 'Southeast', 'Interpreter',6 'latex');

o\

figure (3)
polarplot (THETA,P n container, 'LineWidth', 1.5);
rlim([-55 0])

oe

o\

$H-plane
THETA = pi/2;
PHI=(0:360)*pi/180; % convert degrees to radians

$Forming the vector of various widths for the aperture of width W'

w_prime sweep = linspace(5*millimeters, w,2);

no_sweep = numel (w_prime sweep); %Snumber of elements in the sweep

P n container3 = zeros(no_sweep,numel (PHI)); S%preallocated container
P n containerd4 = zeros(no_sweep,numel (PHI)); S%preallocated container
index = 1;

for w prime = w_prime sweep %calculating P_n for each value of W'

$calculating the diagonal length 1 d of equilateral trapezoid
= (w- wprime ) ./ 2 ;
~d = sqgrt( (1)*2 + (g9)."2 );

= Q

%angle of triangle that forms the sides of the trapezoid
alpha = asind(g./1 d);
alpha rad = alpha .* degrees;

%tmidline distance in trapezoid
w_c = (wtw_prime)/2;

X = (k*(w/2)).*sin (THETA) . *sin (PHI) ; %argument X
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Y = (k*(w_prime/2)).*sin(THETA) .*sin (PHI); argument Y

w_funl = w.*sincX(X) 8

w_fun2 = w prime.*sincY(Y) ;

exp w = 1i*k*1 eff*cos (THETA)/2;

exp wprime = -1i*k*1 eff*cos (THETA)/2;

$E-fields for the apertures across the widths of the patch

E theta = -1i*d .*cos(PHI).* sincX(k*h*sin (THETA) .*cos (PHI)/2) .*(exp(-li*k*r)/r)
*
. oap
( (w_funl.*exp(exp w)) + (w_fun2.*exp(exp wprime) ) );

E phi = 1i*d .*cos (THETA) .*sin (PHI) . *sincX (k*h*sin (THETA) . *cos (PHI) /2) .* (exp (-
li*k*r)/r) .* ...,

( (w_funl.*exp(exp w)) + (w_fun2.*exp(exp wprime) ) );

$E-fields for the non-radiating apertures across the length of the patch

oo

sin taper

$ E phi Ld = ((k*1 d)"2/pi) * (sin(2*THETA)) .* sincX(k*h*sin (THETA) .*cos (PHI) /2)
% .* ( cos(k*1l d*cos(THETA)/2) ./ ((pi)”2 - (k*1 d*cos(THETA))."2 )).*...,
% (cos((1/2) *k* w _c * sin(THETA) .*cos (PHI) )).* (exp(-li*k*r)/r);

oo

sin taper correction

E_phi_Ld = ((k*l_d)AZ/pi) * (sin (2*THETA)) ...,
.* ( cos(k*l d*cos(THETA)/2) ./ ((pi)”2 - (k*1 d*cos(THETA))."2 )).*...,
(cos((1/2) *k* w c * cos(acos(sin(THETA) .*sin(PHI) ) ) )).*(exp(-li*k*r)/r);

E theta Ld = 0;

E theta total = E theta + E theta g + E theta ILd ;
E phi total = E phi + E phi g + E phi Ld;

E_thetasqgl = ( E_theta).”2; %absolute value squared for E theta

E phisql = ( E phi).”2; %absolute value squared for E phi

E thetasq2 = ( E theta total).”2; %absolute value squared for E theta for Quad-AAM
E phisq2 = ( E phi total).”2; %absolute value squared for E phi for Quad-AAM

W radl = ( abs(E_thetasql + E phisql) ); %Dual-AAM average power density

W rad2 = ( abs(E_thetasg2 + E phisg2 )); %Quad-AAM average power density

Ul = W radl; %radiation intensity for Dual-AAM

U2 = W rad2; %radiation intensity for Quad-AAM

P n container3(index,:) = 20*1oglO((Ul)./(max(Ul))); %normalized power pattern or
radiation intensity plot

P n container4 (index,:) = 20*1ogl0((U2) ./ (max(U2)));

index = index + 1;

end

P n container3(1,91) = NaN;
P n container3(2,91) = NaN;
P n containerd4(1,91) = NaN;
P n container4(2,91) = NaN;

% plot ((180/pi)*PHI, (P_n container3(1l,:)), 'LineWidth', 1.5 ,
'Color','k', 'LineStyle', "'=-");

% hold on

% plot((lSO/pi)*PHI,(P_n_container3(2,:)), 'LineWidth', 1.5 ,
'Color', 'k', 'LineStyle', '-=");

% hold on

figure (3)
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plot((lBO/pi)*PHI,(P_n_container4(2,:)), 'LineWidth', 1.5 ,
'Color', 'k', 'LineStyle','-", ...,

'Marker', 'none',
'MarkerIndices',1:3:1length(P n container4(2,:)), 'MarkerSize',4);
hold on

load('h plane rpa 1d.txt');

x1 = h plane rpa 1d(:,1);

yl = h plane rpa 1d(:,2);

plot(xl,yl, 'lineWidth', 1.5, 'LineStyle',':' ,'Color','k");
hold on

load('h plane rpa TD 1d.txt');

x1l = h plane rpa TD 1d(:,1);

vyl = h plane rpa TD 1d(:,3);

plot(xl,yl, 'lineWidth', 1.5, 'LineStyle','-.', 'Color',6'k');

x1im ([0 90]);

ylabel ('$ |\mathrm{E (\theta,\phi)} / \mathrm{E {max}}| \; \mathrm{ (dB)}
$','"Interpreter', 'latex', 'FontSize',6 12);

xlabel ('$\phis$ $(*\circ) $', 'Interpreter',6 'latex', 'FontSize', 12);
title('H-plane', 'Interpreter', 'latex', 'FontSize', 12)

grid on;

legend ({'Quad-AAM RPA', ...,
'Simulated RPA Frequency Domain Solver', 'Simulated RPA Time Domain Solver'},
.7
'Location', 'Southeast', 'Interpreter',k 'latex');

figure (4)

plot ((180/pi) *PHI, (P_n container4(l,:)), 'LineWidth', 1.5 ,
'Color','k', 'LineStyle', '=-");

hold on

hold on

load('h plane tpa 1d.txt');

x2 = h plane tpa 1d(:,1);

y2 = h plane tpa 1d(:,2);

plot(x2,y2, 'lineWidth', 1.5, 'LineStyle',':', 'Color','k');

hold on

load('h _plane tpa TD 1d.txt');

x2 = h plane tpa TD 1d(:,1);

y2 = h_plane tpa TD 1d(:,3);

plot(x2,y2, 'lineWidth', 1.5, 'LineStyle','-.', 'Color',6'k');

x1im ([0 907]);

ylabel ('$ |[\mathrm{E (\theta,\phi)} / \mathrm{E {max}}| \; \mathrm{ (dB)}
S$','Interpreter', 'latex', 'FontSize', 12);

xlabel ('$\phi$ $("\circ) $', 'Interpreter', 'latex', 'FontSize',6 12);
title('H-plane', 'Interpreter', 'latex', 'FontSize', 12)

grid on;

legend ({'Quad-AAM TPA', ...,
'Simulated TPA Frequency Domain Solver', 'Simulated TPA Time Domain Solver'},
.7
'Location', 'Southeast', 'Interpreter',k 'latex');

function out = sincX(x)
out = sin(x)./(x);
if x ==
out = 1;
end
end
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function out = sincY (y)
out = sin(y) ./ (y);
if y==0

out = 1;
end

end

A4 Cylindrical-AAM to compute directivity for the TPA

ele

format long;

% DEFINED UNITS

meters = 1;

seconds = 1;

hertz = 1/seconds;
millimeters = le-3 * meters;
gigahertz = 1e9 * hertz;
seconds = g

% CONSTANT DEFINITIONS

cO0 = 299792458 * meters/seconds;

el 8.854187812813e-12 * 1/meters;
u0 = 1.256637062121e-6 * 1/meters;

NO = 376.7303136686;
er = 1.6; %relative permittivity of patch substrate
h = 2.8*millimeters; Sheight of aperture

f = 2.4*gigahertz; S%Sresonant frequency
lambda = c0/f; %wavelength

k = (2*pi)/(lambda) ; S%$wavenumber

k = kO*sqgrt (er);

oe

oe

Computation of the patch antennas width and length and distance to
farfield

o

w = (c0/(2*f))*sqrt(2/(er+l)); %Aperture width
w_prime = 5*millimeters;
shorizontal component of 1 d
g= (w-wprime ) ./ 2 ;
e reff = ( (er+l)/2 ) + ( (er-1)/2 )*( 1+ 12*(h/w))"(-1/2); %effecitve dieletric
constant
1 ext = ( 0.412*%(h)) * ((e_reff +0.3) * ( (w/h) + 0.264 )) ...,

/ ((e_reff -0.258) * ( (w/h) + 0.8 )) ; %length extension due to fringe fields
1= (1/ (2*f*sgrt(e_reff)*sqrt (ud*e0l)) ) - 2*1 ext ; %length between apertures
r = ( 2/(lambda) ) * (172); %farfield distance

%$The upper and lower limits of theta and phi in degrees are defined.
$The upper limit for theta defines that radiation is propagating normal
%to the patch in the upper hemisphere

Theta L=0;

Theta U=90;

Phi L=0;

Phi U=360;

$Creating the meshgrid

theta=(Theta L:Theta U)*pi/180; % convert degrees to radians
theta=theta-0.0001;

phi=(Phi L:Phi U)*pi/180; % convert degrees to radians
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phi=phi-0.0001; % term added since first element cannot be zero.
$trailing edge incrementation for theta and phi

dth=theta (2) -theta (1) ;

dph=phi (2) -phi (1) ;

[THETA, PHI]=meshgrid (theta, phi) ;

%antenna E-plane bending implementation for angles between 1 and 240
%degrees.

bend angles degrees = linspace(1,240,100);

bend angles rad = (pi/180) .* bend angles degrees; S%convert to radians
radius sweep = 1./ bend angles rad; S%convert bending angles to equivalent radius
no_sweep = numel (radius_sweep); %number of elements to prepare sweep

direct container dB = zeros(no_sweep,1l); S%preallocated directivity container

index = 1;
for radius = radius_ sweep

d = h/((pi”2).*radius_sweep (index)) ;

X = (k*w/2)*cos (THETA) ;
w_funl = w*sincX(X);

Y = (k*w_prime/2)*cos (THETA) ;
w_fun2 = w prime*sincX(Y);

Z = (k*g/2)*cos (THETA) ;
w_fun3 = g*sincX(Z);

gamma = k.*radius sweep (index) .*sin (THETA) ;

csf = zeros (size (THETA)) ;
csf2 = zeros(size (THETA)) ;

for n = 1:200 %$computation of cylindrical space factor

csf = csf + ((

(1i) .~ (n) ./besselh(n,2,gamma)) .*cos (n.*1./2*radius_sweep (index)).*cos (n.*PHI) );
csf2 = csf2 + (( (1i).”(n)./besselh(n,2,gamma)) .*cos (n.*PHI) );

end

E phi T = -d*(exp(-1li*k*r)./r ) .* (w_funl + w_fun2 + 2*w_fun3)...,

.* ( 1./besselh(0,2,gamma) + 2 .* csf ).* (1l./besselh(0,2,gamma) + 2 .* csf2 )
; Scomputing phi component of E-field

absE phisq = abs( E phi T)."2; %absolute squared of phi component of E-field
W rad = ( 1/(2*N0O) ) .* (absE phisq); %average power density
U =r"2 .* W rad; %radiation intensity

Prad=sum (sum(U. *sin (THETA) *dth*dph) ); %numerical computation of the radiated power
D=4*pi*max (max (U)) /Prad; %$linear directivity calculation
D db=10*10glO0 (D) ; $directivity in dB

direct container dB(index) = D db; %directivities for varying the cylinder's
radius collected here

index = index + 1;

end

figure (1)

plot (bend angles degrees ,direct container dB, 'k-', 'LineWidth', 1.5);

ylabel ('Directivity (dBi)', 'Interpreter',6 'latex');
xlabel ('Bending Angle $\Phi$ $("\circ)$', 'Interpreter', 'latex');
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x1im ([0 240]);

grid on;
hold on
w_prime = w;
g= (w-wprime ) ./ 2 ;
e reff = ( (er+l)/2 ) + ( (er-1)/2 )*( 1+ 12*(h/w))"(-1/2); %effecitve dieletric
constant
1 ext = ( 0.412%(h)) * ((e_reff +0.3) * ( (w/h) + 0.264 )) ...,

/ ((e_reff -0.258) * ( (w/h) + 0.8 )) ; %length extension due to fringe fields
1 =(1/ (2*f*sqrt(e_reff)*sqgrt(ul*el)) ) - 2*1 ext ; %length between apertures
r = ( 2/(lambda) ) * (172); %farfield distance

$The upper and lower limits of theta and phi in degrees are defined.
%$The upper limit for theta defines that radiation is propagating normal
$to the patch in the upper hemisphere

Theta L=0;

Theta U=90;

Phi L=0;

Phi U=360;

$Creating the meshgrid

theta=(Theta L:Theta U)*pi/180; % convert degrees to radians
theta=theta-0.0001;

phi=(Phi L:Phi U)*pi/180; % convert degrees to radians
phi=phi-0.0001; % term added since first element cannot be zero.

$trailing edge incrementation for theta and phi
dth=theta (2) -theta (1) ;

dph=phi (2) -phi (1) ;

[THETA, PHI]=meshgrid (theta, phi);

%antenna E-plane bending implementation for angles between 30 and 240

%degrees.
bend angles degrees = linspace(1,240,100);
bend angles rad = (pi/180) .* bend angles degrees; %convert to radians

radius sweep = 1./ bend angles rad; S%$convert bending angles to equivalent radius
no_sweep = numel (radius_sweep); %number of elements to prepare sweep

direct container dB = zeros(no sweep,l); %preallocated directivity container
index = 1;
for radius = radius_ sweep

d = h/((pi”~2).*radius_sweep (index)) ;

X = (k*w/2)*cos (THETA) ;
w_funl = w*sincX(X);

Y = (k*w_prime/2)*cos (THETA) ;
w_fun2 = w_prime*sincX(Y);

Z = (k*g/2)*cos (THETA) ;
w_fun3 = g*sincX(Z);

gamma = k.*radius_sweep (index) .*sin (THETA) ;

csf = zeros(size (THETA)) ;
csf2 = zeros(size (THETA)) ;

for n = 1:200 %$computation of cylindrical space factor

230



csf = csf + ((
(li).A(n)./besselh(n,Z,gamma)).*cos(n.*l./2*radius_sweep(index)).*cos(n.*PHI) ) ;
csf2 = ¢csf2 + (( (1i).”(n)./besselh(n,2,gamma)) .*cos (n.*PHI) );

end
E phi T = -d*(exp(-1li*k*r)./r ) .* (w_funl + w_fun2 + 2*w fun3)...,

.* ( 1./besselh(0,2,gamma) + 2 .* csf ).* (l./besselh(0,2,gamma) + 2 .* csf2 )
; %computing phi component of E-field

abskE phisq = abs( E phi T).”2; %absolute squared of phi component of E-field

W rad = ( 1/(2*NO) ) .* (absE phisq); %average power density
U =r"2 .* W rad; %radiation intensity

Prad=sum(sum(U. *sin (THETA) *dth*dph) ); S%numerical computation of the radiated power
D=4*pi*max (max (U)) /Prad; %$linear directivity calculation
D db=10*10ogl0 (D) ; $directivity in dB

direct container dB(index) = D db; $directivities for varying the cylinder's
radius collected here

index = index + 1;

end

plot (bend angles degrees ,direct container dB, 'k--', 'LineWidth', 1.5);

% hold on

% full wave simulation results used to compare

% bend ang = [0 30 60 90 120 150 180]; %bending angles investigated in full-wave
simulation analysis

% dirH = [7.74 7.36 6.98 6.63 6.35 6.07 5.86]; %$full-wave directivities computed
for H-plane bending

% dirkE = [7.74 8.01 8.16 8.08 7.81 7.38 6.79]; %$full-wave directivities computed

for E-plane bending

o° oo

oo

plot (bend ang ,dirH, 'k-.', 'LineWidth', 1.5);

hold on;

plot (bend ang ,dirE, 'k:', 'LineWidth', 1.5);

legend ({'Cylindrical Aperture Array Model', 'Simulated H-plane Bending',
'Simulated E-plane Bending'}, 'Location', 'Southeast', 'Interpreter',6 'latex');
legend ({'TPA E-plane Bending', 'RPA E-plane Bending' }, 'Location', 'Southeast',
'Interpreter', 'latex');

% legend ({'CAAM TPA E-plane Bending', 'Simulated H-plane Bending', 'Simulated E-
plane Bending'}, 'Location', 'Southeast', 'Interpreter', 'latex');

o oo

oe

function out = sincX(x)
out = sin(x)./(x);
if x ==
out = 1;
end
end
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AS Cylindrical-AAM to compute far-field patterns for the TPA

ele

format long;
close all

% DEFINED UNITS

meters = 1;

seconds = 1;

hertz = 1/seconds;
millimeters = le-3 * meters;
gigahertz = 1le9 * hertz;
seconds = 1;

% CONSTANT DEFINITIONS
cO0 = 299792458 * meters/seconds;
e0 = 8.854187812813e-12 * 1/meters;

u0 = 1.256637062121e-6 * 1/meters;

NO = 376.7303136686;

er = 1.6; Srelative permittivity of patch substrate
h = 2.8*millimeters; $height of aperture

f = 2.4*gigahertz; S%Sresonant frequency
lambda = c0/f; %wavelength
k = (2*pi)/ (lambda) ; S%$wavenumber

o

Computation of the patch antennas width and length and distance to farfield

w = (c0/(2*f)) *sqrt(2/ (er+l)); SAperture width #1
w prime = 5*millimeters; %Aperture width #2

shorizontal component of 1 d

g= (w-wprime ) ./ 2 ;

e reff = ( (er+l)/2 ) + ( (er-1)/2 )*( 1+ 12*(h/w))"(-1/2); %effecitve dieletric
constant

1 ext = ( 0.412*(h)) * ((e_reff +0.3) * ( (w/h) + 0.264 )) ...,

/ ((e_reff -0.258) * ( (w/h) + 0.8 )) ; %length extension due to fringe fields
1= (1/ (2*f*sqrt (e _reff) *sqrt (ud*e0)) ) - 2*1 ext ; %length between apertures
r = ( 2/(lambda) ) * (172); %farfield distance
% H-plane
PHI = 0;

THETA=(0:360) *pi/180; % convert degrees to radians

%antenna E-plane bending implementation
bend angles degrees = 30:30:240; S%bending angles between 30 & 240 degrees
bend angles rad = (pi/180) .* bend angles_degrees;

radius_sweep = 1./ bend angles rad;

no_sweep = numel (radius_sweep) ;

P n container = zeros(no_sweep,numel (THETA)) ; %$H-plane container
index = 1;

for radius = radius sweep

d = h/((pi”~2).*radius_sweep (index)) ;

X = (k*w/2)*cos (THETA) ;
w_funl = w*sincX(X);

232



Y = (k*w _prime/2)*cos (THETA) ;

w_fun2 = w prime*sincX(Y);

Z = (k*g/2)*cos (THETA) ;

w_fun3 = g*sincX(Z);

gamma = k.*radius sweep (index) .*sin (THETA) ;

csf = zeros(size (THETA)) ;
csf?2 = zeros(size (THETA)) ;

for n = 1:200 %computation of cylindrical space factor

csf = csf + ((

(li).A(n)./besselh(n,Z,gamma)).*cos(n.*l./2*radius_sweep(index)).*cos(n.*PHI) )
csf2 = ¢csf2 + (( (1i).”(n)./besselh(n,2,gamma)) .*cos (n.*PHI) );

end

E phi T = -d*(exp(-1li*k*r)./r ) .* (w_funl + w_fun2 + 2*w fun3)...,

.* ( 1./besselh(0,2,gamma) + 2 .* csf ).* (1./besselh(6,2,gamma) + 2 .* csf2 )
; Scomputing phi component of E-field

abskE phisq = abs( E phi T).”2; %absolute squared of phi component of E-field

W rad = ( 1/(2*NO) ) .* (absE phisq); %average power density

U=r1r"2 .* W rad; $radiation intensity

P n = 10*%1ogl0((U) ./ (max(U))); %normalized power pattern plot in dB

P n container(index,:) = P n; %collected power pattern plots for different bending
angles

%$Linear Plots

figure (1)

plot ((180/pi) *THETA,P n, 'LineWidth', 1.5); $H-plane

x1im ([0 1807);

ylim( [-30 01]);

xticks (0:45:360) ;

ylabel ('$ \mathrm{U (\theta, \phi)} / \mathrm{U {max}}$ (dB)','Interpreter', 'latex');

xlabel ('$\theta ("\circ) $', 'Interpreter',6 'latex'); S$H-plane

legend ('Bending Angle$ = 30"\circ$' ,'Bending Angle$ = 60"\circs$' ,...,
'Bending Angle$ = 90"\circ$', 'Bending Angle$ = 120"\circs', ...,
'Bending Angle$ = 150"\circ$', 'Bending Angle$ = 180"\circ$', ...,
'Bending Angle$ 210"\ circ$', 'Bending Angle$ = 240"\circ$', ...,
'Bending Angle$ = 270"\circ$', 'Interpreter', 'latex');hold on

grid on;

%$Polar Plots

figure (2)

polarplot (THETA,P n, 'LineWidth', 1.5);

rlim([-110 0])

legend('Bending Angle$ = 30"\circ$' , 'Bending Angle$ = 60"\circ$' ,...,
'Bending Angle$ = 90”\circ$', 'Bending Angle$ = 120"\circ$', ...,
'Bending Angle$ = 150"\circ$', 'Bending Angle$ = 180"\circ$',...,
'Bending Angle$ 210"\ circ$', 'Bending Angle$ = 240"\circ$',...,
'Bending Angle$ = 270"\circ$', 'Interpreter', 'latex');

hold on

index = index + 1;

end

pax = gca;

pax.ThetaTickLabel = string(pax.ThetaTickLabel) + char(176);

[

% pax.ThetaZeroLocation = 'left';
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% pax.ThetaDir = 'clockwise';

pax.RAxis.Label.String = 'Radiation Intensity (dB)';

% E-plane

THETA = pi/2;

PHI=(0:360)*pi/180; % convert degrees to radians

P n container = zeros (no_ sweep,numel (PHI)) ; $E-plane
index = 1;

for radius = radius sweep

d = h/((pi”2) .*radius_ sweep (index));

X = (k*w/2) *cos (THETA) ;

w_funl = w*sincX(X);

Y = (k*w_prime/2)*cos (THETA) ;

w fun2 = w _prime*sincX(Y);

Z = (k*g/2)*cos (THETR) ;

w_fun3 = g*sincX(Z);

gamma = k.*radius_ sweep (index) .*sin (THETA) ;

csf = zeros(size (THETA)) ;

csf2 = zeros(size (THETA)) ;

for n = 1:200 %$computation of cylindrical space factor

csf = csf + ((

(1i) .~ (n) ./besselh(n,2,gamma)) .*cos (n.*1./2*radius_sweep (index)).*cos (n.*PHI) );
csf2 = csf2 + (( (1i).”(n)./besselh(n,2,gamma)) .*cos (n.*PHI) );

end

E phi T = -d*(exp(-1li*k*r)./r ) .* (w_funl + w_fun2 + 2*w_fun3)...,

.* ( 1./besselh(0,2,gamma) + 2 .* csf ).* (l./besselh(0,2,gamma) + 2 .* csf2 )
; Scomputing phi component of E-field

absE phisq = abs( E phi T)."2; %absolute squared of phi component of E-field
W rad = ( 1/(2*NO) ) .* (absE phisq); %average power density

U=r1r"2 .* W rad; $radiation intensity

P n = 10*1ogl0((U)./(max(U))); S%Snormalized power pattern plot in dB

P n container(index,:) = P_n; $collected power pattern plots for different

bending angles

%$Linear Plots

figure (3)

plot ((180/pi) *PHI,P n, 'LineWidth', 1.5); %E-plane

x1lim ([0 180]);

ylim( [-30 0]);

xticks (0:45:360) ;

ylabel ('$ \mathrm{U (\theta,\phi)} / \mathrm{U {max}}$ (dB)','Interpreter', 'latex');

xlabel ('$\phi ("\circ) $', 'Interpreter', 'latex'); %E-plane

legend ('Bending Angle$ = 30"\circ$' ,'Bending Angle$ = 60"\circs$' ,...,
'Bending Angle$ = 90"\circ$', 'Bending Angle$ = 120"\circs$', ...,
'Bending Angle$ = 150"\circ$', 'Bending Angle$ = 180~\circ$', ...,
'Bending Angle$ 210"\ circ$', 'Bending Angle$ = 240"\circ$', ...,
'Bending Angle$ = 270"\circ$','Interpreter', 'latex');

hold on

grid on;
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%Polar Plots

figure (4)

polarplot (PHI,P n, 'LineWidth', 1.5);

rlim([-90 01])

legend ('Bending Angle$ = 30"\circ$' ,'Bending Angle$ = 60"\circ$' ,...,
'Bending Angle$ = 90"\circ$', 'Bending Angle$ = 120"\circs$', ...,
'Bending Angle$ = 150"\circ$', 'Bending Angle$ = 180"\circ$', ...,
'Bending Angle$ 210"\ circ$', 'Bending Angle$ = 240"\circ$',...,
'Bending Angle$ = 270"\circ$', 'Interpreter', 'latex');

hold on

index = index + 1;
end

pax = gca;
pax.ThetaTickLabel = string(pax.ThetaTickLabel) + char(176);

pax.ThetaZeroLocation = 'top';
pax.ThetaDir = 'clockwise';
pax.RAxis.Label.String = 'Radiation Intensity (dB)';
function out = sincX(x)

out = sin(x)./(x);

if x ==

out = 1;

end

end

A.6  Cylindrical-Rectangular Cavity Model to Compute Resonant Frequencies

clear;
elas

% DEFINE UNITS

meters = 1;

millimeters = le-3 * meters;
seconds = 1;

hertz = 1/seconds;
gigahertz = 1e9 * hertz;
degrees = pi/180;

% CONSTANTS

c0 = 299792458 * meters/seconds;

e0 = 8.854187812813e-12 * 1/meters;
u0 1.256637062121e-6 * 1/meters;
NO = 376.7303136686;

L 49.4*millimeters; %$Length of patch
W = 49.4*millimeters; %Width of patch

h = 2.8e-3; $ 2.8 mm thickness
epsilon r = 1.6; %dieletric constant of substrate
fr = 2.4*gigahertz; % resonant frequency for unbent antenna

$TM Mode (mli -> 011 for TM fundamental
= 0;
= 1;

=3

thetasweep = linspace(0.1,240,10)./180*pi; % bending angle sweep in rads
no_sweep = numel (thetasweep); %number of elements for sweep
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fres container=zeros(no_sweep,l); %container collecting resonant frequencies for
varying bending angle
index = 1;

for theta = thetasweep
v = m*pi./ (theta);

a_plus_h = L./ (theta);
a = a plus h - h;

kmi search range = [getkmi (epsilon r, fr,1,L), getkmi(epsilon r, 2*fr,1,L)];
$Limits for kmi wavenumebr

kmi min = min(kmi search range);
kmi max = max(kmi search range);

$solving transcendental equation for TM or H-plane bending
determinant TM =@ (kmi) JM(v,kmi*a).*YM(v,kmi*a plus h) -
JM (v, kmi*a plus_h) .*YM(v, kmi*a) ;

$locating zeros of transcendental equation

%$requires chebfun package

functiontozero = chebfun(determinant TM, [kmi min, kmi max], 'vectorize');
zerocrossing = roots (functiontozero, 'norecursion');

fres = getfres(epsilon r, zerocrossing,l,L);

kres = zerocrossing;

if isempty (zerocrossing)

kres = 0;
fres = getfres(epsilon r, kres,1,L);
end
fres container(index) = fres(1l);
index = index + 1;
end
figure (1)

plot (thetasweep .* (180/pi) , fres container * le-9, 'k--','LineWidth', 1.5);
ylabel ('Frequency (GHz)', 'Interpreter',6 'latex');

xlabel ('Bending Angle $\Phi$ $("\circ)$', 'Interpreter', 'latex');

grid on;

hold on;

$TE Mode TE mode (mli -> 101 for TE fundamental)
= 1;
= 0;

=3

fres container2=zeros (no_sweep,1l);
index = 1;

for theta = thetasweep

v = m*pi./ (theta); %order of bessel function

a plus_h = W./(theta); %radius from centre of annulus to ground plane + height of
substrate

a = a plus_ h - h; $radius from centre of annulus to ground plane

kmi search range = [getkmi (epsilon r, 0.8*fr,1,W), getkmi(epsilon r, 2*fr,1,W)];
$Limits for kmi wavenumebr

kmi min = min(kmi search range);
kmi max = max(kmi search range);

236



$solving transcendental equation for TE or E-plane bending
determinant TE =@ (kmi) (JMp (v,kmi*a).*YMp (v,kmi*a plus h)) -
(IMp (v, kmi*a plus h) .*YMp (v, kmi*a)) ;

$locating zeros of transcendental equation

functiontozero = chebfun(determinant TE, [kmi min, kmi max], 'vectorize');
zerocrossing = roots (functiontozero, 'norecursion');

fres = getfres(epsilon r, zerocrossing,l,W); %extracting resonant frequency from
the zeros

kres = zerocrossing;

if isempty (zerocrossing)

kres = 0;
fres = getfres(epsilon r, kres,1,L);
end
fres container2(index) = fres(1l);
index = index + 1;
end

plot (thetasweep .* (180/pi) , fres container2 .* le-9, 'k-','LineWidth', 1.5);
x1lim ([0 240])

xticks ([0 30 60 90 120 150 180 210 2401])

legend ('H-Plane Bending', 'E-Plane Bending');

function fres = getfres(epsilon r, kmi,1,b)

eps0=8.854187817e-12;
muO=4e-7*pi;

fres = (1/(2*pi*sqrt(epsilon_ r*epsO*mu0))).*...
sqgrt (kmi.*kmi + (1*pi/(b))*(1l*pi/ (b)));

end

% function to get kmi from resonant frequency
function kmi = getkmi (epsilon r, fres,1,b)

eps0=8.854187817e-12;
mul=4e-7*pi;

kmi = sqgrt(
(fres* (2*pi*sqrt (epsilon r*eps0*mu0)))."2
- (1*pi/ (b)) *(1*pi/ (b))
)
end

[

% Bessel functions and Hankel function with their derivatives

function out = JM(m, x) % besel function J order m
out = besselj (m, x);

end

function out = JMp (m, x) % besel function derivative J order m
out = 0.5.* (besselj (m-1,x)-bessel] (m+l,x));

end

function out = YM(m, x) % besel function Y order m
out = bessely(m, x);

end

function out = YMp (m, x) % besel function Y derivative order m
out = 0.5.* (bessely(m-1,x)-bessely(m+l,x));

end
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B. Measurements

B.1  Measured return loss for the fabricated RPA and TPA

This section showcases the prototypes of the RPA and TPA that were developed. A NanoVNA-
F V2 was used to characterize the antennas return loss.

The antenna prototypes were fabricated using copper foil with a conductive adhesive placed
on a cotton substrate. The dimensions for each antenna are based on the simulated results in

Table 4.3 using the frequency domain solver.

(a) (b)
Figure B.1: Photographs of the fabricated prototype for the (a) RPA and (b) TPA.
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Figure B.2: Measured S;; comparing RPA with the TPA.
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It was found that the chosen cotton fabric substrate did not have similar dielectric properties
to the sample used for the full-wave simulation analysis. To correct for this to obtain a
resonance at 2.4 GHz the fabric thickness for both antenna prototypes were increased to
4 mm. The measured return loss or S;; is shown in Figure B.2 which shows a bandwidth
reduction for the TPA. This was also shown in the full-wave simulation analysis however, the
measured bandwidths supersede the results obtained using the full-wave simulation solver.
The measured —10 dB bandwidth for the RPA is 5.72 %, while for the TPA it is 3.91%. Despite
these differences, miniaturization of the radiating element is achieved with the TPA radiating

at the same frequency of 2.4 GHz.

B.2 Implementing Antenna E-plane Bending
E-plane bending is investigated using the prototypes built for the RPA and TPA. The antennas

are mounted on a cylindrical polystyrene fixture of various diameters to investigate bending.
Four cylindrical fixtures are used with a diameter of 7.6 cm, 10 cm, 12.7 cm and 15.1 cm as
shown in Figure B.3(a). These correspond to antenna bending angles ® of 166°, 126°, 99°
and 83.5°.

(b)

Figure B.3: Incorporation of E-plane bending using the polystyrene fixtures.
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Figure B.4: Measured S, for E-plane bending the RPA for various bending angles @.

Antenna | Bending Bending Angle fres —10 dB Bandwidth
Type Type @) (GHz) (%)
RPA None 0 2.40 5.72
RPA E-Plane 83 2.43 6.47
RPA E-Plane 88 2.44 6.35
RPA E-Plane 126 2.44 6.39
RPA E-Plane 165 2.46 7.07

Table B.1: Resonant behaviour for E-plane bending the RPA over the cylindrical fixtures.

The measured return loss is shown in Figure B.4 for the RPA bent over various E-plane bending
angles. The results show an increase in the resonant frequency for increasing bending angles.

Also, it is shown that antenna’s bandwidth increases for increasing E-plane bending angles.
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Figure B.5: Measured S;; for E-plane bending the TPA for various bending angles ®.

Antenna | Bending | Bending Angle fres —10 dB Bandwidth
Type Type @) (GHz) (%)
TPA None 0 2.40 3.91
TPA E-Plane 83 241 3.63
TPA E-Plane 88 2.42 3.81
TPA E-Plane 126 2.43 4.07
TPA E-Plane 165 2.43 4.24

Table B.2: Resonant behaviour for E-plane bending the TPA over the cylindrical fixtures.

The measured return loss for the TPA is shown in Figure B.5 which shows that less resonant
frequency detuning occurs which agrees well with the simulated results in Chapter 5.
Comparing the values obtained from the measured results to the simulated results is
difficult due to the antennas not being structurally the same since adjustments were made by
increasing the substrates height. The dielectric characterization of the fabric used for
measurements is not the same as the sample used for the full-wave simulations. However,
the trend of increasing resonant frequency is shown to be less for the TPA which agrees well
with the simulations. The TPA shows a decrease in the bandwidth when compared to the RPA,
however both the RPA and TPA for bending angles of up to 165° contain 2.4 GHz as part of
the —10 dB threshold. Another observation was that the measured bandwidth increases for
increasing bending angles for both the RPA and TPA. The full-wave simulations showed the

opposite behaviour.
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C. Simulation Results
This section consists of the full-wave simulation results for the TPA and TPA-MF simulated in

the presence of the cubic tissue model, cylindrical tissue model, homogenous phantom, and

FEM human tissue model. The cylindrical type models incorporate antenna bending whereby

E and H-plane bending are investigated. The equivalent antenna simulations performed in

free space are added for comparison.

Antenna | Bending Bending Tissue Model fres Bandwidth D € Gre SAR 10g
Type Type Angle (°) | Configuration | (GHz) (MHz) (dBi)| (%) (dBi) | (W/Kg)
TPA None 0 Free Space 2.400 56.5 7.74 47.1 4.47 -
TPA None 0 Cubic 2.399 44.3 8.44 40.9 4.57 0.135
TPA E-Plane 110 Free Space 2.415 56.1 7.93 46.7 4.62 -
TPA H-Plane 110 Free Space 2.402 58.8 6.45 53.2 3.82 -
TPA E-Plane 110 Cylindrical 2.416 42.8 8.49 47.4 4.72 0.197
TPA H-Plane 110 Cylindrical 2.402 49.3 6.75 47.8 3.56 0.193
TPA E-Plane 110 Homogenous |, 4, 41.4 8.63 | 430 | 5.0 0.101

Phantom
TPA H-Plane 110 Homogenous | 443 48.9 6.60 | 500 | 357 0.232
Phantom
TPA E-Plane 90 Free Space 2.413 55.9 8.08 46.4 475 -
TPA H-Plane 90 Free Space 2.402 58.8 6.63 53.3 3.90 -
TPA E-Plane 90 FEM Human 2.414 42.0 8.31 42.0 4,53 0.335
TPA H-Plane 90 FEM Human 2.402 46.8 6.98 48.2 3.83 0.0721

Table C.1: Performance parameters of the TPA in the presence of various tissue models using the

frequency domain solver in CST.

Antenna | Bending Bending | Tissue Model fres Bandwidth D (N Gre SAR 10g
Type Type Angle (°) | Configuration | (GHz) (MHz) (dBi) (%) (dBi) | (W/Kg)
TPA-MF None 0 Free Space 2.400 70.6 8.70 54.0 5.92 -
TPA-MF None 0 Cubic 2.393 73.7 9.72 48.3 6.56 0.105
TPA-MF E-Plane 110 Free Space 2.431 77.5 7.08 55.0 4.51 -
TPA-MF H-Plane 110 Free Space 2.410 75.9 8.07 58.3 5.72 -
TPA-MF E-plane 110 Cylindrical 2.428 67.4 8.02 46.7 4.72 0.202
TPA-MF H-plane 110 Cylindrical 2.416 87.8 8.06 55.0 5.47 0.183
TPA-MF | E-plane 110 Homogenous |, ;)¢ 70.4 753 | 502 | 454 0.341
Phantom
TPA-MF | H-plane 110 Homogenous |, 454 81.6 840 | 557 | 5.87 0.118
Phantom
TPA-MF E-Plane 90 Free Space 2.430 74.4 7.55 54.5 4.91 -
TPA-MF H-Plane 90 Free Space 2.411 76.2 8.15 55.9 5.63 -
TPA-MF E-plane 90 FEM Human 2.425 71.9 8.49 48.5 5.35 0.526
TPA-MF H-plane 90 FEM Human 2.410 76.9 8.44 55.9 5.91 0.0385

Table C.2: Performance parameters of the TPA-MF in the presence of various tissue models using
the frequency domain solver in CST.
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Peak Total
Antenna Bending Bending Tissue Model Mesh Cells Memory Simulation
Type Type Angle (°) Configuration (Tetrahedrons) Used (GB) Time (s)
TPA None 0 Free Space 88778 1.181 86
TPA None 0 Cubic 362072 15.67 892
TPA E-Plane 110 Free Space 69467 3.25 237
TPA H-Plane 110 Free Space 89336 1.45 221
TPA E-plane 110 Cylindrical 359098 6.77 1513
TPA H-plane 110 Cylindrical 418454 15.35 1555
TPA E-plane 110 Homogenous Phantom 713398 12.41 2515
TPA H-plane 110 Homogenous Phantom 632249 12.38 2372
TPA E-plane 90 Free Space 85001 3.89 253
TPA H-plane 90 Free Space 85609 1.41 208
TPA E-plane 90 FEM Human 900378 19.63 4237
TPA H-plane 90 FEM Human 903605 20.16 4407
TPA-MF None 0 Free Space 187056 9.17 317
TPA-MF None 0 Cubic 202718 9.39 726
TPA-MF E-plane 110 Free Space 531877 4.45 305
TPA-MF H-plane 110 Free Space 180147 9.20 415
TPA-MF E-plane 110 Cylindrical 484217 36.72 3648
TPA-MF H-plane 110 Cylindrical 256623 23.17 2473
TPA-MF E-plane 110 Homogenous Phantom 723611 14.81 4450
TPA-MF H-plane 110 Homogenous Phantom 477974 51.86 4128
TPA-MF E-plane 90 Free Space 942538 8.10 609
TPA-MF H-plane 90 Free Space 182558 9.27 414
TPA-MF E-plane 90 FEM Human 512736 42.53 4463
TPA-MF H-plane 90 FEM Human 510415 44.82 5555

Table C.3: Computational costs using the frequency domain solver.
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D. Human Tissue Material Definitions
This section provides the material definitions provided in CST’s Bio Models extension for

human tissue involved in the antenna simulations.

D.1  Cubic and Cylindrical Tissue Model

The cubic and cylindrical tissue models are the simplest tissue model configurations which
consist of four different tissue layers. This includes a layer of skin, fat, muscle, and bone. The

material definitions are shown in Table D.1.

Tissue P K cp a
Type (kg/m*) | (w/K/m) | (J/K/kg) | (m?/s)
Skin 1100 0.3 3500 7.79e-08

Fat 900 0.2 2500 8.89e-08

Muscle 1080 0.5 3500 1.32e-08

Bone 1850 0.4 1300 1.66e-07

Table D.1: Material property definitions in CST Microwave Studio for human tissue in the cubic and
cylindrical tissue model.

where p is the material density, k is the thermal conductivity, cp is the specific heat capacity,
and a is the thermal diffusivity. These parameters describe the thermal properties associated
with human tissue and are important in the computation of SAR and characterize how a
material reacts to a temperature change. The dielectric properties for each tissue in the cubic

and cylindrical tissue model is shown in Figure D.1 and Figure D.2.
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Figure D.1: Comparison of &,. for the layers of tissue used in the cubic and cylindrical tissue models.
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Figure D.2: Comparison of &, for the layers of tissue used in the cubic and cylindrical tissue models.
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D.2  Homogenous Phantom Model
The Homogenous Phantom Model represents the human tissue as a single material averaging

the properties of muscle and fat. The material definitions

p K cp a
Tissue Type | (kg/m®) | (W/K/m) | (J/K/kg) (m?/s)
Muscle-Fat 1000 0.4 3000 1.33e-07
Average

Table D.2: Material property definitions in CST Microwave Studio for Homogenous Phantom Model.

The dielectric properties for the muscle-fat averaged tissue in the Homogenous Phantom

Model is shown in Figure D.3 and Figure D.4.
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Figure D.3: ;. for the muscle-fat averaged tissue in the Homogenous Phantom Model.
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Figure D.4: &, for the muscle-fat averaged tissue in the Homogenous Phantom Model.

D.3  FEM Human Model
The FEM Human tissue model is the most detailed tissue model both geometrically and

through its material definitions. The FEM Human tissue model within the bounding box of the
simulations performed consists of skin, fat, muscle, muscle-fat averaged tissue and cortical

bone definitions.

The material definitions are shown in Table D.3.

P K cp a

Tissue Type | (kg/m?) | (W/K/m) | (J/K/kg) | (m?/s)

Skin 1100 0.3 3500 7.79e-08

Fat 900 0.2 2500 8.89e-08

Muscle 1080 0.5 3500 1.32e-08

Muscle-Fat 1000 0.4 3000 | 1.33e-07
average

Cortical Bone 2000 0.4 1300 1.54e-07

Table D.3: Material property definitions in CST Microwave Studio for the FEM Human tissue model.

The dielectric properties for each tissue in the cubic and cylindrical tissue model is shown in

Figure D.5 and Figure D.6.
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Figure D.5: Comparison of &,. for the layers of tissue used in the FEM Human model.
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