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Abstract

Wideband antenna design for communication and sensing applications is becoming an
important research area for the advancement of 5G and IoT applications as well as for
future 6G research. These two application segments may be seen together as future
technology (e.g. IEEE 802.11bf Wi-Fi sensing, UWB localization/identification, joint
communication and sensing in 6G networks) with increasing demand of bandwidth to
enable different applications. In addition to that, space constraints in battery-driven mobile
devices also needs to be addressed as most of the handheld devices becoming slimmer.
Wideband antenna can certainly reduce the number of antennas needed for such devices.
To achieve larger fractional bandwidth and compactness of the wideband antennas, the
challenges include the performance parameter trade-offs such as impedance matching
bandwidth, stable gain over the frequency span and omnidirectional radiation pattern
(when needed). This thesis project aims to design, fabricate and measure compact planar
wideband antennas for UWB applications and Wi-Fi sensing applications (5.9-7.1 GHz
targeting IEEE 802.11bf). A narrowband patch antenna is taken as a reference, and steps
are shown to design a UWB antenna from the same narrowband antenna dimension using
defected ground structure method. For the WB antenna (5.9-7.1 GHz), the experience
from the UWB design and the slot-loading technique is used to develop a 0.3 \y compact
design. Furthermore, the UWB antenna is used to validate the thesis work. An equivalent
circuit model is designed for the UWB antenna. Additionally, communication and range
measurements are performed to show the application scenarios of the developed UWB

antenna.
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1. Introduction

1.1 Motivation and Objectives

The concept of bandwidth is closely related to the system’s ability to send information.
In order to transmit data, the signal must change in some way, and the rate at which
these changes occur affects the rate at which information can be transmitted. The signal
can change faster if the signal has a wide bandwidth (contains higher frequencies or is
compatible). Therefore, the wider the signal bandwidth, the higher the maximum data
transfer rate. However, there is a limit to keep increasing the signal bandwidth infinitely
due to the channel bandwidth, noise characteristics and receiver capability. According to

Shannon’s channel capacity for the noisy channel [1].
C = B xlogy(1 + S/N)|bits/s] (1.1)

Where C is channel capacity in bits/second, B is the channel’s bandwidth in Hertz and S/N
is the Signal to Noise ratio (SNR). According to the equation, the only way to increase the
channel capacity is to either increase the bandwidth or increase the SNR.

On the other hand, large bandwidth also significantly improves radar range resolution to

get more targets more accurately and map complex environments [2].
dyes = /2B (1.2)

Therefore, the fast growth in wireless communication systems created enormous demands
for wideband antennas to satisfy high data rates and range resolution. The term wideband
applies to any signal, technology or system where the BW is over 500 MHz or the fractional
BW exceeds 20%. Fractional BW of greater than 50% is referred to as ultra-wideband
(UWB). In 2002, FCC approved the UWB technology in the frequency range of 3.1-10.6
GHz with a maximum radiated power of -41.3 dBm/MHz and data rate between 110-200
Mbps within a 10 m distance [3]. There are many fundamentally different applications
such as data communication, localization and identification, and radar and sensing that use
wideband antennas and customized antennas are needed depending on the desired radiation
characteristics and BW.

Due to the vast BW in UWB communications, these antennas used in the mobile handheld
devices in Personal Area Network (PAN) communications preferably have omnidirectional
patterns with compact size and planar designs [4, 5]. Wireless USB (WUSB) is one popular

commercial application designed to achieve 480 Mbit/s at distances up to 3 m and 110



Mbit/s at up to 10 m [6]. Antennas working in the UWB frequency range share the same
spectrum with several other narrowband wireless systems, primarily in the UWB band
of 3.1-10.6 GHz. These narrowband systems such as 3.6 GHz IEEE 802.11y wireless
local area networks (3.6575-3.69 GHz), 4.9 GHz public safety WLAN (4.94-4.99 GHz),
and 5 GHz IEEE 802.11a/h/j/n WLAN (5.15-5.35, 5.25-5.35, 5.47-5.725, 5.725-5.825
GHz) can create strong interference to the UWB systems [7]. To avoid interference and to
improve the associated SNR, UWB antennas are sometimes designed with band notches
that effectively filter out the unwanted signals at the frequencies used from a narrowband
system. On the other hand, UWB signals are considered white noise for narrowband
systems. However, the FCC mask limits the UWB effective isotropically radiated power
(EIRP) to -41.3 dBm/MHz for 3.1-10.6 GHz. Therefore, UWB signals are relatively low
in radiated power to significantly degrade the performance of the narrowband systems.
Hence, they also have short range. In addition, UWB antennas eliminate the need for
multi-narrow band antennas, as a single UWB antenna can meet different frequencies and
operating bands, reducing multi-antenna interference and saving spaces in the device.
On the other hand, sensing here refers to retrieving information from the received radio
signals other than the communication data modulated to the signal at the transmitter. Due
to the large fractional BW of UWB antennas, there are many sensing applications such
as short-range UWB Radar [8], cognitive radio spectrum sensing [9, 10] and microwave
imaging [11, 12] etc. With the increasing BW, the range resolution becomes better. The
sensing parameters for the measurement related to location and moving speed are time
delay, angle-of-arrival (AoA), angle-of-departure (AoD), Doppler frequency and physical
feature parameters of the objects or activities.

However, with the rapid growth of the wireless communication industry, consumer devices
and services, the frequency spectrum is becoming increasingly congested. New technolo-
gies like Wi-Fi sensing, Joint communication and sensing in 6G networks are emerging as
an attractive solution for integrating two individually deployed systems (communication
and sensing) into one system to tackle the BW scarcity and reduce the use of different
devices for individual communication and sensing applications [13]. As an example, UWB
impulse radio system (IEEE802.15.4z), as shown in figure 1.1 can be considered for joint
communication and sensing (JC&S) applications. Mobile companies, automotive and
semiconductor manufacturers have come together under the Car Connectivity Consortium
umbrella, to standardise this UWB impulse radio system for distance measurement as a

vehicle access system within the Digital Key 3.0 specification [14].

In UWB impulse radio system (IEEE802.15.4z), a sequence of pulses is used for the data
transmission of IEEE 802.15.4z. Various configuration options in the MAC layer enable
repeated distance measurement of several other devices at a fixed repetition frequency.

During the distance measurement, check and control signals are transmitted in data pack-



Figure 1.1. NXP Trimension™ - Use of UWB radio technology as a distance and direction
sensor in a smartphone, a vehicle and the Internet of Things. [15]

ages [17]. Therefore, UWB is already introducing data transfer, distance measurement, 3D
incident angle measurement with two or more parallel receivers and presence detection
over short distances. The goal now is to turn this joint communication and sensing into a
foundation block of the new 6G standard [17].

Another technology, IEEE 802.11bf (Wi-Fi sensing), will be finalized and introduced as an
IEEE standard in September 2024, making Wi-Fi cease to be a communication-only stan-
dard and legitimately become a full-fledged sensing paradigm [18]. The presence of Wi-Fi
devices in public and private spaces will continuously map the surrounding environment
using Wi-Fi signals as sounding waveforms and open the door for wireless sensings such

as detecting the human presence activity recognition and object tracking. The idea behind

10 0 0 40 &0 20 ko
subcamier ndex subcarrierindex

Amplitude, static environment (no motion) Amplitude, dynamic environment (motion)

(a) (b)

Figure 1.2. (a) Wi-Fi sensing scenario (b) CSI amplitude variation for static and dynamic
motion.[16]



Wi-Fi sensing is to exploit the Channel State Information (CSI) to measure the changes
in the amplitude or phase. CSI varies as the changes in the environment alter the paths.
Figure 1.2 shows the Wi-Fi sensing scenario and CSI amplitude variation of different
environments. Using ML/digital signal processing algorithm on CSI measurement data,
human activity recognition and object tracking will be possible. The wideband compact
antenna in the frequency range 5.9-7.1 GHz targeting IEEE 802.11bf (Wi-Fi sensing)
applications can undoubtedly meet the initial requirements for developing such a system.
Therefore, the goal of this thesis is to design wideband antennas targeting UWB and IEEE
802.11 bf (5.9-7.1 GHz) applications considering the below parameters-

m Wide bandwidth

s Compactness

1.2 Organization of the Thesis

The thesis consists of five chapters. The chapters cover the literature review, theory, design
procedure, experimental investigation and numeric results.

Chapter 1 contains a brief literature review of the importance of the wideband antenna
design for communication and sensing applications and the organization details of the
whole thesis.

Chapter 2 contains the antenna key parameters, theoretical background of narrowband
microstrip patch antenna and techniques to increase the bandwidth.

Chapter 3 provides the step-wise design procedures of the proposed antennas.

Chapter 4 contains the experimental results of the fabricated antennas along with a descrip-
tion of the experimental setup. Comparison of the measured and simulated results are also
provided in this section.

Chapter 5 contains a brief summary of the completed work.



2. Theoretical Analysis

2.1 Narrowband Microstrip Patch Antenna

Microstrip antennas became popular in the 1970s primarily for space-borne applications
[19]. Today, they are used for many government and commercial applications. These
antennas have a metallic patch on top of a grounded substrate. Here, the permittivity of the
dielectric layer (should be kept between 2.2 and 12) and the substrate thickness (should
not be smaller than 1/40th and larger than 1/20th wavelength of operation) are critical
parameters for the performance of the antenna [19]. A standing wave is generated by the
complex impedance structure of the antenna when a current flow energizes the conductive
structure, creating an electric field from the edge of the antenna. The electric field becomes
a propagating electromagnetic wave. In this way, the core functionality of an antenna
is achieved. The metallic patch of the antenna can take many different configurations.
However, the rectangular and circular patches are the most popular because of their ease of
analysis, fabrication and attractive radiation characteristics. Various shapes of the metallic

patch of antennas are illustrated in the figure 2.1 [19].

Square Rectangular Dipole Circular

Triangular Eliptical Circular ring

Figure 2.1. Different shapes of patch.

The microstrip antennas are low-profile, comfortable on planar and non-planar surfaces,
inexpensive and easy to fabricate using modern printed circuit technology, mechanically
robust when mounted on rigid surfaces, compatible with MMIC designs, and versatile

in resonant frequency and polarization pattern [19]. Due to their robustness and planar
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Advantages Disadvantages

Low weight and volume due to thin profile. | Narrow bandwidth.

Low cost of fabrication and easy integration. | Low efficiency due to dielectric and
conductor loss.

Multiple frequency operations. Spurious radiation and lower gain due
to excitation of surface waves.

Linear and circular polarizations. Temperature and humidity sensitive.

Table 2.1. Advantages and disadvantages of the narrowband microstrip patch antennas.

structure, these antennas can be mounted on the surface of aircraft, spacecraft, satellites,
missiles, cars and even handheld mobile telephones. However, some significant disadvan-
tages are their low efficiency, high Q, poor polarization purity, poor scan performance,
spurious feed radiation, and very narrow frequency bandwidth, typically only a fraction of

a percent or a few percent as provided in table 2.1 [20].

2.1.1 Mathematical Modeling of Rectangular MPA: Transmission
Line Model

The most popular methods of analysis for microstrip patch antennas are the transmission-
line [21], cavity [22] and full-wave [23] (which include integral equations, Moment of
Method). The transmission-line model is the simplest of all, which gives good physical
insight but is less accurate, including an inability to account for radiating edge field
variance. In fact, it is only suitable for rectangular patch antennas [24]. Rectangular patch
antennas are very easy to analyze by using both the transmission line and cavity models.
Here, only transmission line model is discussed. According to the transmission line model,
a rectangular microstrip patch antenna is characterized by two simple slots, each with
width W and height h, separated by a transmission line length L and a low impedance Z.
[19, 25]. At the edges of the patch, EM fields undergo fringing due to the finite length and
width of the patch, as shown in figure 2.2. The amount of fringing depends on the patch’s
dimensions and the substrate’s height. For the E-plane (XY plane ), the dielectric constant
¢, of the substrate and the ratio of the patch length to the substrate’s height (L/h) is the
function of fringing. The fringing field is reduced since the microstrip antennas are mostly
L/h » 1. However, it must be considered as it influences the antenna’s resonant frequency.
The effective dielectric constant of the patch substrate is reduced as Eq. 2.1 due to fringing
fields. The effective dielectric constant is essentially constant for low frequencies. At

higher frequencies, its value increases monotonically and eventually approaches the values
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Figure 2.2. (a) Transmission line model of the microstrip patch antenna (b) E field
properties. [19]

of the dielectric constant of the substrate described in Eq. 2.1 [19].

h -
T,when% > 1 2.1

(e, +1) (& — ]
W h

1
Ceff =5 T35 )+[1+12

The fringing fields makes the patch length looks electrically larger than its real physical
length. A very popular and approximate relation for the normalized extension of the length
is given by Eq. 2.2 [19].

AL ((€epr 4+ 0.3)(3F + 0.264))
h 0'412((eeff — 0.258)(*F + 0.8))

(2.2)

Since the length of the patch has been extended by AL on each side, the effective length of
the patch becomes as Eq. 2.3 [19].

Les = L+ 2AL (2.3)

For designing a rectangular microstrip patch antenna, we need to specify the dielectric
constant (¢,.), resonant frequency (f,.) and thickness of the substrate (h). After that, we
need to determine the width (W) and length (L) of the patch by Eq. 2.4 and 2.5 [19].

1 2
RCTAY ) eea) Y

L

1
_ _9AL 2.5)
2 frr/ (1o€0)\/Ecr s



e.rf and AL are calculated from Eq. 2.1 and 2.2. Then, the resonance frequency of the

patch antenna for the mode 71'M,,,, is calculated as [26]

- P+
2 (UOGO) L w

Where, m, n: operating modes along with the L. and W

fr Kk (2.6)

2.1.2 Feeding Method

The feed technique is an important parameter that significantly affects antenna characteris-
tics such as VSWR, Bandwidth, and return loss. The four most popular feeding techniques
are the microstrip line, coaxial probe, aperture coupling, and proximity coupling [27].
Microstrip line and coaxial probe are popular techniques for feeding the patch antenna.
The energy is fed directly to the radiating patch via the connecting line in the microstrip
line and coaxial probe. In contrast, proximity coupling and aperture coupling are used to
transfer power between the connecting part and the radiating patch. Below, the microstrip
line feeding technique is discussed in detail as it is used in this thesis work.

Microstrip Line Feed:

The microstrip feed line is a conducting strip, usually of a much smaller width than the
patch. It is easy to fabricate, simple to match by controlling the position, and easy to model.
However, surface waves and spurious feed radiation increase as the substrate thickness
increases, limiting the bandwidth for practical designs (typically 2-5%). Direct connection
to the patch’s edge and inset cutting are two fundamental methods for implementing this
method. This type of feed provides a planar structure since the feed is etched on the same
substrate material. An additional quarter wavelength transformer is needed for the edge
feeding impedance matching of the narrowband patch antenna. In contrast, in inset feeding,
making the inset depth closer to the middle of the patch matches the impedance. The
width of the microstrip line, which is associated with the characteristic impedance, can be
calculated via the Eq. 2.7 and 2.8 [28]

h
Zy 60 111[8— + %][Q],when% <1 (2.7)
\Eeff Wf 4h h
12
Zy = o QL whent 1 28)

Verflo 4 1.393 4 0.667In (54 + 1.444)] h

where W is the width of the microstrip line. Equation 2.9 gives the calculation of the feed

length [26]
Ao

€r

4

ﬂ

L;= (2.9)
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Figure 2.3. Microstrip line feeding (a) Edge feeding (b) Inset feeding.[19]

2.2 Wideband Microstrip Patch Antenna

As mentioned in the previous section, the most severe limitation of the MPA is its narrow
bandwidth. The bandwidth can be defined in terms of its VSWR or input impedance
variation with frequency. The VSWR or impedance BW of the MPA is the frequency range
over which it is matched with that of the feed line within specified limits [20]. The BW of
the MPA is inversely proportional to its quality factor, where the Q factor is defined as the
ratio of energy stored to the power radiated. However, there is no complete freedom to
achieve optimum antenna performance as the BW, Q factor and efficiency are interrelated.
Degrading the Q factor increases the BW but lowers the radiation efficiency. Therefore,
there is always a trade-off between them. The relation between BW with respect to the Q
factor and VSWR is given below. [19].

BW = ———— (2.10)

2.11)

The I' is a measure of reflected signal at the feeding point of the antenna where it is defined
in terms of input impedance Z;,, of the antenna and the characteristic impedance 7 of the

feed line as given below [20]:
Zin - ZO
N=—
Zin + 2o

The BW is usually specified as the frequency range over which VSWR is less than 2

(2.12)

(corresponds to a return loss of 10 dB). The expression for approximately calculating



the percentage BW of the rectangular MPA in terms of patch dimensions and substrate

parameters is given by [20]
e —1W

BW =
e L

(2.13)

where W and L are the width and length of the rectangular MPA. With an increase in
W, BW increases. However, W should be less than the resonant wavelength to avoid the
excitation of higher-order modes. Additionally, by changing the substrate parameters,
such as decreasing the dielectric constant or increasing the substrate height, the stored
energy decreases and the radiated power increases. Hence the Q factor decreases and BW
increases. But, the disadvantage of using thick substrate is the increased surface wave
power resulting in poor radiation efficiency [29]. In addition, other techniques enhance the

BW of a narrowband MPA, which are discussed in detail below.

2.2.1 Planar Multi Resonator Configurations

Placing multiple resonators side by side with a small gap between them with different
combinations widened the BW, similar to the case of multistage tuned circuits. Using
this method, BW of 5-25% are possible to achieve [30, 31, 32]. Various patches like
narrow strips, shorted QW rectangular patches, and rectangular resonator patches have
been coupled with a gap to the main fed rectangular patch. In this method, the main patch is
excited by the feed, and parasitic patches get excited by the coupling effect. If the resonant
frequencies from the patches are close to each other, then the wide BW is achieved. The
overall impedance BW will be the superposition of the response of the resonators resulting
in wide BW. Three different combinations of gap-coupled rectangular patches are shown
in figure 2.4 These planar multi resonator arrangements yield broad BW. Still, they have
the disadvantages of large size for array configuration and variation in the radiation pattern
over the impedance BW [20]

2.2.2 Multilayer Configurations

In the multilayer method, different dielectric substrate layers are stacked on each other and
patches are placed on top of each dielectric layer. These arrangements are categorized as
electromagnetically coupled or aperture-coupled MPAs based on the coupling mechanism.

Here, electromagnetically coupled structure is discussed.

Electromagnetically Coupled MPAs:
In the electromagnetically coupled MPA, the bottom or top dielectric layer patch is fed by

a coaxial probe, and the other patches on the different dielectric layers are electromagneti-
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(@)

(b) (c)

Figure 2.4. Various gap-coupled multi resonator RMPA configurations: (a) three RMPAs
gap-coupled along radiating edges, (b) three RMPAs gap-coupled along non-radiating
edges, and (c) five gap-coupled RMPAs[20].

cally coupled. The patches can be fabricated on various substrates. The patch dimensions,
which are fabricated on different substrates, are optimized based on the respective dielec-
tric parameter value so that the resonance frequencies of the patches are close to each
other to yield broad BW [20]. The techniques mentioned above improve the BW, but the

er2 €r2
er1 er1 -
(a) (b)

Figure 2.5. An electromagnetically coupled MSA, in which (a) the bottom patch is fed and
(b) the top patch is fed [20].

improvement is insignificant. Also, these techniques are not compact, which is one of the

goals of this thesis. In the below sections, the compact wideband methods are discussed.

2.2.3 Shorted Patch Technique

Introducing shorting pins (from the patch to the ground plane) at various locations can

reduce the patch antenna size by 50% [33]. These positions depend on the resonant modes.
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In this case, the introduction of shorting walls or pins does not load the antenna. In another
situation, pins can be located at positions where higher-order modes (0, n), n=2, 4, 6...
are present to suppress these modes’ excitation. For a QW patch shorted at the far end, the
current at the end of the patch is not zero anymore. As a result, this QW patch antenna has
the same current-voltage distribution as a half-wave patch antenna. However, the fringing
fields responsible for radiation are shorted on the far end, so only the fields nearest the
transmission line radiate [34]. Consequently, the antenna gain is reduced. This type of
antenna is known as Planar Inverted F Antenna (PIFA). The feed is connected between the
open and shorted end, and the distance between the feed to the shorting pin (L;) controls the
input impedance. The impedance will decrease by placing the feed closer to the shorting
pin. The top plate of the PIFA is at a height h from the ground plane. The PIFA sits on top

of a dielectric with permittivity as the patch antenna. However, a conventional PIFA has an

Feed plate

f

Feed
Figure 2.6. UWB Planar Inverted F Antenna (PIFA)[35].

inherent narrowband that must be enhanced to fulfil the wideband requirements.
Techniques to increase the BW of PIFA:

m Thick air substrate lowers the Q and increases the bandwidth of the PIFA.

m Using parasitic patches with resonant lengths close to the primary resonant frequency.
m Adjust the location and the spacing between two shorting posts.

m Changes in the widths of feed plate and shorting plate [35].

m Using Stacked elements will increase the bandwidth [36].

m Reducing the ground plane by inserting several slots at the ground plane edges can

effectively broaden the antenna bandwidth. This way antenna structure’s quality

12



factor is minimised and increases the bandwidth [37].

By following the above techniques, the BW of the PIFA can be increased to UWB. But,
this type of antenna has air between the substrate and ground, making it challenging to

fabricate.

2.2.4 Slotted Ground Plane Technique

When the proper slots are inserted in the microstrip antenna’s ground plane, the antenna’s
fundamental resonant frequency can be lowered [38]. Also, increased impedance band-

width can be obtained by increasing the length of the inserted slots. A pair of narrow slots

radiating patch

slots /- ll
A

: —» |« 1 mm
via hole for

probe feed

Figure 2.7. Geometry of a compact microstrip antenna with a slotted ground plane[35].

(Length 1 width 1 mm) is inserted in a finite ground plane in design [38]. Two narrow
slots are positioned along the centerline of the ground plane perpendicular to the antenna’s

resonant direction to effectively meander the excited surface current paths in the ground
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plane. Size reduction about 39% is achieved using this technique compared to the regular
microstrip antenna. The impedance bandwidth (BW) for the case with 1 =20 mm is 3.1%,
more significant than that (2.7%) of the corresponding regular microstrip antenna. This
behaviour is mainly due to the inserted slots in the ground plane, which effectively lower
the quality factor of the microstrip antenna. This technique is used for designing the UWB

antenna in this thesis.

2.2.5 Slot-Loading Technique

In this method, suitable slots are cut on the radiating patch, which changes the current
distribution in the patch [20]. Depending on the slot position and size, the current takes a
longer path than the patch without a slot. This way, antenna size can be reduced with the
enhanced bandwidth. The current distribution has to be analysed first to find the suitable
position for the slots to be placed. The slot must be placed in a position that affects the
current distribution most to force the current to take the longer path. The disadvantage of
cutting a slot in the radiating patch is the reduced gain. This thesis uses this technique to
design the wideband antenna for IEEE 802.11 bf.

2.3 Antenna Key Parameters

Reflection Coefficient:The reflection coefficient is an electrical parameter representing
the amount of a wave reflected back due to the impedance mismatch in a transmission line.
It is the complex amplitude ratio of the reflected voltage wave to the incident voltage wave,

and the symbol of this coefficient is I', mathmatically [39].

Vo _ Zo— Zoef%l

') = =
() ‘/0+ Zr+ Zy

(2.14)
where I': Reflection Coefficient, V|, : Amplitude of the reflected voltage wave, VOJF: Am-
plitude of the incident voltage wave, Z;: Load impedance, Z,: Characteristic impedance,
~: Propagation coefficient, l: Transmission line length. For an ideal system there is no
impedance mismatch between the transmission line and load. Thus, the reflection coeffi-
cient will be 0 in that case.

Return Loss: Return loss is the ratio of incident power to reflected power. It is always
positive, and the higher the return loss, the better the antenna’s characteristic since it
indicates the difference between forward radiated power and backward reflected power

[39]. Moreover, the scattering parameter 511, which is used to measure the high-frequency
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component behaviour, also enables the calculation of the return loss.

RLyp = 20log |T'| = —201log | Sy | (2.15)

Input Impedance: Input impedance is needed to determine the antenna’s feed point.
Mathematically, the voltage-to-current ratio at the antenna’s input terminal is the way of
calculating it [39].

Za=—F=Ra+jXa (2.16)

Where, X 4: the power stored in the near-field region. R : represents the real part of
input impedance, which is the summation of radiation resistance and loss resistance
(Ra = R, + Ryp) [40]. The loss resistance is associated with the material properties such
as dielectric loss, conductor loss, etc. The location of feed, antenna type and size, and
radiated power are critical parameters for the radiation resistance.

Radiation Pattern: The 3D polar plot of radiated fields distribution of the antenna as a
function of ¢ (azimuth angle) and 6 (elevation angle) in space is called the radiation pattern.

The three major types of radiation patterns are omnidirectional, isotropic and directional.

4

dB (Gain Total)

. 1.3616

-2.2416

-5.8448

-9.4480
v ._13_051

-16.654

-20.258

-23.861

Figure 2.8. 3D far field radiation pattern of the antenna[40].

The omnidirectional pattern is isotropic in a single plane, as shown in figure 2.8 where
the maximum radiation exists in the XZ plane. The isotropic pattern is only theoretical
because it requires the same radiation in all directions. A directional pattern radiates in a
single direction. In addition, the elevation plane (E-plane) and the azimuth plane (H-plane)
patterns give the most significant observation about the direction of maximum radiation
power. The E-plane is defined as the plane where the electric field E lies, and the H-plane is
the plane where the magnetic field H lies [19]. Instead of a 3D pattern, another familiar plot
is 2D pattern, which is the slice of the 3D plane. These plots help visualize the direction in

which the antenna radiates.
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Radiation Intensity: It is a far-field parameter and defined as the power radiated from
an antenna per unit solid angle in a given direction. The radiation intensity is calculated
mathematically [19],

U=1W,aq (2.17)

where, U: radiation intensity (W /unit solid angle); r: distance; W,,4: radiation density
(W/m?)

Directivity: The ability of an antenna to radiate energy in a single desired direction is
measured by the term Directivity. It is the ratio of the antenna’s radiation intensity U (6, ¢)

to the radiation intensity averaged over all directions [19].

_ AU (0, ¢)

D
Prad

(2.18)

Antenna Efficiency: An antenna does not transform all electromagnetic energy into
radiation because of several losses, such as reflection which causes the dissipation of
input power as heat and material losses (i.e. dielectric loss, conductor loss). Therefore,
efficiency is necessary for measuring the association of the input and radiated power. It
is mathematically the ratio of the power delivered to the antenna input port to the power

radiated from the antenna [19].
P, rad

Pi

where; n: Efficiency, P,.q: radiated power, FP;,: input power

n= (2.19)

Gain: Gain (G) is a parameter that considers the efficiency and directivity of an antenna’s
radiation pattern (G = nD). It determines how much power the antenna radiates in a
specific direction. The other term is known as the absolute gain, which is the ratio of
radiation intensity in a given direction to the radiation intensity that would be produced if

the accepted input power radiated isotropically [19].

U(9, )
Py, (accepted power)

G = (2.20)

where G: Gain, U(0, ¢): radiation intensity, P;,: accepted input power. Generally, this
ratio is expressed in decibels with respect to an isotropic radiator (dBi).

Gapi = 10log;(G) (2.21)

In most cases we deal with the relative gain, which is the ratio of the power gain in a given

direction to the power gain of a referenced antenna (lossless isotropic source, e.g. Horn
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antenna) in its reference direction [19]. The input power is same for both the antennas.

U(o,¢)

P, (lossless isotropic source)

G:

Ar (2.22)

Bandwidth: The energy radiated or received at a specific frequency interval defines the
operating frequency range of the antenna, which is measured by Bandwidth (BW). It is
the difference between higher and lower frequencies. The application becomes wideband
if the ratio of the upper operating frequency ( f3,)to the lower operating frequency (f;) is
equal to or greater than 2 [19].

BW = f, — fi (2.23)

fn
fi

Another term known as fractional BW (FBW), linked to the center frequency mathemati-

> 2 wideband application

cally expressed as,
-
fe

where f.: Center frequency of the antenna, f;,: Higher frequency of the antenna, f;: Lower

FBW (%)

(2.24)

frequency of the antenna range.
In addition to the terms mentioned above, impedance bandwidth which depends on several
parameters such as dielectric thickness, size of the ground plane and feed technique, refers

to return loss bandwidth [41]. It is frequently measured via return loss plot at -10 dB.

2.4 Equivalent Circuit Model

An antenna can be represented by an equivalent circuit of lumped elements. The equivalent
circuit model has both theoretical and practical importance. It provides valuable insights
into the design and performance of the antenna. In [42], author uses Foster’s canonical
forms and SPICE-compatible vector fitting technique and makes a comparison of the
antenna equivalent circuits. In [43], degenerated Foster canonical forms for electric and
magnetic antenna models are introduced. A non-linear curve-fitting optimization technique
is used in [44] for a rectangular microstrip patch antenna to determine the values of
the equivalent circuit parameters. This work uses Foster canonical form to model the
antenna equivalent circuit as it lacks complexity. In general, an antenna is a linear passive
element, and its input impedance can be expressed by Foster’s canonical form, assuming no
resistance loss, as shown in figure 2.9. Foster first canonical form (figure 2.9a) is suitable
for modeling "electric antennas" that operate as open circuits with DC input signals. The
second Foster canonical form (figure 2.9b) is used to model a "magnetic antenna" that is
electrically shorted to a DC input signal. An example of electrical antennas are dipole and

monopole, where loop antennas are magnetic antennas [43]. The input impedance Z;,(w)
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Figure 2.9. Foster canonical forms for (a) electric antennas and (b) magnetic antennas [43]

of the equivalent circuit is calculated using Eq. 2.25 [45]

N"LIL(L'

1 R,
Zin(w) & jwlo + o (2.25)

wCo ; 11 jQu 2

wn W

Where Q),,=w, R,C,, and w,=(L,C,)~0.5 . N, is the number of modes needed to
properly describe the antenna input impedance’s frequency behaviour. w is the operating
radian frequency, and wn is the radian frequency of the nth resonant mode. Cj is the
input capacitance, and L is an inductance that takes account the higher-order modes and
feeding effects. At the same time, R,,, C,,, L, and @),, are the resistance, capacitance,
inductance and quality factor, respectively, describing the lumped resonance behavior
in the antenna structure [45]. According to Foster’s first canonical form, an equivalent
circuit derived from the input impedance examines the impedance vs frequency curve.
Based on the resonance and anti-resonance points, series or parallel RLC circuits model
the equivalent circuit. Around resonance frequency, the antenna behaves as series RLC
circuits where the derivative of the antenna reactance with respect to frequency is positive.
At near anti-resonance ranges, the antenna acts as parallel RLC circuits, and the frequency
derivative of the antenna reactance is negative [42]. In a finite frequency range, When the
antenna reactance changes from negative (capacitive) to positive (inductive), the frequency
derivative of the antenna reactance is positive. If the reactance of the antenna changes from
a positive (inductive) to a negative (capacitive), the frequency derivative of the antenna

reactance is negative.

2.5 Power Delay Profile

A transmitted signal can travel many different paths before reaching a receiver which
causes the received signal strength to be degraded. The power delay profile gives the power
strength of a signal received through a multipath channel as a function of propagation delay.

It has many uses, specially for characterizing a multipath channel and channel estimation.
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Figure 2.10. Multipath propagation scenario.

One can calculate the mean excess delay, RMS delay spread, maximum delay spread and
coherence bandwidth from the power delay profile. The trade-off between the symbol
rate and the complexity of the receiver system design can be determined from the delay
spread analysis. Also, the cyclic prefix in an OFDM system is typically determined by the
maximum excess delay or by the RMS delay spread of that environment [46]. Figure 2.10
shows the multipath propagation of the transmitted signal.

The other use of power delay profile is range estimation in various motion or location-based
applications. Many localization techniques use range-based analysis to compute positions
based on the received signal strength indicator (RSSI), representing the receiver’s received
power level [47, 48]. The received power strength measured from each signal path can
estimate the path length between a pair of transmitters [49, 48]. In this thesis work, the
power delay profile is used to measure the range between the transmitter and receiver, and
range of a metal object as a sensing point of view. Power delay profile is a function of a

channel impulse response. The following equation 2.26 calculates it.
P(7) = E[|h(t, 7)) (2.26)

There are two categories to measure the channel impulse response: time-domain and
frequency-domain measurements. However, the measurement setup is different in each
case. Frequency domain measurement utilizes Vector Network Analyzer (VNA) to measure
the complex channel impulse response, which is transmissivity Sp;(w) data over the
sweep frequency range. This complex channel impulse response is converted to the time-

domain bandlimited impulse response using Inverse Fourier Transform (IFT). After that,
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Figure 2.11. Frequency domain channel impulse response measurement. [50]

a Hamming window is applied to reduce the delay-domain side lobe level. Finally, PDP
is calculated using the above equation 2.26, which is the delay vs PDP plot. Finally, the
horizontal axis of the plot is converted from delay to distance to find the range. Figure
2.11 shows the frequency domain channel impulse response measurement in the block

diagram.
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3. Wideband Antennas Design

In this thesis work, slotted ground plane and slot-loading in the radiator techniques are
used to design UWB and wideband antenna (5.9-7.1 GHz), respectively. To achieve that,
first, a planar narrowband microstrip patch antenna is designed at 5.8 GHz. Later, the
slotted ground (Defected Ground Structure) technique with the partial ground is used to
design the UWB antenna. For designing the wideband compact antenna (5.9-7.1 GHz),
slots are introduced in the patch along with the partial ground. ANSYS High-Frequency
Structural Simulator (HFSS) is used to model and analyse the design. The software utilizes
the finite elements method (FEM) to compute numerical analysis of complex geometries
and inhomogeneous mediums [51]. There are four main steps in creating and solving an

accurate HFSS simulation:

1. Creation of the Model

2. Assigning the Boundaries

3. Assigning the Excitation

4. Solving and Simulating the Results

3.1 Narrowband Planar Microstrip Patch Antenna

Resonance frequency plays an essential role in antenna design for calculating the dimension.
The dimension of the antenna is inversely proportional to the resonance frequency. The
resonance frequency of the narrowband MPA is targeted at 5.8 GHz to compare the
dimension of the designed antennas at a later part. RO4003 having a thickness of 0.508
mm and a dielectric constant of 3.55, is chosen as a substrate due to its low cost and low
losses at high frequencies compared to other cheaper options like FR4. In addition to
that, antenna bandwidth increases with the thicker substrate. Therefore, we wanted to
achieve wide bandwidth without the help of a thick substrate. For designing the antenna,
the microstrip line feeding-based technique is considered than the inset feeding technique.
This causes the antenna to resonate at multiple resonant frequencies in a wideband design.
The antenna patch length, width and feed length are 13.6 mm, 17.1 mm and 6.9 mm
respectively at 5.8 GHz according to the equations 2.4-2.6 and 2.9 mentioned in chapter 2.
Later, these values are optimized from simulation to match the antenna at 5.8 GHz. The
impedance of the antenna is 205.21 2 for the optimized antenna dimension. Therefore,
a quarter-wavelength impedance transformer is needed to match the antenna impedance

with the 50 €2 input impedance. The characteristic impedance of the quarter-wavelength
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impedance transformer is calculated 101.29 €2 using equation Z, = \/Z; Z;,. Here, Z;, is
antenna impedance and Z;,, is the 50 €2 input impedance. The below table 3.1 summarizes
the optimized parameters of the narrowband MPA designed at 5.8 GHz. Figure 3.2 shows
the antenna is matched to 5.8 GHz and has a fractional BW of 1.03%.

Antenna parameters Optimized| Theoretical
Substrate Length, SubL. | 31.5 mm | 28.65 mm
Substrate Width, SubW | 33.5 mm | 20.15 mm

Substrate Material RO 4003 | Patch Length, Lp 13.5mm | 13.6 mm
Dielectric Constant 3.55 Patch Width, Wp 17 mm 17.1 mm
Substrate Thickness 0.508 mm | Feed Length, Lf_50 4 mm 6.9 mm

Operating Frequency 5.8 GHz | Feed Width, Wf_50 .14 mm | 1.14 mm

QW Feed Length, Lf_qw | 8 mm 8.1 mm
QW Feed Width, Wf_gqw | 0.28 mm | 0.28 mm
Antenna Impedance 205.2 [Q2] | 204.7 [2]

Table 3.1. Narrowband microstrip patch antenna parameters.

Substrate
h=0.508 mm

——

(a) Side view (b) Top view

Ground, Lg

Patch, Lp

Figure 3.1. Narrowband patch antenna at 5.8 GHz (a) Side view (b) Top view.
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Figure 3.3. 3D gain of narrowband microstrip patch antenna.
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3.2 Compact UWB Antenna Design

The narrowband antenna designed in the previous section is matched to a single frequency.
However, for wideband operation, the matching network has to be a multisection trans-
former which will increase the overall dimension of the antenna. But, there are several
other methods to improve the matching and increase the BW of the narrowband patch
antenna. As mentioned in the chapter 2, methods like thick substrate, stacked patches,
shorting pins, and defected ground structure (DGS) are used to improve the bandwidth of
microstrip antennas and impedance matching. Therefore, this section uses defected ground
structure (DGS) with partial ground to design the UWB antenna. Usually, a complete
ground plane for the entire substrate below the patch causes the antenna to radiate in
the broadside region. A finite ground plane helps to obtain an omnidirectional radiation
pattern for the UWB antenna. Also, finite ground planes are capable of supporting multiple
resonant modes. Overlapping closely spaced multiple resonant modes (f1, f2, f3,...fn)
as shown in 3.4 can achieve wide bandwidth, and this is the idea of obtaining the UWB

bandwidth. Methods like cutting steps at the bottom of the patch increase the distance

N
S

Return Loss (dB) o

B

Frequency
f1 f2 3 fa

Figure 3.4. The concept of overlapping closely-spaced multiple resonance modes creating
wideband.[52]

between the patch and the ground plane, which tunes the capacitive coupling between
them [53], while the ground slot neutralizes the capacitive effects through the inductive
nature of the patch to get nearly pure resistive input impedance [54]. Therefore, techniques
like cutting the slot in the ground (DGS) and increasing the distance between the partial

ground and patch are implemented to improve the matching and impedance BW.
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3.2.1 Effect of Partial Ground and Bending

For designing a rectangular bending shape UWB patch antenna with partial ground as
shown in figure 3.5, substrate and patch dimensions are kept similar to the previous
narrowband design. Quarter-wavelength impedance transformer is removed, and a direct
edge feeding microstrip line of 14 mm is used for feeding the antenna. The gap from
the top edge of the ground plane to the bottom edge of the patch plays a significant role
in matching the impedance and widening of the antenna BW. To find the required gap

Substrate
h=0.508 mm
=T}
(3
5 °
- c
g 5
E b
=]
o X
= Z
&
Y
(a) Side view (b) Top view

Figure 3.5. Antenna-1 W/O slot (a) Side view (b) Top view.
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Figure 3.6. Parametric analysis of finite ground of the antenna-1 (W/O slot).
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between the top edge of the ground and bottom edge of the patch, parametric analysis
is performed in the HFSS. After parametric analysis, the gap of 0.55 mm for the finite
ground (Rg=13.45mm) is selected. In figure 3.6, Rg=13.45mm shows better wideband and
impedance matching. Also, the two resonance frequencies are below -10 dB. A gap smaller
than 0.55 mm starts degrading the bandwidth and impedance matching. The bending shape
in the patch tunes the capacitive coupling by increasing the distance between the bottom
edge of the patch and the top edge of the ground, improving the impedance matching at
5.3 GHz and 7.1 GHz. The width of the tx line is kept constant at 1.14 mm for 50 2. SMA
connector with wave port excitation is used to model the simulation as close as to the

practical environment.

3.2.2 Effect of Slots in the Ground

Adding a slot in the ground plane changes the current distribution, creates additional
resonance frequency at a higher frequency and improves the impedance matching [55].
Figure 3.7 shows the different antenna types discussed below for further BW improvement

and impedance matching. The simulated antenna-1 has resonances at 5.6 and 7.1 GHz. To

(a) Antenna 2 (b) Antenna 3 (c) Antenna 4
(Bottom slot) (Bottom_Top slots)  (Bottom_Middle_Top slots)

Figure 3.7. Different antenna types.

add another resonance at a higher frequency current distribution (magnitude) in the ground
plane of antenna-1 is studied. Figure 3.8 shows the current distribution on the ground
plane of antenna-1 around the two resonances as well as at 10.3 GHz. The bottom centre
edge of the ground plane has high current distribution at 10.3 GHz, 7.1 GHz and 5.6 GHz.
Therefore, adding a slot at the bottom centre edge of the ground will add a resonance at
10.3 GHz, as shown in figure 3.9. The resonance frequencies at 7.1 GHz and 5.3 GHz
are shifted towards the lower frequency due to the high current distribution at the bottom
center edge around these resonances. Table 3.2 provides all the physical dimensions of
the necessary slots in the ground plane. Parametric analysis is used to find the proper size

of slots used in the ground plane. In a similar way, the current distribution (magnitude)
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Parameters | Value (mm)
S1_L 3.45
SI_W 1.4
S2,3_L
S2,3. W 1
S4_L 0.5
S4 W 5

Table 3.2. Ground slots dimension.
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/
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Figure 3.8. Current distribution (Magnitude) analysis on the ground plane of antenna-1
(W/O slot).
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Figure 3.9. S}, parameter comparison between antenna-1 and antenna-2.
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Figure 3.10. Current distribution (Magnitude) analysis on the ground plane of antenna-2
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is analysed for the antenna-2 to improve the impedance matching from 7.5 GHz to 9.5
GHz, where there is a band notch. Figure 3.10 shows that the top edge of the antenna-2
ground plane has high current distribution near the bending. Therefore, cutting two slots

at the top edge of the ground plane of antenna-2 tunes the capacitive reactance. Figure

0
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7.35 GHz
-10.04 dB
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-9.974 dB

dB(S(1,1))

-30 Antenna-2 (Bottom Slot)
Antenna-3 (Bottom & Top Slots)
-35

25 5 7.5 10 12.5
Frequency (GHz)

Figure 3.11. S}, parameter comparison between antenna-2 and antenna-3.

3.11 shows that band notch disappears for antenna-3 from 7.5 GHz to 11.4 GHz. Since
the reflection coefficient of antenna-3 is still very close to -10 dB, current distribution is
analysed again for antenna-2. Figure 3.10 shows that current distribution is high in the

middle of the ground plane too. Therefore, placing a slot in the middle of the ground plane
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brings down the S;; significantly below -10 dB. The total simulated BW for antenna-4
is observed from 3.8 GHz to 11.7 GHz as shown in figure 3.12. The fractional BW has
increased to 101.9 % from the 1.03 % of the narrowband design. Figure 3.13 shows the
simulated gain is 4.6 dBi at 8.75 GHz. The fabrication and measurement results will be

presented in chapter 4 more in detail.
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Figure 3.12. S}, parameter comparison between antenna-3 and antenna-4.
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Figure 3.13. 3D gain of UWB antenna-4 at 8.75 GHz.
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3.2.3 Equivalent Circuit Model

The Cadence AWR Design Environment platform is used in this section to develop the
equivalent circuit. It is a electronic design automation software for developing RF/mi-
crowave products [56]. To get the circuit elements value for simulating the equivalent
circuit in AWR, first, the input impedance of the antenna is obtained from HFSS simula-
tions, as shown in figure 3.14. As shown in figure 3.14, the input impedance goes through
4 anti resonances at 4.81 GHz, 7.15 GHz, 9.5 GHz and 13.1 GHz. At each anti-resonance,
the imaginary part almost crosses the zero line and has a negative derivative. At the same
time, the real part of the input impedance has a local maximum. Therefore, in AWR,
the input impedance is represented by four parallel RLC cells connected in series. The
first parallel RLC cell represents the first band which resonates at 4.81 GHz. The second
parallel RLC cell represents the resonance frequency at 7.15 GHz. The third and fourth
parallel RLC cells represent the resonances at frequencies 9.5 and 13.1 GHz, respectively.
The parallel LC cell at the end of the circuit is responsible for representing the bending
effect of the antenna at low frequency. The proposed equivalent circuit model of the
antenna-4 and element values of the designed UWB antenna-4 are shown in figure 3.15 and
table 3.3, respectively. The final comparison of the real and imaginary parts of the input
impedance obtained in HFSS and AWR are shown in figures 3.16 and 3.17, respectively.
The HFSS results agree with the AWR with slight differences. The reason for this is that
the structure simulator in the HFSS software accounts for all the coupling effects in the
simulated antenna structure. In contrast, only the individual lumped elements are taken

into account in the equivalent circuit model without accounting for their coupling.

Zn ZO Zl ZZ Z3 Z4 Z5

R, (Q) 39 | 42 | 49 | 190

C,pF) | 13 | 3 |2246| 193 | 35 | 224
In AWR (pE)

L,(H) | 0.65 | 0352 | 0.226 | 0.146 | 0.0425 | 1.425

f (GHz) 481 | 715 | 95 | 13.1

R, (Q) 5082 | 517 | 63 | 1853

C,pF) | 1425 | 39 | 1121 2.63 | 2.066
In HFSS

L,mH) | 0.65 | 0.281 | 0.045 | 0.107 | 0.0715
f,(GHz) 4.81 | 7.15 9.5 13.1

Table 3.3. Element values of the equivalent circuit model of the designed UWB antenna-4.
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Figure 3.14. Input impedance of designed UWB antenna-4 in HFSS.

R1=39Q R2=42Q R3=49 Q R4=190 Q
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Figure 3.15. Equivalent circuit model of the designed UWB antenna-4 in AWR.
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Figure 3.16. Input impedance (Real) comparison of UWB antenna-4 in HFSS vs AWR.
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Figure 3.17. Input impedance (Imaginary) comparison of UWB antenna-4 in HFSS vs
AWR.
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3.3 Compact Wideband Antenna Design (5.9-7.1) GHz

According to the Functional Requirement Document (FRD) [57] published by the IEEE
802.11bf Task Group (TGbf), Wi-Fi sensing will use the license-exempt frequency bands
between 1 GHz and 7.125 GHz and above 45 GHz. From IEEE 802.11ax (Wi-Fi 6)
onward, Wi-Fi technology is ready to utilize the additional 1.2 GHz band between 5.925
and 7.125 GHz. For IEEE 802.11bf, this new spectrum band will allow the usage of large
bandwidths — up to 320 MHz [58]. In Wi-Fi 6, there are 20, 40, 80 and 160 MHz channels.
These channels are subdivided into subcarriers which are grouped into smaller frequency
allocations called resource units (RUs). The subcarrier spacing is 78.125 kHz, and a single
RU consists of a minimum of 26 tones and a maximum of 996 tones in Wi-Fi 6. Therefore,
for a bandwidth of 320 MHz (IEEE 802.11bf), the subcarriers will increase to 996x2,
making the CSI measurement finer-grained and severely improving the performance of
Wi-Fi sensing. Hence, a compact wideband antenna working from 5.9 GHz to 7.1 GHz is

designed in this thesis work. Step by step techniques are discussed in the below.

Effect of Partial Ground and Slots in the Patch:
This section uses the Slot-loading technique in the patch to design the compact wideband
antenna (5.9-7.1 GHz). The same substrate with 0.508 mm height is used for this design
as it was for UWB antenna. Partial ground method is followed for widened the BW and
improving the impedance matching. The insertion of slots in the patch element highly
affected the current distribution. Therefore, a very small antenna size (bmm x 8mm) is
considered for the initial design and impedance matching is done using the partial ground.
Later, slots are introduced in the patch element based on the current distribution to shift the
resonance frequency in the lower side and band notch the frequency above 7.1 GHz so that
the antenna radiates only from 5.9 to 7.1 GHz. Figure 3.18 shows the small size antenna
with partial ground for initial stage. From figure 3.19, the S, is below -10 dB from 8 GHz
to 14.5 GHz which is outside the desired frequency range. Although, the BW is widened as
expected for partial ground. Now, to shift the resonance frequency towards the lower side,
current distribution (vector) analysis is computed on the patch element of WB antenna-1.
From figure 3.20, there are mainly vertical currents in the patch. Therefore, placing slots
in the patch normal to the current path will force the current to take a longer path. Hence,
the patch length will become long for the current, resonating from the lower frequency.
Figure 3.21 shows two slots are cut from the patch’s top corners, which partially block
the direct vertical current flow. Parametric analysis is done to select the proper slot length
of S1_L. Figure 3.22 shows the parametric study of the influence of slot lengths (step
size of 0.5 mm) with their respective S;; parameters. Increasing the slot length forces

the current to take a longer path and lowers the resonance frequency, as shown in figure
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Figure 3.18. Wideband antenna-1 without slot (a) Side view (b) Top view.

dB(S(1,1))

-10

m1:

8.006 GH
15| 100548

N
-—
A
15
N
®
a
T
TN

/

-20 m2:
11.74 GHz As/ = \WB antenna 1 (Without slot)
-21.8 dB
-25 ‘
) 7.5 10 12.5 15 17.5 20

Frequency (GHz)

Figure 3.19. S, parameter of wideband antenna-1 (Without slot).
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Figure 3.21. Wideband antenna-2 with top corners slots.
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Figure 3.22. Parametric analysis of WB antenna-2 with top corners slots.
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3.22. With the increasing length of the slot, the impedance matching and BW are also
becoming poor. Therefore, the slot length of S1_L= 3.54 mm is chosen for the next stage

of compact WB antenna design. The WB antenna-2 (slot length of 3.54 mm) has a 2"¢

Figure 3.23. Wideband antenna-3 with top and bottom corners slots.

resonance from 16 GHz to 19.2 GHz, and the 1% resonance is still outside the desired
range, as shown in figure 3.22. Therefore, two additional bottom corner slots are cut in
the patch to band notch the 2"? resonance and lower the 1% resonance further. Figure 3.23
shows the WB antenna-3 having the bottom corner slots of the same dimension as the WB
antenna-2. Figure 3.24 shows the S7; comparison of the WB antenna-2 and antenna-3.
The additional bottom corner slots further force the current to take the longer path. Hence,
the WB antenna-3 resonates from the lower frequency and notch the high-frequency band.

In order to further lower the resonance frequency, horizontal slots are introduced in the
bottom part of the antenna-4, as shown in figure 3.25. The new slot dimension is chosen
after the parametric analysis. The desired frequency range is achieved with the slots
length of 2.42 mm. The parametric study of figure 3.26 shows that the BW can be further
increased or reduced by changing the horizontal slot length. The proposed wideband
antenna-4 parameters are given in the table 3.4. Figure 3.27 shows the antenna has gain of
2.2 dBi at 6.8 GHz.
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Figure 3.24. S;; comparison of WB Antenna-2 (2 slots) and antenna-3 (4 slots).
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Figure 3.25. Proposed wideband antenna-4 for Wi-Fi sensing application (a) Side view (b)
Top view.

38



dB(S(1,1))

— Slot length, S2_1L=2.42 mm
- Slot length, S2_1=2.22 mm
- Slot length, S2_1=2.02 mm
Slot length, S2_L=1.82 mm

-10

m1:

5.7481 GHz
-10.07 dB
-15
m2: m3:
6.3636 GHz 7.4512 GHz
-13.02 dB -10.01 dB
-20
5 6 7 8

Frequency (GHz)

Figure 3.26. Parametric analysis of horizontal slot length of the antenna-4.

Substrate Material RO 4003
Dielectric Constant 3.55
Substrate Thickness [mm] 0.508
Center Frequency [GHz] 6.5
Substrate Length, SubL. [mm] 14
Substrate Width, SubW [mm] 14
Patch Length, Lp [mm] 6
Patch Width, Wp [mm]

Feed Length, Lf_50 [mm] 7.5
Feed Width, Wf_50 [mm] 1.14
Partial Ground Length, Lg [mm] 6.9
Gap, [mm] 0.6
Slot 1 Length S1_L [mm] 3.54
Slot 1 Width S1_W [mm] 0.5
Slot 2 Length S2_L [mm] 2.42
Slot 2 Width S2_W [mm] 0.3

Table 3.4. Proposed wideband antenna-4
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Figure 3.27. 3D gain of the proposed wideband antenna-4 at 6.8 GHz.
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4. Fabrication and Measurement Results

The measurement results of the proposed UWB and wideband antenna (5.9-7.1 GHz) from
chapter 3 are presented in this chapter. Therefore, this chapter is subdivided into two
sections- UWB antenna and wideband antenna (5.9-7.1 GHz). Each section consists of
return loss, gain, radiation efficiency and radiation pattern measurements. The commu-
nication and sensing experiment is performed for the UWB antenna and presented in the
UWRB section. Normal laboratory environment is used for measuring the S;, whereas
an anechoic chamber (under construction) is used to measure the radiation pattern. The
fabrication and measurement equipment and processes used in this thesis work are also

described here.

4.1 UWB Antenna

The UWB and Wideband antennas are fabricated via 3D printing technology and the
standard PCB manufacturing process [59]. The equipment used to fabricate is LPKF
ProtoMat, as shown in figure 4.1. The fabrication method involves converting the HFSS
design files into Gerber files via the AWR software program. These files are required to
work on the LPKF machine, which allows the printing designed antennas on the substrate.
The LPKF machine makes the contour lines on the substrate where the copper is to be
removed and draws the shape of the antennas. Then, it removes the copper from unwanted

areas. Photographs of the fabricated UWB antenna prototype is shown in figure 4.2.

4.1.1 Return Loss Measurement

KEYSIGHT PNA model N5224B [61] working in the frequency range from 10 MHz
to 43.5 GHz, is used to verify the performance of the developed antennas. At first, the
required frequency range (2.5-12.5 GHz) and transmitted power of O dBm are selected
in the PNA. Then, The PNA is calibrated using the Smart Cal calibration tool provided
with the PNA. After the calibration, the fabricated antenna is connected to port 1 of the
PNA for S;; measurement. Figure 4.3 shows the final UWB antenna model in HFSS.
A comparison of simulated and measured return loss (S11) is shown in figure 4.4. The
S11 of the fabricated antenna shows impedance BW of 7.1 GHz (3.9-11 GHz), whereas,
from the simulation, it is 7.9 GHz (3.8-11.7 GHz). The slight mismatches might be the

measurement performed in the normal lab environment rather than an anechocic chamber.
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Figure 4.1. LPKF ProtoMat machine [60].

Top view Bottom view

Figure 4.2. Fabricated UWB antenna left (Top view) right (Bottom view).
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Figure 4.4. S}, of fabricated UWB antenna-4 (simulation vs measurement).
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4.1.2 Gain Measurement

Diamond Automated Measurement System (DAMS) positioner is used for E, H plane
and gain measurements. Figure 4.5 and figure 4.6 show the measurement procedure for
DAMS positioner and GUI of the measurement software. The measurements were carried
out in an anechoic chamber (under construction). After completing the calibration of the
PNA using long coaxial cables, port 1 is connected to the DUT UWB antenna, and port 2
to the reference wideband horn antenna. The positioner rotates the DUT UWB antenna
180 degrees for the E-plane (due to hardware issue) and completes 360 degrees for the
H-plane measurement. Figure 4.8 shows the radiation pattern of the structure simulated
and measured for the E-plane (XZ direction) and H-plane (YZ direction) at 7.1, 8.75 and
10 GHz frequencies. The results exhibit omnidirectional behaviour in the wide frequency
range. The mismatches between the results in certain angles are due to the open ceiling
and uncovered areas of the chamber. Figure 4.7 shows the gain and radiation efficiency of
the proposed UWB antenna. The UWB antenna has a gain of 2-6 dBi from 3.7-11.7 GHz.

The radiation efficiency is above 90% in our desired frequency of operation.

DAMS Positioner / AUT

Scalar or Vector* Calibration
(* Requires VNA)

Precision RF Cables

DAMS Antenna
Measurement Studio

=~ GPIB / Ethernet / USB

VNA, Rec. Only or ' Controller
| ‘Source/Receiver

Figure 4.5. DAMS connection overview [62].
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GHz (f) H plane 10 GHz.
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4.1.3 Range Measurement

In order to perform sensing measurement of the fabricated UWB antenna, the distance
between two UWB antennas (LLoS) and distance measurement to the metal plate (NLoS)
as an object is performed in this section. As mentioned in chapter 2, the power delay
profile method is used here as a tool to measure the range, which is a popular technique
for localization. The measurements were performed inside an anechoic chamber (under

construction) at the Barkhausen Institut.

Measurement Setup (LoS Configuration):

The first measurement setup for measuring the distance between the two UWB antennas
is shown in figure 4.9. In this setup, the fabricated UWB antennas are placed in the line
of sight (LoS) configuration to measure the distance between the transmitter and receiver.
The distance between them is set to 1 m, and height is maintained at 80 cm above the
ground using tripods. Port 1 of the PNA is connected to one UWB antenna, and port 2
is connected to the other UWB antenna. The measured frequency range is set from 3.5

Tx Ant
UWB 1

Tm Rx Ant
UWB 2

AR AR

Port 1 VNA Port 2

Figure 4.9. Line of Sight (LoS) measurement setup.

GHz to 12.5 GHz, corresponding to a delay resolution of 111 ps or 0.1 ns and power
is set to 0 dBm. The spectrum is divided into 201 points. Therefore, the maximum
excess delay or maximum measurable time-domain delay window is 2.22 ns. Usually,
multiple measurements are performed at different locations for channel characterization
or estimation. But, the experiment is performed only at one fixed distance as this work
focuses on measuring the range between the transmitter and receiver using the power delay
profile method. To compute the PDP, the channel impulse response in the time domain is

obtained from the measured complex Sy; data using the Inverse Fast Fourier Transform
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Figure 4.10. Line of Sight (LoS) range measurement between the transmitter and receiver.

(IFFT). After that, a Hamming window is applied at this stage to reduce the side lobe level
in the delay domain. Finally, the horizontal delay axis is converted to the distance axis
to show the range between the transmitter and receiver. Figure 4.10 shows that the peak

received signal power is at 1.07 m, which is the distance between the antennas.

Metal Plate Distance Measurement Setup (NLoS Configuration):

Figure 4.11 shows the second measurement setup for measuring the distance of a metal
plate (200 cm x 100 cm x 2 mm) where both UWB antennas are placed side by side in
NLoS configuration. The distance between the antennas is 48 cm, and from the antenna’s
center point to the metal plate varies 1 m to 1.5 m during measurements 1 and 2. The
antenna height is 80 cm above the ground using tripods and oriented towards the metal
plate. Port 1 of the PNA is connected to one UWB antenna, and port 2 is connected to
the other UWB antenna. To compute the PDP, similar procedures like LoS measurement
were followed for this metal plate distance measurement. Figure 4.12 indicates that for
each distance measurement, there is a common peak at 0.5 m which is the NLoS received
signal from the Tx antenna due to the omnidirectional radiation behavior. The other peak
is at 2.17 m and 3.17 m, which is the round trip distance reflected from the metal object
presence in measurements 1 (1 m) and 2 (1.5 m), respectively, received by the receiver
antenna. Therefore, any device equipped with a UWB antenna can provide information on

the device’s distance in a multipath environment.
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Figure 4.11. NLoS measurement setup for measuring the distance of metal plate.
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Figure 4.12. Metal object distance measurement using NLoS configuration.
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4.1.4 Communication Experiment

In this section, a communication experiment is performed to validate the developed
UWRB antennas can successfully transmit the digitally modulated signal and receive them
for demodulation and performance analysis across the 8+ GHz frequency range. The

experiment is performed in a normal laboratory environment.

Measurement Setup:

To perform the experiment, Arbitrary Waveform Generator (AWG) is used to generate the
modulated signal, and UXR0254AP 25 GHz 256 Gsa/s 10 bit Real-Time Oscilloscope
perform the digital demodulation and performance analysis. QPSK and 16 QAM are
chosen as digital modulation techniques for this communication experiment. Figure 4.13
shows the measurement setup. The Tx UWB antenna is connected with the AWG through

-Tlme

OSCI osc ﬁ

Arbitrary Waveform
Generator (AWG)

Figure 4.13. AWG-UXR communication measurement setup.

the coaxial cable, and the Rx UWB antenna is with channel 1 of the oscilloscope through
the coaxial cable. The distance between the antennas is set to 50 cm. A wideband LNA is
connected before the Rx antenna to facilitate the receiver measurement analysis, as the
fabricated UWB antenna does not have a very high gain (4.6 dBi). The LNA has a gain
of 26-33 dB for the frequency range of 2-20 GHz [63]. The transmitted power for the
antenna is set to 0 dBm or 1 mW for this experiment. At first, the modulation techniques
(QPSK and 16 QAM) are set up using the direct coaxial cables (directly connecting them)
for the center frequency of 8 GHz and frequency span of 8.1 GHz, as shown in figure
4.14. In the next phase, over-the-air transmission is performed to compare the direct cable
and over-the-air performance. The communication measurement results are validated by
observing the constellation diagram, eye diagram, power spectral density and error vector
magnitude (EVM) data.
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Figure 4.14. Modulation setup for direct cable transmission (a) QPSK (b) 16 QAM.
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Measurement Results:

Figure 4.15a shows the QPSK for direct cable measurement and figure 4.15b for over-the-

air measurement. The PSD plot in OTA measurement shows the received power by the
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+ X | C: Ch1 QPSK Meas Time

~ X | D: Ch1 QPSK Syms/Errs

Markers

Average in Progress

File Edt Contol Source Input MeasSetup Trace Markers Window Utiities Help
[ 1/e] "VF Range To peak Power @etautt ~ I - =N S BT

+ X | C: Chl QPSK Me:

+ X | D: Ch1QPSK Syms/Errs
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Figure 4.15. QPSK (a) Direct cable measurement (b) OTA measurement; Top left- Con-
stellation diagram; Top right- Eye diagram; Bottom left- PSD; Bottom right- EVM data.

antenna is -35 dBm over the spectrum. It can be calculated approximately by modifying
the Friis transmission equation in decibels as the measurement is performed in a laboratory

where multipath propagation is unavoidable.

P. = P, + Gy + G, — path loss + ampli fier gain — cable loss “.1)
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Here, P,: received power, P;: transmitted power, G;: transmitter antenna gain, G¢,.: receiver
antenna gain, path loss = 20log(4md/\) [39].

The constellation diagram of figure 4.15b is more distorted than the figure 4.15a as the
EVM > 2% RMS (11.75 % RMS). EVM is a measure of how far the received point or
symbol is shifted from its ideal position due to various imperfections during transmission
and reception. The difference in points can be due to magnitude error, meaning the received
vector is too long or too short, and phase error, where the angle of the received vector is
incorrect. But EVM often does not offer much insight into the nature of the error. On
the other hand, a constellation diagram helps determine the cause(s) of deviations from
the ideal point. By visualizing the constellation diagram of figure 4.15b, the received
points are seen to be more spread out around the ideal points, which is due to the noise. It
happens when the SNR value is low, and the SNR value of 18.57 dB compared to 34.6
dB of figure 4.15a confirms the statement. In addition to that, an eye diagram provides
a useful analysis of the digital transmission system. It is a frozen display of the digital
received signal, which is repetitively sampled. By visualizing the eye diagram of figure
4.15b, the noise margin is seen to be smaller than the figure 4.15a. It is the amount of noise
that can be tolerated by the signal and tells us how far one can go before running into the
decision error, and usually, the larger, the better it is. The distortion indicated in the eye
diagrams of figure 4.15 also confirms the low SNR value for figure 4.15b.

Similarly, figure 4.16a shows the 16 QAM for direct cable measurement and figure 4.16b
for over-the-air measurement. As the modulation order increases, the EVM value should
increase also. But the EVM data in the bottom right corner of figure 4.16b shows that it is
9.6 % RMS, and the SNR is slightly better (17.84 dB) than the QPSK OTA measurement.
This could be due to less external interference during the 16 QAM measurement. The
constellation diagram of figure 4.16b is more distorted than figure 4.16a, and by zooming
on each constellation point, it is summarised that due to noise and hence low SNR, the
received points are spread out around the ideal point. From the eye diagram comparison
between the measurements, the noise margin is smaller in figure 4.16b compared to figure
4.16a. Hence, the eye becomes much smaller in figure 4.16b. These OTA measurement
results are acceptable for UWB communication as the frequency span here is very large,
and the energy is distributed over this large spectrum. With these QPSK and 16 QAM
measurements, the usability of this UWB antenna across the 8+ GHz frequency range is
validated.
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Figure 4.16. 16 QAM (a) Direct cable measurement (b) OTA measurement; Top left-
Constellation diagram; Top right- Eye diagram; Bottom left- PSD; Bottom right- EVM
data
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4.2 Wideband Antenna (5.9-7.1 GHz)

The proposed wideband antenna-4 is fabricated using the LPKF ProtoMat machine avail-
able in Barkhausen Institut. The fabrication procedures are similar to the previous UWB
antenna fabrication. Photographs of the fabricated wideband antenna prototype is shown
in figure 4.18. The PNA and DAMS positioner are used for further measurements.

4
i

0 20 40 (mm)

Figure 4.17. Final wideband antenna-4 model in HFSS.

Top view Bottom view

Figure 4.18. Fabricated wideband antenna-4 left (Top view) right (Bottom view).
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4.2.1 Return Loss Measurement

At first, the required frequency range (5-8 GHz) and transmitted power of 0 dBm are
selected in the PNA. Then, The PNA is calibrated using the Smart Cal calibration tool pro-
vided with the PNA. After the calibration, the fabricated wideband antenna-4 is connected
to port 1 of the PNA for S;; measurement. The measurement is performed in a normal
laboratory environment. Figure 4.19 shows the comparison of S1; between the simulated

and fabricated antenna. The S;; of the fabricated wideband antenna shows impedance

------- Measurement

---------
.......
.

5. —— Simulation

dB(S(1,1))

_20_

—25 - - - - -
5.0 5.5 6.0 6.5 7.0 7.5 8.0

Frequency (GHz)

Figure 4.19. Sy, of fabricated WB antenna-4 (simulation vs measurement).

BW of 1.52 GHz (5.98-7.5 GHz), whereas, from the simulation, it is 1.71 GHz (5.74-7.45

GHz). The factors contributing to mismatches are expected to be from:

s SMA connector.
s LPKF fabrication tolerance as the gap between two horizontal slots is very narrow

(0.2 mm in the current model).

To validate the above first statement, the WB antenna is again simulated without the SMA
connector to see the influence of the connector. A rectangular wave port (11.4 mm x 3 mm)
is used to feed the antenna feed line directly, and the 50 2 port size is calculate from the
HESS document [64]. Figure 4.20 compares the measured result with the simulation of the
antenna with an SMA connector and without an SMA connector (direct wave port feeding).
Here, the impedance matching for the simulation with the SMA connector is reduced, and

the simulation with the wave port matches more with the measurement result.
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Figure 4.20. S;; comparison of the WB antenna-4 measurement result with simulation
(with SMA and without SMA (direct wave port feeding).
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Figure 4.21. Horizontal slot length parametric analysis for understanding the LPKF
fabrication tolerance.
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For the second statement, the horizontal slot length of the WB antenna is varied by 0.05
mm. The current fabricated WB antenna has a gap of 0.2 mm between two horizontal slots,
which is very close to the LPKF fabrication resolution. Figure 4.21 shows that with the
reducing length of the horizontal slot, the gap increases between the slots and the resonant
frequency shifts toward the measurement result. The S;; parameter for measurement is -17

dB at 6.7 GHz, which is in between the simulation with SMA and wave port simulation.

4.2.2 Gain Measurement

Similar to the previous UWB gain measurement experiment, the DAMS positioner is
used for this WB antenna E-plane and H-plane. The measurements were conducted in
an anechoic chamber (under construction) as shown in figure 4.22. After completing the
calibration of the PNA using long coaxial cables, port 1 is connected to the DUT antenna,
and port 2 to the reference horn antenna. The positioner rotates the DUT antenna 180

degrees for the E-plane (due to hardware issue) and completes 360 degrees for the H-plane

measurement.

Figure 4.22. Proposed WB antenna radiation pattern measurement in an anechoic chamber
(under construction).

Figure 4.23 presents the wideband antenna radiation pattern E-plane (XZ direction) and
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Figure 4.23. Wideband antenna-4 normalized radiation pattern (a) E-plane at 6.25 GHz (b)
H-plane 6.25 GHz (c) E-plane at 7.5 GHz (d) H-plane 7.5 GHz.
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H-plane (YZ direction) at 6.25 and 7.5 GHz. The results exhibit omnidirectional behaviour
in the wide frequency range. The mismatches occurring at certain angles are from open
ceiling and uncovered side walls (lower area) as there are no absorbers.

The gain and radiation efficiency of the proposed wideband antenna-4 are shown in figure
4.24. At 6.8 GHz, the fabricated antenna has a peak gain of 2.2 dBi, and with increasing
frequency, the gain is also increasing. The gain is acceptable with this compact size as the

antenna exhibits an omnidirectional pattern.
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— (3QiN
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Figure 4.24. Simulated gain and radiation efficiency of the proposed wideband antenna-4.

The radiation efficiency is close to 90% at our desired frequency range (5.9-7.1 GHz) which
is very high. While compacting, small antennas suffer from low radiation efficiency (around
50%) when slots are cut like meandered lines (normal to the current distribution) that
completely bend the current in the patch [65, 66]. In this WB antenna design, meandered
line-like slots are avoided to maintain high radiation efficiency while compacting the

antenna.
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Conclusion

This master thesis work studies the development of wideband compact antennas targeting
two new futuristic trends in wireless technology: joint communication and sensing (JC&S)
in 6G and IEEE 802.11 bf (Wi-Fi sensing). From the antenna design point of view, the wide
bandwidth and compact physical structure with good gain and high radiation efficiency are

the first steps toward achieving these new technologies.

Therefore, this thesis work designed and fabricated two wideband compact antennas
based on their fractional bandwidth for communication and sensing applications. One
UWB antenna focusing on UWB application and one wideband antenna focusing on
Wi-Fi sensing application are designed and fabricated. Both fabricated antennas fulfil the
compactness requirement of the thesis. The UWB antenna dimension is 31.5 mm x 33.5
mm (0.8 \y x 0.85 )\y), and the WB antenna is 14 mm x 14 mm (0.3 A\ x 0.3 \g). Defected
ground structure technique is used to increase the impedance BW of the UWB antenna,
whereas the slot-loading technique is followed for the WB antenna. Both methods use
current distribution analysis and provide increased impedance BW and compactness. The
UWB antenna shows an impedance BW of 7.9 GHz, and for the WB antenna, it is 1.9
GHz. The peak gain is 4.6 dBi and 2.2 dBi around the UWB and WB antenna’s centre
frequency, respectively. The gain measurement is conducted using a positioner in an under
constructed anechoic chamber. Therefore, the simulation and measurement results have
slight mismatches. The radiation efficiency in both developed antennas is close to 90%.
The radiation efficiency for the WB antenna is achieved by avoiding the zigzag pattern
slot (meandered line) in the patch, as cutting the slot in the patch worsens the radiation

efficiency.

Additionally, an equivalent circuit model is provided for the UWB antenna. The Foster
first canonical form is used to model the equivalent circuit using lumped elements. This
equivalent circuit provides insight into the theoretical analysis of the designed UWB

antenna.

Finally, the fabricated UWB antenna is used to perform sensing and communication
experiments. For the sensing experiment, the range between the two UWB antennas (LoS
configuration) and metal object distance measurement (NLoS configuration) is performed

using the power delay profile as a tool.

For communication measurement using UWB antenna, AWG-UXR equipped measurement

is performed where the modulated signal is generated using AWG, and digital demodulation
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and performance analysis is done in the UXR oscilloscope. The RF signal’s performance
of the Rx UWB antenna is analysed by observing the constellation diagram, eye diagram,
PSD and EVM data. Here, QPSK and 16 QAM are used for digital modulation. The
usability of this UWB antenna across the 8+ GHz frequency range is validated with this

measurement.

In addition to the conclusions, further research corresponding to this study can be continued
by improving the gain and compactness using a metamaterial-based design. A comparison
of enhanced gain can also be analysed between the array structure and metamaterial-based

structure.
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