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Chapter 1

Introduction

1.1 Waveguide Slot Antennas

Waveguide slot antennas have been investigated in various applications
ranging from wireless body area network (WBAN) [1], [2], multiple-input
multiple-output (MIMO) system [3], [4], [5], [6], satellite communication
(SATCOM) [7], radar systems [8], [9], radio-frequency identification (RFID)
reader [6], and etc., because of its low-loss, robustness, low-profile, and size
miniaturization at high frequencies. In addition, the high-power capability of
waveguide slot antennas attracts their usage in wireless power transmission
(WPT) and high-power microwave (HPM) applications [10].

Fig. 1.1 shows examples of waveguide slot antennas developed for similar
applications at Tokyo Tech [11]:

1. (a) radial line slot antenna (RLSA) for direct broadcast from a satellite
(DBS) [12].

2. (b) alternating-phase-feed single-mode waveguide slot array antenna
for fixed wireless access (FWA) system [13].

3. (c) parallel-plate slot array antenna for synthetic aperture radar (SAR)
[14].

4. (d) post-wall waveguide slot array antenna for millimeter wave appli-
cations [15].

5. (e) plate-laminated hollow-waveguide slot array antenna for millimeter
wave applications [16].



The aforementioned works investigated mainly the far-field applications,
at which the target distances are approximately larger than %, where D is
the largest dimension of the antenna and A is the free space wavelength. In
this study, however, we are interested in the applications in non-far region in

which some interesting features can be utilized.

1.2 Non-far Region Applications

In near-field region, electromagnetic field does not fall off as 1/r where r
is the propagation distance from a radiating element in consideration. Ar-
ranging radiating elements of a waveguide slot antenna in array configuration
and exciting them in a certain fashion can control antenna directivity which
indicates sharpness of an antenna beam. A common technique utilized in
non-far region applications is near-field focusing. Near-field focusing is a
well-known technique which focuses electromagnetic field at a point in the
antenna near-field region to increase the electromagnetic power density in a
size-limited region close to the antenna aperture [17]. Such a technique has
been adopted in various applications such as electromagnetic imaging, radio
frequency identification, and etc. Fig. 1.2 shows a slotted waveguide sparse
array antenna proposed by [18] for near-field focusing applications. In [18],
array configuration (the excited magnetic current and position of each slot)
was determined using the particle swarm optimization (PSO) to achieve the
desired near-field pattern. In the same manner, in WPT A same concept as
the near-field focusing so called the beam-typed technique has been used, in
which the divergence of the beam is limited and focused the radiating energy
on the receiving antenna (rectanna) to realize a high transmission efficiency
[19]. In fact, the study [20] suggests that the Gaussian beam is required to
achieve approximately 100% transmission efficiency. One of the very first
demonstration using this technique was done in [21] where the microwave
beam was used to power and position a helicopter. One common feature
related to the near-field focusing is the quasi-plane behavior in the near-field
region; this allows the potential for stable wireless communication links [22].
Similarly, [23] utilizes the quasi-plane wave to conduct small antenna pat-
tern measurements. In addition, the antenna in [24] was proposed for to set
up a stable, high data-rate ultra-short-range 3 x 3 multiple-input multiple-
output (MIMO) wireless communication link using such a feature. Another
example that shows an aspect retaining in the electromagnetic near-field is



the orbital angular momentum (OAM) multiplexing; the OAM modes are
efficiently transmitted within short distances while these mode cannot be
maintained in the far-field region owing to the divergence of the beam [25].1t
should be emphasized that transmission in near-field applications is line-of-
sight propagation. The multi-path effect from the surroundings is negligible
in the near-field region because the transmitted energy is normally concen-
trated in the volume over the radiating surface of an antenna. In such a
scenario shadowing effects are a dominant cause of degradation over multi-
path effects [26]. In addition, multiple reflections between the Tx and Rx
antennas might become a serious issue in a certain scenario. In particular, if
the distance between Tx and Rx antennas is very short and the size of the
Rx antenna is comparable to that of the Tx antenna, the effect of multiple
reflections will be large. In some applications such as WPT [27], they might
pose a problem. The complete suppression of multiple reflections between the
Tx and Rx is difficult. They however can be alleviated to a certain extent,
see [28].

Near-field transmission can be classified by their applications into two ma-
jor categories: 1) wireless data communication and 2) wireless power transfer.
The following are some of the works developed at Tokyo Tech for non-far re-
gion applications.

e wireless data communication : Fig. 1.3 shows an illustration of A
60 GHz-band compact-range gigabit Wireless access system developed
n [22]. A large array antenna was adopted in the system to realize a
stable communication zone in the non-far region of the array. As men-
tioned previously, a dominant cause of degradation which is common
in most of near-field applications is shadowing effects. However it will
be pointed out in the next chapter that the multi-path effect from the
size of the large array antenna of the a compact-range system similar
to that in [22] contribute to significant level of intersymbol interference
(IST) especially at the distances close to the array. The studies [29], [30]
demonstrates a potential system for high speed data communication in
non-far region. Fig. 1.4 show an illustration of a rectangular orthogo-
nal multiplexing (ROM) antenna system. Four orthogonal modes can
be transmitted and received simultaneously. Each mode is generated
by controlling the array phase excitation owing to monopulse circuits.
The demonstrations confirmed the possibility of mode multiplexing;
Therefore, channel capacity can be increased in such a system. The



efficiency of ROM transmission is limited by the collapse of the orthog-
onal modes due to the beam divergence. In other words, the quality
of each mode can be efficiently maintained in the non-far region of the
Tx antenna.

e wireless power transfer : An example of an antenna system for
short-distance wireless power transfer is given in [31]. The study pro-
posed a novel 8-port microstrip fed RLSA as a receiving (RX) antenna.
The antenna was design based on the characteristics of the RF-to-dc
conversion circuit to which high conversion efficiency is achieved by a
certain amount of the input RF power. This amount of the input RF
power is lower than the total receiving power at the RX antenna; this
lead to the design of 8-port way divider using the microstrip line struc-
ture. The transmission scheme is given in Fig. 1.5. The Tx antenna
is a one-port RLSA which will be discussed in detailed in chapter 3.
Based on the beam-typed technique, the transmission distance is in
the near-field region of the Tx antenna to concentrate the radiating
energy within the beam to the Rx antenna. The Rx antenna was fabri-
cated by print circuit board (PCB) technology without the need of an
additional metal encasement; This results in a light-weighted antenna
which is suitable for installing in electric vehicles (EV)

It should be emphasized that the amplitude and phase excitation con-
trol of an array is crucial especially for non-far region applications as some
of examples was already given in [17], [18] and will be emphasized again in
chapter 3. On the contrary, the amplitude and phase excitation control for
far-field region applications is not so sensitive as that for non-far region ap-
plications. Precisely speaking, a desired field pattern or characteristics in the
near-field region is more susceptible to any deviation from the ideal antenna
field excitation while a desired field pattern in the far-field region is likely to
be less effected due the divergence of the propagating electromagnetic field.
To this end, the maximum transmission distance and transmission efficiency
of both near field wireless communication and WPT systems is generally
limited by the beam divergence. A straightforward way to enhance the max-
imum transmission distance as well as transmission efficiency is to increase
the transmitting antenna size. In near-field communication systems, a sig-
nal processing technique could be an alternative to improve the maximum
transmission distance without enlarging the antenna size. On the contrary,



only applying a signal processing technique to a WPT system would not ef-
ficiently improve the maximum distance or transmission efficiency. Though
increasing the transmitting power might be able to increase the maximum
transmission distance, it does not contribute to any improvement in trans-
mission efficiency.

Other types of antennas which are widely adopted in non-far region ap-
plications are reflector antennas and microstrip antennas. Reflector antennas
among other antenna configurations provide the highest gain, widest band-
width. The primary role of a reflector antenna is to confine or radiate most
of the electromagnetic energy over its aperture into a focal plane or far field
for communication or energy transfer [32]. Therefore, reflector antennas are
often found their applications in near-field focusing [33] and WPT [21] since
beam/energy focusing can be efficiently synthesized by this type of antenna.
One of their disadvantages however is their bulkiness which makes reflector
antennas not popular in short-range wireless communications. On the other
hand, microstrip antennas are comparatively lightweight, miniature, and easy
to integrate with chip devices. As a result, microstrip antennas have been
adopted in several short-range wireless communication systems. Since mi-
crostrip antennas have higher loss and lower power capability compared to
waveguide slot antennas or reflector antennas, their usage on WPT tends
to be for small power consumption devices [34]. In the comparative point
of view, one could say that waveguide slot antennas are a trade-off between
reflector antennas and microstrip antenna.

1.3 Outlines of this Study

The objective of this dissertation is investigate candidate antennas and
possibilities for their improvements as well as the performance evaluation for
these applications. Our objectives is to study transmission issues for a given
antenna system. Precisely speaking, our aim is to quantitatively estimate
bit error rate (BER) as well as intersymbol interference (ISI) given a com-
pact range communication using a large array antenna which is presented in
chapter 2. The main degradation issue of this system is BER degradation
due to ISI in the proximity of the Tx antenna and the direct measurement
of BER is troublesome and time-consuming; Therefore, we initiate a method
to evaluate ISI which leads to BER using only the measured aperture field
distribution of an actual antenna. As for the short range WPT systems



discussed in chapter 3 and 4, our objective is to improve the transmission
level and reduce transmission ripples. One of the issues in short range WPT
application is the transmission ripples which result in the fluctuation in the
transmission efficiency; the main cause of the transmission ripples is mul-
tiple reflection between Tx and Rx antennas. Furthermore, the reduction
in transmission efficiency is attributable to the performance of the design
antenna excitation. We improve the transmission by using a better feeding
design which can realize better antenna aperture excitation. The flow chart
in Fig. 1.6 shows the summary of this dissertation. It is mainly divided into
two part based on their applications.

Chapter 2 discusses the BER issue in a 60 GHz-band compact-range giga-
bit wireless access system using large array antennas [22]. The ISI mechanism
which is the main cause of the BER degradation from the adoption of a large
array antenna is indicated and the method to quantitatively estimate ISI
using the antenna near-field distribution was proposed. The validity of the
proposed method was confirmed experimentally.

Chapter 3 deals with the transmission between RLSAs in short distance
[27]. The simulation result indicates large transmission ripples caused by
multiple reflections between the transmitting (Tx) and the receiving (Rx)
antennas, which is not a desired quality for WPT applications. The aim is to
enhance the transmission and reduce the transmission ripples by improving
the uniformity in the aperture field excitation. The dog-bone cross-slot was
adopted for such a purpose. The design of the dog-bone cross-slot using the
eigenmode analysis is given. The improvement of the transmission using the
design antennas was verified by simulation and experiment.

Chapter 4 proposed a circular-polarized parallel-plate slot array antenna
as a promising candidate for wireless communication and WPT applications.
The target is to design a candidate antenna for short-range transmission
applications which has a better transmission performance, i.e. transmission
efficiency and its characteristics up to a distance of 30 cm. The design of the
whole antenna structure using electromagnetic simulator software HFSS is
given. The antenna fabrication is detailed. Finally, the performances of the
design antenna were confirmed by simulation.

Chapter 5 summarizes the results of this study and the future considera-
tions and improvements are pointed out.
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Chapter 2

Intersymbol Interference
Evaluation in Non Far Region
Transmission using a Large
Array Antenna

2.1 Introductory Remarks

The compact range communication proposed in [1] is considered to be a
promising candidate for high speed, short range communication systems. In
the same context as general line of sight communication, the system suffers
from shadowing effects. The adoption of a large array antenna offers impor-
tant features, including multipath free from the transmission not obstructed
by surroundings [1], [2], as channel conditions like fading, are not expected
to be severe. Therefore, a single carrier system will be sufficient for a system.
Table 2.1 give a quantitative comparison with a similar 60-GHz wireless com-
munication system [3]. The system proposed in [3] utilized a smaller antenna
for a far-field region application. Fig. 2.1 show plots of measured bit error
rate (BER) performance versus transmission distances for various array sizes.
The significant BER degradation can be observed at the distances close to
the Tx antenna. In addition, BER degradation becomes even worse for lager
array sizes. The findings in [4], [5] point out that the BER degradation is
attributable to intersymbol interference (ISI). The main cause of ISI in [1] is
path delay differences among the elements of an array antenna. Due to the
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adoption of a large array antenna, this path delay difference is large. As a
result, the ISI level value also becomes significant.

Reproducing and accurately predicting BER performance as shown in
Fig. 2.1 would benefit the system planning. Though the prediction of BER
is of utmost interest, the existence of several signal processing components,
e.g., equalizer and automatic gain control (AGC), increases the complexity
of the problem. To simplify the problem, we aim to evaluate ISI which is
the dominant cause of the BER degradation while disregarding the signal
processing components.

Estimating the ISI level is of vital importance in evaluating overall sys-
tem performance. For this, the use of commercial electromagnetic simula-
tion software is limited by memory storage issues due to the large size of the
simulation model (in this case the antenna size). In addition, the direct mea-
surement of ISI and related quantities is difficult because of many physical
limitations, including cable length, measurement space, and others.

This chapter discuss an ISI estimation method based on the near field
distribution of the array antenna as an alternative method to evaluate the
IST for different transmission distances. The method is more convenient
than direct measurements as will be indicated in the following sections and
also has certain advantages over electromagnetic software simulations as the
obtained results closely represent the actual array excitation because the
near field distribution demonstrates defects arising from antenna fabrication.
These defects are, however, not easy to measure or predict, so reflecting
these imperfections in the antenna modelling for simulation purpose is not
practical.

Here, despite the ISI issue arising with a large array antenna, the uti-
lization of equalizer and LDPC (low-density parity-check code) mitigates
the interference issue and bit error rate lower than 1072 can be achieved.
However, the adoption of OFDM may increase the complexity of in both
transmitting and receiving circuits and OFDM always suffers from PAPR
(peak-to-average ratio) problem in transmitter amplifiers.

Overall in this Chapter, section 2.2 presents details of the non-far region
communication system that is proposed. Here, an evaluation model is de-
rived based on the scenario of the system and will be referred to during the
rest of the chapter. In section 2.3, a definition of ISI and the equivalent
baseband communication system, from which the ISI formula is derived, are
given. The channel transfer function, which is vital to the ISI analysis, is
indicated and will be investigated in detail in the following sections. Section
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2.4 elaborates the ISI estimation method using the near-field distribution:
each subsection presents steps in estimating the ISI. Section 2.5 interprets
and validates the results obtained by the proposed method. A comparison to
direct measurements is provided and discrepancies between the ISI estimated
by our proposed method and estimated from direct measurements are dis-
cussed. At the end of the section, an application of the ISI in evaluating the
signal to noise plus interference ratio (SINR) is given. Finally, we conclude
with a discussion of the significance of the proposed method in section 2.6.

2.2 Non-Far Region Communication System

In the study here, we focus on the communication scenario shown in Fig.
2.2, Non-far region communication system. Table 2.1 provides the system
specification though in the current study these signal processing components
will not be taken into account. The main transceiver device adopts a large
array antenna, within the near-field region of antenna. The transmitting
(Tx) antenna is a large array antenna with uniform excitation design and
the receiving (Rx) antenna is in a mobile terminal. The important feature of
adopting a large array antenna is that it generates an approximately uniform
volume (quasi-plane wave) over the cross section of the antenna in the non-far
region. The rectangular volume forms the reception zone of this system. The
distance from the Rx antenna to the Tx antenna is in the near-field region
(shorter than D?/), where D is the maximum dimension of the transmitting
antenna and A is the wavelength) [6]. A user within the reception zone
experiences multi-gigabit data access. Fig. 2.3 demonstrates the criterion of
the field region of an antenna in terms of wavelength (\) and the maximum
dimension of the antenna (D). Based on the foregoing criterion, the non-
far (near-field) region is defined as the region from the antenna front up to
Ry. while most of conventional wireless communication systems, however,
operates in the far-field region.

Fig. 2.4 shows the evaluation model of the system in Fig. 2.2, in which
the Tx antenna is placed at the origin of the rectangular coordinate system.
The Rx antenna is represented by a waveguide probe. The coordinate system
mentioned hereafter refers to the configuration in Fig. 2.4.

The actual system is proposed for a 60 GHz-band wireless system at 57-
66 GHz. Unfortunately, however, the fabrication of the Tx antenna for the
60 GHz-band has not been successfully achieved at present. A 30 GHz-band
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64x32-slot array antenna [7] is used for the Tx antenna with corporate feed
structure as the feeding circuit. The band discussed in this paper is about
a half of the 60 GHz-band. The antenna dimensions are 583.2x301.6 mm?2,
directivity 42 dBi, and the aperture efficiency 75%. A WR-28 waveguide
probe is used for the Rx antenna.

It should be noted that the frequency scaling (from 60 GHz to 30 GHz)
poses no issue of concern for the proposed method. This paper discusses the
ISIin the RF band. From the theoretical point of view, the ISI analysis model
and method, though frequency-dependent, are the same for all frequencies
when the electrical size of the antenna is normalized by the wavelength.

2.3 Intersymbol Interference Analysis

Before dealing with ISI analysis, it is important that we should be famil-
iar with a communication system model and its basic components. Fig. 2.5
demonstrates simple building blocks of a communication system. In partic-
ular, this section explains how the optimum filters (and g,(t)) are designed
in order to mitigate the effects of additive white noise and ISI. In subsection
2.3.1, we explain how to determine the filter which minimize the effect of
additive white noise at the receiving end, namely Matched Filter and in sub-
section 2.3.2, we explain the interference-free condition and give an example
of a widely-used filter which satisfies the condition.

2.3.1 Matched Filter

Let us assume in Fig. 2.5 that output signal just directly after Channel
h(t) and frequency response of the receiving filter are s;,(t) and G,(f) respec-
tively. The input to the receiving filter r(¢) and the output of the receiving
filter y(t) are given as follows,

r(t) = su(t) +w(t) (2.1)

y(t) = so(t) + n(t). (2.2)

Provided that so(t) and n(t) are the response of the receiving filter to the
input signal s,(¢) and the white Gaussian noise w(t) respectively. Their
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formulas are given below,

solt) = / A (2.3)

solt) = / " G (£)Su(f) explizn 1) df (2.4)
n(t) = /OO gr(Tw(t —7) dr (2.5)
) = [ G (W) expli2nt) df. (2.6)

Here, S,(f) and W (f) are the Fourier transform of s;,(¢) and w(t) respec-
tively. The receiving signal power at arbitrary time instant ¢ is expressed as
| s0(t) |* and average noise power is expressed as E[n?(t)]. Therefore, signal
to noise ratio (SNR) can be expressed as follows,

| so(t) I?

T

(2.7)

In order to find a receiving filter which maximize SNR, we first examine the
autocorrelation function of n(t) which is given as follows, [§],

R,(t) = E[/OO gr(m)w(t — 1) dmy /00 gr(m)w(t — 7o) drs]

—00 —0o0

_ /_ " n(r) dm / " a(m) dmaBlw(t — m)w(t — )] (2.8)

o —00

_ / o (m) dm / 01 (72) dra Rt — 71,1 — 72),

e} —00

given that R, (t) is autocorrelation of white Gaussian noise w(t). Let 7 =
t — u. From equation 2.8, we have,

Ru(t) = /_ " n(n) dm / " o (r) draR(7 — 71 + 7). (2.9)

o0 —00
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Average noise power E[n?(¢)] is equal to the autocorrelation of n(t) at 7 = 0.
Furthermore, we can express equation 2.9 in term of G,.(f) as follows,

_ /_Z /:[/_Z Go(F) exp(j2 fr1) dfl g (72) Ruy (72 — 1) dry ds

— /_Z G.(f)df /_Z gr(T2) dTo /_Z Ry (1o — 1) exp(j2m fr) dry.
(2.10)

Let 7 = 7 — 71. Equation 2.10 can be expressed as follows,

= / N G,(f)df / ) 9-(72) exp(j27 f72) dro / ) Ry(7) exp(j2m f7) dr

—00

:/_ e df/ ) exp(j2r fr) dr

- / | Go(f) 2 Sulf) df,
h (2.11)

provided that S,,(f) is the power spectrum density function of w(t) : S, (f) =
%. Therefore, average noise power is simply given below,

B0 = 5 [ 160 P (212)

From equation 2.4 and 2.12, SNR in equation 2.7 can be expressed as follows,

| /70 | Go(f) P Su(f) exp(s2n ft) df |?
Tf_oo | G (f) I* df

Here, if S,(f) and G,(f) are integrable in [—o0, c0], we invoke Schwarz’s
inequality. Then,

SNR = (2.13)

| / 1) 12 Sulf) exp(iznfe) df 2
(2.14)
_/| |2df/ [ Su(f) P df.
Therefore, .
SNR < Nio/ | Su(f) 2 df. (2.15)
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SNR is maximized when inequality 2.14 becomes equation. As a result,
our desired receiving filter which maximizes SNR must satisfy the following
condition,

G.(f) = aS;(f). (2.16)
We call this Matched filter

2.3.2 Nyquist Filter

First we assume the transmitted signal s;(t) is a pulse train of discreet
information-bearing sequence I, which can be represented in term of delta
function:

si(t) = i I,0(t —nT). (2.17)

T is a symbol period. After passing through the transmit filter, the equivalent
low pass transmitted signal x(t) is given by,

2(t) =Y Lgi(t —nT). (2.18)

In practice, g.(t) is a pulse that has a band-limited frequency response char-
acteristics G,.(f), i.e. G.(f) = 0 for f >| W |, for some positive number
W. the signal z(t) is transmitted over a channel having a frequency response
H(f). Consequently, the received signal can be represented as,

sp(t) = i Lye(t —nT) 4+ w(t), (2.19)

where -
c(t) = / gr(T)h(t — 1) dr. (2.20)

—00
Subsequently, the received signal is passed through the receiving filter g, (t)
then sampled at a rate & sample/s. The output of the receiving filter is

T
denoted as,
y(t) = Id(t — nT) + n(t), (2.21)

where d(t) is the response of the receiving filter to the input signal ¢(¢) and
n(t) is the response of the receiving filter to the input noise process w(t).
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Next, y(t) is sampled as at times ¢t = kT + 19,k = 1,2,3... where 7 is the
time of flight through the channel. We have,

y(t) =y(kT + 1) = f: Ld(kT — nT + 79) + n(kT + 79), (2.22)

or, equivalently,

Yo =D Indin + 1, (2.23)

where dy_, = d(kT — nT + 79) and ny = n(kT — nT + 79). The term
dol; represents the desired information symbol at the kth sampling instant.
On the other hand, the term Ziooom 2 Indi—p represents the intersymbol
interference (ISI) and is the Gaussian noise random variable at the kth sam-
pling instant. For simplicity, we assume that the band-limited channel has
the ideal frequency response characteristics, i.e., H(f) for | f |< W and
H(f) =0 for | f |> W. Then, the signal d(t) has frequency characteristic

D(f) = Gi(f)G.(f), where
d(t) = /_w D(f)exp(j2r ft) df. (2.24)

We are interested in finding the filters ¢;(¢) and g¢,(¢) that result in no inter-
symbol interference. We know from equation 2.23 that

Yk = doly, + Z Ldy—p + . (2.25)
—00,k#n
The condition for intersymbol interference free is as follows,

1 =
g =4t =0 (2.26)
0, k#0

This condition is known as Nyquist condition for zero ISI. Based on equation
2.26, we can develop the condition on D(f) for d(t) to satisfy the above
condition as follows,

d(t) f: 5(t — kT) = i d(kT) = 1. (2.27)

k=—0oc0 k=—o00

23



In equation 2.27, we use the fact that multiplying a function by a sum of
Dirac delta function (impulses) is equivalent to sampling of that function.
Fourier transform of equation 2.27 is given by,

DUz S - m) =1, (2.28)
k=—o00
and .
> D(f - %) =T (2.29)

In order to find d(t) that satisfy equation 2.29, we distinguish three cases.

1. When T < 5 or, equivalently, = > 2W, 377 D(f — %) consist of

non-overlapping replicas of D(f). Therefore, there is no D(f) to ensure
the summation is equal to 7" and it is not possible to design a system

with no ISI.
2. When T = ﬁ or, equivalently, % = 2W, it is clear that in this case
there exists only one D(f) that resultin >;° _ D(f—%) = T, namely,
T, | fIsW
D(f) = /] (2.30)
0, | fI>W
which corresponds to the time domain function
in(rwt/T
% — sinc(nt/T). (2.31)

This is the smallest value of T" for which transmission with zero ISI is
possible and for this value d(t) has to be sinc function. The difficulty of
this choice of d(t) is that it is non-casual and therefore non-realizable.
As a result, this case of T is not preferable for designing filters that
could result in zero ISI.

3. When T > ﬁ or, equivalently, % <2W, 32 D(f - %) consist
of overlapping replicas of D(f). In this case, there exist a numerous
choices for D(f) such that >°3° _ D(f — %) = T. The particular

T

function that satisfies the condition, for 7" > ﬁ case, and has been
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widely used is the raised-cosine function. The frequency characteristics
of the raised-cosine function is given in equation 2.32,

1, | fl1< 52
dye(t) = 3L+ cos(ZF[| F I =(FM), SE<IFIS5E (232)
0, otherwise,

Where  is the roll-off factor which takes value in the range 0 < g <
1. The roll-off factor, 3, is a measure of the excess bandwidth, i.e.,
the bandwidth occupied beyond the Nyquist bandwidth of % The
excess bandwidth is usually expressed as a percentage of the Nyquist
frequency. For example, when § = %, the excess bandwidth is 50% and
when 8 = 1, the excess bandwidth is 100%. The time domain function,
d(t), having the raised-cosine spectrum is

M 1 t =
dnt) = { 0 <las) | (233)
0, otherwise.

Due to the smooth characteristics of the raised-cosine spectrum, it is
possible to design practical filters for the transmitter and receiver in the
special case where the channel is ideal: H(f) =1, | f |< W. Therefore,
the condition which the transmitter and receiver must satisfy in order
to obtain zero ISI is

2.3.3 Optimal Filter

From the subsection 2.3.1 and 2.3.2, we are furnished with the condition
on how to design the transmit and receiving filters that maximize SNR and
erase ISI. Taking into account of the channel with additive white Gaussian
noise and ISI, we combine the two conditions to design an optimal filter as
follows,

e matched filter condition
G.(f) = Gi(f) (2.35)

e zero ISI condition



Therefore, we have | Gi(f) |*= D,.(f) and then
Gi(f) = \/ Dre(f) exp(—j27 fto), (2.37)

where %, is some nominal delay that is required to ensure the physical realiz-
ability of the filters. Thus, the raised-cosine characteristics is split between
the transmit and receiving filters.

2.3.4 1ISI Formula

This section presents the mathematical derivation of ISI formula based
on the equivalent baseband model as shown in Fig. 2.6. For typical com-
munication system model, the transmitted signal after passing through the
pulse-shaping Tx filter (s(t)) will undergo up-conversion (mathematically,
multiply the signal by exp(j2rf.t)) to make it suitable for transmission
through a channel and later after passing through the channel, it will be
down-converted (mathematically, multiply the signal by exp(—j27nf.t)) to
ensure its suitability for sampling. Taking into account of this process, the
equivalent baseband model removes the up-conversion and down-conversion
parts and instead shifts the frequency characteristics of the channel to the
lower frequency part by the amount of f.: the carrier frequency or the center
frequency of the channel. Let us begin the derivation of ISI formula by first
considering the symbol sequence of random variables A,, being transmitted
at the instant of time nT" after passing through the Tx filter. The output
signal s(t) is given by,

s(t) = (Y And(t —nT)) * gi(t)

n=—oo

/_00 Z Apo(T —nT)) x g(t — 7)dr (2.38)

n=—oo

= Z Ang,(t —nT)

n=—oo

where * denotes convolution integral operator. Next, the signal s(¢) is trans-
mitted through the channel h(t), the output of which, namely s,(t), is given
by

sp(t) = i Apz(t —nT), (2.39)

n=—0oo
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provided that z(t) = g,(¢) * h(t). In the same manner, the output signal r(t)
of the Rx filter is given by

su(t)= Y Any(t —nT), (2.40)

n=—oo

where y(t) = z(t) * g,(t). However, for calculation purpose, we might as well
express y(t) in terms of spectral functions as follows,

y(t) = FHG(HH(f + f.)G(f)}
:/_ G )H(f + f.)G,(f)exp(j2m ft) df, (2.41)

o0

Where F~! denotes the inverse Fourier transform operation and Gy(f), H(f+
fe), and G,(f) are the Fourier transform of g,(t), h(t), and g,.(t) respectively.
Subsequently, the received signal r(t) is sampled at the rate of kT + 7 for
k = 1,2,3,.... 7 represents the transmission delay through the channel,
sometimes referred to as the time of flight. The output to the sampling
process is the discreet information-bearing {Y;} which is expressed below,

_ i AT, (2.42)

n=—oo

and

rmz/mcwnHu+ﬁmxumeﬂmﬂmT+m»#
(2.43)

/WDAﬂHU+ﬂth%ﬂmT+m»#

From equation 2.42, we can distinguish the sampled sequence into two parts:

n=—o0,n#k

The first term of RHS of equation 2.44 is the desired information symbol and
the rest of the terms is interference. Intersymbol interference is defined as
the ratio of interference power over the desired symbol power:

| Zzo:—oo,nyﬁk‘ Anrk—n |2

SNR =
| Aplo |2

(2.45)
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Because we are interested in the average value of ISI, we suppose that the
random symbol A, has the following properties:

1. The average value of the random symbol is zero, i.e., E[A,] = 0.
2. The average power of the random symbol is P, i.e., E[| A, |?] = P.

3. Two different random symbols are independent, i.e., E[A,,A%] = E[A,,|E[A,]* =
0 for m # n.

In addition, the transmit filter g,(f) and the receiving filter g,.(f) constitute
the raised-cosine filter. Hence, the average desired symbol power is

E[| A.To |?] = T3E[| 4, )] =TeP, (2.46)
and average interference power is

E[( Z Amrk—m)( Z Anrk—n)*]

m=—o0,m#*k n=—00,n#k

m=—o00,m#k n=—oo0,n#k

> (2.47)
= > Twsk PE[A, P
n=—oo,n#k
=P ) [Tuxl
n=—o00,n#k
Therefore, we arrive at
OO, r . 2
IST — an—oo,nyék | k | (248)

| To |2

In practice, the limit of summation in equation 2.47 need not go to infinity
because the interference level of the symbols far from the symbols of interest
is negligible: for example, if the desired symbol is Ay, interference effect
resulting from the symbols A,, :| m |> 5 is insignificantly small. Moreover,
the limit of integration in equation 2.43 is determined by the raised-cosine
filter: as the matter of facts, D,. =0 for | f |> 1;—'8 The inverse proportion

T
of ISI is referred to as signal to interference ration (SIR).
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2.4 ISI Estimation Using Near-Field Distri-
bution

In the previous section, the important parameters and expressions re-
quired to compute ISI are presented and as mentioned there, the unknown
parameter is the channel transfer function. Depending on the wireless chan-
nel components (the Tx antenna, the Rx antenna, and the propagation envi-
ronment), the estimation of its characteristic function might be very compli-
cated even with the help of simulation software. To get around this problem,
we limit our consideration to the situation shown in Fig. 2.4. Also, the eval-
uation model is appropriate for our system because this system preference is
line of sight and multi-path effects from the surroundings, [1], [2], which are
suppressed due to the adoption of a large array antenna (such as the 64x32-
slotted array antenna here) to make a uniform field in a rectangular volume
in the non-far region. Unfortunately, even for the case of this model, the
antenna size however prevents using electromagnetic simulation software. In
this section, we introduce the method to evaluate the channel transfer func-
tion and ISI in detail using the near-field distribution of the array antenna
in consideration here.

2.4.1 Measurement of the Near-field distribution

The first step in evaluating the channel transfer function is the near-field
measurement of an antenna in consideration. In this study, the near-field
measurement is conducted on a 64x32-slot array antenna. The measurement
details are as follows,

1. Measured area: 600 x 320 mm?.

2. Sampling interval: 4 mm.

3. Frequency range: 29.06-30.14 GHz.

4. Number of the measured frequencies: 37.

The measurement area has to be sufficiently much larger than the size of
the array antenna being tested. However, the larger the measurement area,
the longer the measurement time, as the sampling interval has to be smaller
than one half of the wavelength of the lowest measured frequency. The
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frequency range is scaled down to half of the transmission bandwidth (2.16
GHz) of the channel in the 60 GHz-band system. As for the number of the
measured frequencies, it is preferable to measure as many frequency points as
possible to obtain accurate details of the frequency characteristics across the
whole band (29.6-30.14 GHz). More measured frequencies result in a longer
measurement stage however, and a trade-off has to be considered. Fig. 2.7a-
2.7f show the amplitude and the phase of the near-field distributions at the
edge and center of the band, showing that the amplitude and phase varied
within 3 dB and 60 degrees over almost all of the array aperture. The non-
uniformity in the field distribution of the array antenna is clearly reflected
through these results of the near field measurements and results are difficult
to predict using simulation software as we have no way of knowing how much
and where errors occur in the antenna after fabrication.

2.4.2 Estimation of Channel Transfer Function

With the near-field distributions for various frequencies in subsection
2.4.1, the fields at the Rx antenna can be estimated. This can be achieved
by mean of dipole approximation as illustrated in Fig. 2.8. The amplitude
and the phase values of each sampling represent those of magnetic current
dipoles at the corresponding position. As a result, the slot array antenna
can be replaced by the array of infinitesimal magnetic current dipoles, the
amplitude and the phase of which are determined by those of the near-field
distribution. By summing the total contribution from each dipole, the fields
at the Rx antenna radiated from the Tx antenna are obtained for each mea-
sured frequency. Assuming that the receiving frequency characteristics of
the Rx antenna are approximately uniform (which is true for the case of a
waveguide probe WR-28), the channel transfer function H(f + f.) can be
represented by the field radiated by the Tx antenna, see equation (A6). This
makes it possible to obtain a discreet channel transfer function (37 points)
using the near-field distribution.

To extend this procedure to a continuous function, interpolation is re-
quired, and here spline interpolation is applied to create a smoothly con-
tinuous function [9]. A discreet channel transfer function composed of the
37 frequency points is determined from the fields at the corresponding mea-
sured frequencies. Then, with a continuous channel transfer function inter-
polated from the discreet channel transfer function (37 points) using spline
interpolation, Fig. 2.9a-2.9b show examples of the channel transfer function

30



(H(f + f.)) estimated from the near-field distribution (blue line). The red
line shows the directly measured H(f + f.). The H(f + f.) estimated from
the near-field distribution shows a similar appearance as that of the direct
measurement except in the 30 GHz to 30.14 GHz frequency range. This
disagreement is likely caused by the shift of the Rx antenna position from
the center of the Tx antenna. In the non-far region, a slight shift can signifi-
cantly change S, (this effect over ISI will be discussed further in Section 2.5).
Also, the rate of change in the fields increases with the frequency increases,
probably leading to the disagreements at the high frequency range.

2.4.3 1ISI Calculation

The above suggests a way to determine the channel transfer function is
available. The ISI can be computed using equation 2.43 and 2.48. First, the
channel coefficient I'y is computed using the integral expression in equation
2.43 performed using numerical integration (Simpson’s rule). Concurrently,
the time of flight 7y has to be searched for, numerically, to maximize ['y. In
the case of ideally uniform excitation, 7y is equal to t,,;,: the propagation
time from the center of the array to the observation point on the 7 axis
according to Fig. 2.4. For the general case, 7y is determined from the interval
[tmin — 5T, tymin + 5T where T is the symbol period. This interval is specified
based on the time of flight having to be around t,,;,, as our desired symbol first
arrives at the receiver at t,,;,, the slowest desired symbol should arrive within
T seconds after the first. Taking into account the characteristics of an inverse
raised cosine function, the peak value would lie within [t,,;, — 2T, tynin + 27
after total interference. Here, 5T is used to ensure that error due to the
approximate prediction of the position of the peak value is compensated for.
After 7y is determined, all the channel coefficients I',, (including I'y) can be
computed using 79. The parameters required to calculate equation 2.43 are
given as follows,

1. Center frequency: f. = 29.6 GHz.
2. Symbol period: T'= 1.17 ns.
3. Bandwidth: BW = 1.08 GHz.

4. Roll-off filter: 8 = 0.25 (see subsection 2.3.2).
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At this point all the channel coefficients I',, are known, and ISI can be com-
puted via equation 2.43. Though the limit of summation in equation 2.43
is infinite, the computation of such terms is possible through truncation. In
fact, here the truncation is justified because of the characteristics of the in-
verse raised-cosine that is a one-side decreasing function. This ensures that
', decreases as | n | increases. The results given in the following section were
estimated assuming that Ay (I'y) is the desired signal and interference terms
are truncated to 10 terms:

{Ak—5(Ts), Ap—a(T'a), Ax—3(I'3), Ap—2(I'2), Ap—1(I'1), Ax(To),

Ap1(T21), Akro(T ), Apys(T'=s), Apga(T_s), Aps(T'=5)} (2.49)

2.5 Results

This section presents a discussion of results of the discussion developing
the method proposed here as well as experiment based results are included.
Direct measurements of ISI are difficult and the determine ISI experimen-
tally, we measured a related quantity, H(f + f.). The quantity (H(f + f.)),
is directly related to ISI and determine a value for severity of ISI for a com-
munication system. In this way, an experiment based ISI can be obtained
from the directly measured H(f + f.) by following the method detailed in
the previous section.

Before considering the results of the discussion of the proposed method
and the experimentally determined ISI, it is useful to recall the physical
interpretation of ISI for a large array antenna. The situation giving rise to
an ISI is that signals follow different paths resulting in differences in delays,
and as the result signals arrive at the receiver at different times and symbols
then interfere with each other. In the case here with a large array antenna,
signals travel from different elements to a receiver and undergo different path
delay (the adoption of a corporate feed circuit in the Tx antenna makes the
internal delay negligible) due to the large size of the array, the effect on
signals traveling from the center of the array and the corner of the array is
different, as suggested in Fig. 2.10. The delay difference is large when the
receiver is close to the array and a large value of ISI can be expected. In this
case, the differences in the delay decrease for the receiver farther away from
the array and result in smaller ISI value, put generally, ISI decreases as the
transmission distance increases.
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2.5.1 ISI Comparison with the Direct Measurement

Fig. 2.11 illustrates the ISI results. The red line represents the ISI es-
timated from the near field distribution. The black star-like dots show the
ISI values obtained by the directly measured H(f + f.). Comparing these
values, the ISI results estimated by the proposed method and the directly
measured ones are similar but not in complete agreement. The discrepancy
may be attributed to shifts in the Tx and Rx antennas as will be demon-
strated below. One of difficulties in the direct H(f + f.) measurement is the
alignment between the Tx and the Rx antennas. Even with a 3D scanner,
it is still not straightforward to align the Tx and the Rx antennas. As the
Rx antenna is in the non-far region where fields change very much, a small
shift would cause a change in the H(f + f.) prediction as well as in the
ISI. In consideration of this, the effect of a shift can be quantified, and the
blue curves in Fig. 2.11 show the upper and lower boundaries of possible ISI
values evaluated by assuming that the Rx antenna is shifted within +3 cm
horizontally and +£1 cm vertically. The region within these boundaries show
the possible ISI values when the shift is included. It is clear that all the ISI
results estimated from directly measured H(f + f.) lie within this region,
strongly suggesting that the shift of the Rx antenna from the Tx antenna
can account for the discrepancies between the ISI results. Note that the shift
range of 3 cm is acceptable in practice as, at a distance of 2 m, a 1-degree
horizontal (or vertical) deviation by the probe corresponds to a 3.5 cm shift
horizontally (or vertically) in the probe position.

The reasons why this study is able to conclude that the shift in the
position of the Rx antenna is dominant in our proposed ISI analysis method
are:

1. The Rx antenna is in the near field region where a slight change in
position may result in a significant change in the receiving field. The
effect detailed above also reflects the results in Figs. 2.11 where the
ISI discrepancy, both between the ISI results estimated from the mea-
sured results and near-field at the center of the Tx antenna, and also
between the ISI results estimated from the measured results and near-
field including the shift, decrease as the transmission distance increases
because the receiving field at the Rx antenna increasingly behaves as
a field in the far-field region with increasing distance between the Tx
and the Rx antennas; also substantiating that a shift in the Rx antenna
position in the Tx antenna plane has an insignificant effect on the ISI
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level (value) far from the Tx antenna. When the transmission distance
is shorter, the shift in the Rx position would cause a larger change in
the ISI level, as in Figs. 2.12a-2.12b, 11. For the experiments, a 3D
scanner was not available and the alignment between the Tx and the
Rx antennas was performed manually, making the alignment between
the Tx and Rx antennas susceptible to error.

2. The coverage of the compact range communication system is in the non-
far region and within the cross-sectional area of a Tx antenna (a large
array antenna). For such a situation, it is suitable that the ISI value
is estimated within an area (or more specifically a rectangular volume)
rather than based on a point-wise estimation and that the possible
values of the ISI are indicated in that particular area. Conclusively,
the estimation of ISI including the effect of any shift is practical and
acceptable.

Still, it should be borne in mind that this study simplifies the analysis
(Section 2.3) of the ISI value by assuming that the Rx antenna receives the
field radiated by the Tx antenna without disturbance of the Tx antenna or
the system itself. This implies that theoretically multiple reflection effects
between the Tx and the Rx antennas are disregarded. For a validation of
the method proposed here, a measurement result free of multiple reflections
is desirable. However, in actual measurements this effect cannot be avoided.
The multiple reflection effect increases as the transmission distance shortens,
especially in the near-field region as is clearly shown in the case of this study.
In turn, this may unavoidably have affected the measurement results and it is
difficult to calculate how large an effect this has had on the experiments here.
In future study, we will include modifications of the analysis by taking the
multiple reflection effects into account bearing in mind that this will increase
the complexity of the method of the analysis.

To discriminate the influence of the horizontal and vertical shifts, the ISI
boundaries were calculated separately for the horizontal and vertical shifts
within +2 cm as shown in Figs. 2.12a and 2.12b. Here the shift along
the horizontal axis affects ISI especially at distances far from the antenna
more than it affects that along the vertical axis. The physical reason for this
difference in the behavior can be explained by the near field distribution. The
ISI variation by the horizontal shift is affected by differences in the near-field
distribution between the left and right sides of the array aperture, while that
by the vertical shift is affected by the differences between the upper- and
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lower-half sides. Looking at the near-field distributions in Fig. 2.7, we can
see that the difference between the left and the right sides is larger than that
between the upper-half and the lower-half sides. This difference is certain
to affect H(f + f.). It may be concluded that IST is affected more strongly
by the shift along the horizontal axis than that along the vertical axis at
distances far from the Tx antenna.

2.5.2 Application to the Signal to Noise plus Interfer-
ence Ratio (SINR)

In this subsection, the signal to noise plus ratio (SINR) is estimated
using the estimated ISI from the previous subsection and, at the end of the
present subsection, the effect of ISI and noise on the communication quality
is discussed. For this, first, the received power has to be determined. The
received power can be expressed as a function of H(f + f.) and the input
power in Py,, as in equation (A1) in the Appendix. Assuming the input power
to the array 1 in P, = 1 (mW). The received power at various distances can
be readily determined as shown in Fig. 2.13. Noise is one degradation factor
which is caused by the electronics devices and by the ambience. Thermal
noise Nt is commonly considered, and assuming a noise figure (NF) value of
the system as 10 dB [8], the noise temperature T is 300 K and the receiver
bandwidth B equal to 1.08 GHz. Then the thermal noise power is given by

Py, = NF — 168.6 + 10log,(B) + 10log,,(T)

2.50
= —73.5 dBm ( )

As detailed further in equation (A2) in the appendix. This makes it possi-
ble for SNR to be evaluated, and the distribution of interference from each
element to the receiver becomes I; : 7 = 1,2, 3, ..., 64 x 32 with the total inter-
ference at the receiver I, = I} + Iy + I3+ ... + Igax32. From the central limit
theorem [10], [11], the distribution of /,. can be approximated by a Gaussian
distribution, as the number of elements, 64 x 32, is large. Finally, SINR can
be calculated using equation (A3) in the appendix and the results of SINR
and SNR are shown in Fig. 2.14. It can be seen that SINR is larger than
SNR. Given the fact that the intended transmission distance for the system
is normally up to 10 m it may be concluded that ISI is the dominant factor
for the system.
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2.6 Concluding Remarks

A method for estimating ISI from the near-field distribution is proposed
as a promising alternative to predict ISI in a non-far region system using
large array antennas and would be later incorporated in predicting BER per-
formance. The ISI estimation by means of the proposed method is demon-
strated. The ISI estimated from the near-field distribution is compared with
the ISI estimated from directly measured H(f + f.) values. The results are
in good agreement, though some discrepancies are observed. The shifting
of the Rx antenna from the Tx antenna is shown to account for the dis-
crepancy. The ISI boundary is estimated by taking the shift into account.
Finally, SINR, as well as SNR, are estimated from the ISI results obtained
for both, and the ISI is shown to be the dominating factor over noise for the
current situation. This implication strongly suggests that ISI estimation is
important in designing communication systems like that considered here. To
achieve the ultimate target, i.e., accurately predicting the BER performance
of the system, the further modifications to the ISI estimation method are
needed. More precisely, the accurate prediction of the BER performance of
the actual system would involve the effect of signal processing components.
A related study could be found in [12].

It should be emphasized that the proposed method suggests a proce-
dure to estimate ISI. It, however, does not provide a implementable mean
to alleviate ISI. Incidentally, it is more pragmatic to adopt signal processing
techniques to deal with the ISI problem. As a matter of fact, the actual
system was equipped with the equalizer on the receiving end and LDPC
was utilized to improve the system performance as already mentioned in the
introduction.
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Specification [3] This work
Antenna size 9x9mm? | 251 x 251 mm?
Coverage 51 m 10 m
Field-region Far Near
Data rate 3.5 Gb/s 3.5-6 Gb/s
Bandwidth 2.16 GHz 2.16 GHz
Modulation QPSK QPSK
Coding scheme LDPC LDPC
Multiplexing | Single carrier | Single carrier

Table 2.1: 60 GHz short-range wireless communication systems
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Figure 2.1: BER measurement
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Chapter 3

Short-Range Transmission
Improvement by Dog-bone

Cross-slot Feed in Radial Line
Slot Antenna

3.1 Introductory Remarks

Wireless power transmission has received an attention from an indus-
try for charging electric vehicles and drones [1], [2], [3]. There are mainly
two types of wireless power transmission: the non-radiative type in which
the power is transferred over short distances using techniques, e.g., mag-
netic/electric couplings [4], [5], magnetic/electric resonances [6], [7], and the
radiative type in which power is transferred by beams of electromagnetic ra-
diation over longer distances using microwaves or laser [1], [8]. However, the
efficiency of the radiative type is often limited by the divergences of beams
(radiated fields). On the contrary, the several techniques of the non-radiative
type are generally applicable over short distances. Taking the trade-off be-
tween transmission efficiency and distance into consideration, a beam-typed
technique was introduced [1]. With a electrically large aperture/array an-
tenna and their non-far region, high efficiency power transfer over longer
distances can be realized [1], [9]. In similar fashion to the short range com-
munication, radiated power in non-far region is stored in a volume enclosing
the radiating surface of the antenna.
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A radial line slot antenna (RLSA) was originally designed for satellite
communication [10]. It was also proposed for Solar power satellites in [8]. A
following work [11] includes it as a candidate for the compact-range commu-
nication system. A recent work [12] proposes the application of RLSAs for
wireless power transmission; the Tx antenna is a conventional waveguide-fed
RLSA and the Rx antenna is the eight-port-microstrip-line-fed RLSA. RLSA
has a simple structure which is easy to fabricate and with its high gain and
high-power capability this make it a possible candidate for wireless power
transfer.

The uniformity in the aperture field excitation is crucial for general array
antennas, including RLSAs. The degradation in the aperture field excita-
tion can contribute to the impairment of signal to interference ratio in short
range communication systems as discussed in the previous chapter, as well
as a reduction in wireless power transmission [13]. A key to achieve the uni-
form aperture excitation in the RLSA is the design of the coupling element.
Conventionally, a straight cross-slot [9], [12], was used to excite the rotat-
ing mode in the radial waveguide of the RLSA. The quality of the uniform
excitation is proportional to the amplitude ripples of the excited rotating
mode in the ¢ direction. A dog-bone cross-slot was proposed in [14] to re-
duce the amplitude ripple of field distribution in the ¢ direction in the radial
waveguide.

In this chapter, we propose the design methodology of a dog-bone cross
slot using eigenmode analysis. We also demonstrate that the adoption of
dog-bone cross slot in RLSAs improves the power transmission and ampli-
tude ripples. Our target of this study is to enhance the transmission and
reduce the transmission ripples for short-range transmission. The quantita-
tive comparison with other works will be given at the end of this chapter.
This study utilizes 5.8 GHz band, the industry science and medical (ISM)
band.

3.2 Transmission Power Estimation

In most applications of wireless power transfer, the efficiency of the trans-
mitted power is determined by four major parts [15]: 1) the conversion of d.c.
power into microwave power, 2) a Tx antenna to convert the microwave power
into a narrow beam, 3) a segment of space in which the microwave power is
transmitted, and 4) the absorption and conversion of microwave power back

51



into d.c. power at the point of reception. The high power transmission was
not possible not until the sudden ability to generate substantial amounts of
power at microwave frequencies acquired during the World War II. Later on
the efficient conversion of d.c. power into microwave power was realized.
The reception part resides in a rectanna (rectifying antenna) which is the in-
corporation of an antenna and conversion circuit. To improve the efficiency
of the rectanna, a recent work [12] proposed a Rx antenna to be combined
with a microwave-to-d.c. converter. Even though the rectanna has normally
been the predominant component limiting the transmission efficiency of the
whole system, we will not include the conversion circuit into consideration.
Transmission power or efficiency mentioned in this study concerns only the
amounts of microwave power fed to the Tx antenna, transmitted through
space, and received by the Rx antenna.

The power could theoretically be transmitted over any distance with
nearly 100% [16] though less efficiencies were often realized in most applica-
tions due to constrains over frequencies, antenna sizes, and distances. Even
so the idea to achieve high transmission power is to focus most of the power
in the main beam and allow this beam to be fully absorbed by the receiving
antenna, which is exactly the same idea as in the beam-type. This can be
achieved by using the large size antenna. To prevent the divergence of the
beam reception must be in the near-field region. Therefore, if one want to
send power over a long distance, it is unavoidable to increase the antenna
size. Though the antenna size can be reduced by using higher frequencies,
we must keep in mind that high attenuation is to be expected at higher
frequencies.

The equation 1 in [17] gives a simple way to estimate the power percent-
age received by the Rx antenna. By infinitesimal dipole approximation, the
transmission percentage between two identical RLSAs directly aligned [13]
is shown in Fig. 3.1. It should be emphasized that the transmission result
using infinite dipole approximation effectively removes the influence of mul-
tiple reflections between Tx and Rx. The blue line represents the rotational
excitation in which the phase value varies with in the ¢ direction; This ex-
citation gives a conical beam pattern. The red line indicates the uniform
excitation which realizes a pencil beam pattern. For this excitation it can
be seen that over 60% of the power can be transmitted up to the distance of
1 m. For this reason, RLSA could be a promising candidate for short-range
wireless power transfer.

Fig. 3.2 shows the simulation result of the transmission between two RL-
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SAs up to 30 cm. The blue line shows the same result as in the uniform case
of Fig. 3.1 while the red line show the simulation result obtained by HFSS. In
this case, transmission ripples caused by multiple reflections can be observed.
This characteristics, though inevitable and undesirable for the application,
can be suppressed to a certain degree by improving the uniformity in the
excited aperture field. The design and improvement of the uniformity of the
aperture field distribution will be discussed in the following sections.

3.3 Antenna Configuration

In this work, we adopted the dog-bone cross-slot in the feeding part while
the previous work used the straight cross-slot. The proposed RLSA is com-
posed of two parts: 1) feeding part 2) radiating part, as shown in Fig. 3.3.
The feeding part is composed of an air-filled rectangular feeding waveguide
and an air-filled dog-bone cross-slot. The radiating part is composed of a poly
tetra fluoro ethylene (PTFE)-filled parallel plate waveguide and an array of
radiating slots is etched on the top of it. PTFE has a dielectric constant
of 2.16 and a loss tangent of 0.001. The feeding waveguide and the lower
layer of the parallel plate waveguide are of aluminum with bulk conductiv-
ity of 3.8 x 107 S/m. The upper plate is of copper with bulk conductivity
of 5.8 x 107 S/m.These dielectric constant and conductivity are used in the
analysis.

A coaxial feeder is used to excite TE( in the rectangular feeding waveg-
uide. Then, TEM in the rotating mode is excited by the dog-bone cross-slot
in the radial (parallel plate) waveguide. Coupled with the rotating mode
TEM inside the radial waveguide, slot pairs radiate a pencil beam pattern.

The antenna frame including the feeding part was fabricated by metal
etching. The radiating part from the PTFE layer to the radiating slots was
fabricated by printed circuit board (PCB). The feeding part and the radiating
part are stacked and held together using screws.

3.4 Antenna Design

In this section, we address the design methods of this RLSA. The feeding
and radiating parts were designed separately in subsection 3.4.1 and 3.4.2 re-
spectively. The complete antenna structure is resulted from the combination
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between the feeding part and the radiating part. In this study, we focus on
the design of a dog-bone cross-slot in the feeding part.

3.4.1 Design of the Feeding Part

The reason why the dog-bone cross-slot is adopted is that it can realize
a better rotating mode than the straight cross-slot with similar dimensions
because a dog-bone slot has wider half beamwidth than that of a straight slot.
More precisely, two crossed infinitesimal magnetic dipoles with excited phase
difference of 90° realize an ideal rotating mode since the half beamwidth of
an infinitesimal magnetic dipole is 90°. However an actual crossed magnetic
dipole cannot give uniform amplitude distribution in the ¢ direction because
the slot length is finite. Two straight slots for a conventional crossed slot can
be regarded as half-wavelength dipoles with the half power width of 78°. The
magnetic current in the straight slot decays smoothly near its edges. On the
other hand, the magnetic current in the dog-bone slot decays rapidly near its
edges because the two components flowing in opposite directions in each edge
cancel out. Since the effective length of the dog-bone slot is shorter than that
of the straight slot, the beamwidth of the dog-bone slot is wider than that of
the straight slot. As a result, the performance of the dog-bone cross-slot is
closer to that of the two crossed infinitesimal magnetic dipoles with excited
phase difference of 90° [14]. Here, the design of the dog-bone cross-slot is
based on electromagnetic simulator (HFSS)-based eigenmode analysis.

We start the design with the initial model shown in Fig. 3.4; a single dog-
bone slot over a rectangular cavity with prefect electric conductors (PEC) in
their walls and an infinite parallel plate waveguide over the dog-bone single-
slot (a rectangular terminated by impedance boundaries since all the power
to the parallel plate waveguide will be designed to radiate by the radiating
slot pairs). The initial dimension of the dog-bone slot is determined in [14]
using method of moment (MoM). By properly scaling the length of the dog-
bone slot (while keeping the ratio between the length of the center part of the
dog-bone slot and the length of the edge parts [14]), the resonant frequency
can be controlled.

A dog-bone cross slot will be created by combining two dog-bone slots
perpendicularly. Theoretically, the length of one slot has to be shorter and
the length of the other slot has to be longer than the resonant length at the
design frequency to excite rotating modes. Furthermore, the design of two
dog-bone slots is required to satisfy the bandwidth condition as follows,
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where f; and fy are the resonant frequencies resulting from combing two
dog-bone slots. AQ; and AQ), are the quality factors of the respective fre-
quencies. f. is the center frequency. Equation 3.1 can be easily derived from
the relation between bandwidth and quality factor in a resonant circuit. Fig.
3.5 shows the model of a dog-bone cross-slot by combining two dog-bone slots
on the PEC-wall rectangular cavity. The distance from the slot to the right
PEC-wall of the rectangular cavity is set to be a quarter guided wavelength
to include the effect of the PEC-wall to the slot in the actual antenna. The
distance from the slot to the left PEC-wall of the rectangular cavity is set to
be a half guided wavelength, so that the resonance of the rectangular cavity
should be avoided to achieve only the resonance of the slot. In this model,
the dog-bone cross slot has two resonant frequencies at 5.68 and 6.05 GHz
with quality factors of 15.23 and 19.26, respectively; these parameters satisfy
equation 3.1. The eigenmode is typically a real-valued function in a loss-less
case. That at the resonant frequency of 6.05 GHz is demonstrated in Fig.
3.6a-3.6b, which is excited only by the shorter dog-bone slot because the
mutual coupling between the two dong-bone slots is negligibly small.

We apply an impedance boundary equal to the wave impedance of TE;
mode of the feeding waveguide in the eigenmode analysis as indicated in Fig.
3.5. The propagation from the dog-bone cross-slot to the feeding and parallel
plate waveguides is reciprocal to the propagation from the feeding and par-
allel plate waveguides to the dog-bone cross slot. As a result, the eigenmode
becomes a complex-valued function, so the rotating mode is observed in the
parallel plate waveguide at 6.05 GHz (the resonant frequency) in Fig. 3.7a-
3.7b. Finally, the overall size of the dog-bone cross-slot needs to be adjusted
(scaled) so that the operating frequency is shifted to 5.8 GHz. We adjust the
angle of the dog-bone cross-slot to minimize the amplitude ripples of E-field
in the ¢ direction in the parallel plate (radial) waveguide. The reflection is
minimized by adjusting the distance between the dog-bone cross-slot and the
shorted end of the feeding waveguide. Almost the adjustments of the param-
eters are done by the eigenmode analysis while only the small adjustments
on the circumferential amplitude ripples and the reflection are done by the
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excitation analysis. An advantage of using eigenmode analysis is that we do
not need to extract the excited rotating mode field to verify phase differences
before and after combining the slots. In the eigenmode analysis, we instead
works on eigenfrequencies which are more efficient and less time-consuming.

To this end, we summarize the design procedure of the feeding part as
follows,

1. Design two dog-bone slots in eigenmode analysis so that their eigenval-
ues (frequencies and their corresponding quality factors) satisfy equa-
tion 3.1.

2. Combine the two dog-bone slots perpendicularly into a dog-bone cross-
slot as shown in Fig. 3.5.

3. Adjust the overall length of the dog-bone cross-slot to achieve the res-
onant frequency at the center frequency.

4. Optimize the angle of dog-bone cross-slot (initially at 45 deg.) to min-
imize the amplitude ripples (this step can be done either in eigenmode
or excitation mode).

5. Optimize the distance between the dog-bone cross-slot and the short
end to the feeding waveguide to minimize reflection.

6. Optimize the height of the feeding waveguide to minimize reflection.

In the final model, we also introduced an iris in the rectangular feeding
waveguide to further reduce the reflection.

The parameters of the dog-bone cross-slot are given as follows; the length
of the center parts is 10.40 mm and 9.18 mm, the length of the edge parts is
3.88 mm and 3.42 mm, the angle of the slot is determined to be 48 degree,
and the slot thickness is 1.50 mm. The distance to the short end of the
feeding waveguide is 25.75 mm (approximately a quarter of the feeding guided
wavelength), see Fig. 3.8.

According to Fig. 3.9, Fig. 3.10 shows the plots of amplitude ripples
of E-field in the ¢ direction in the parallel plate waveguide for the straight
and dog-bone cross-slots. By using the dog-bone cross-slot, the maximum of
amplitude ripples at 5.8 GHz is 1.8 dB while that using the straight cross slot
is 2.5 dB. The plot of amplitude ripples of the dog-bone cross slot for various
frequencies is presented in Fig. 3.11. The amplitude ripples are below 6 dB
within the frequency band of [5.7, 5.9] GHz
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3.4.2 Design of the Radiating Part

Method of Moment (MoM) is used to design slot pairs in the radiating
part. Fig. 3.12 shows an equivalent model used in MoM to analyze a radiat-
ing element. The slot pairs are arranged in linear fashion. Periodic boundary
condition (PBC) includes the coupling effect from the neighboring slot pairs
in the full array model. Plane wave incident is excited at port 1. The full
array model is the result of adding the element model in radial direction as
shown in Fig. 3.13. The key parameters in slot pair design are indicated in
Fig. 3.14. the radiation power of each slot pair can be controlled by chang-
ing slot length [, ; where 7 indicates the ordering number of a slot pair;in this
case © = 4 represents the slot pairs in the most innermost circle and i = 1
represents the slot pairs in the outermost circle. The slot spacing Az, ; can
control the reflection while axial ratio can be effectively adjusted by the slot
spacing Ay,,;. The distance between the center of each slot in a slot pair
(v/(Azs;)? + (Ays,)?) is approximately a quarter of the guided wavelength.
By adjusting [ ,;, Az, ;, and Ay, the uniform amplitude excitation and rea-
sonable reflection can be realized while the spacing between adjacent slot
pairs in Fig.3.14 is approximately a guided wavelength in order to realize the
uniform phase excitation. More detailed explanations are provided in [18],
[19]. The parameters for radiating slot pair are shown in Table 3.1.

i | ls; (mm) | Axg,; (mm) | Ay,; (mm) | p,; (mm) | n
1 19.99 8.54 12.46 115.90 36
2 18.47 8.95 11.76 88.70 27
3 17.80 8.96 11.0 57.10 18
4 16.67 8.96 11.0 26.36 8

Note: n is the number of slot pair in circle

Table 3.1: Designed parameters of the slot pairs

3.5 Results

In this section, we discuss the antenna performance and their transmission
which include the results of a standalone RLSA and transmission between
two RLSAs. Before proceeding into the details, it is advisable to explain the
parameters for benchmarking of performance between competing wireless
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power beaming technologies. Selected measurable parameters are shown in
Table 2 of [20]. A few examples is the maximum dimension and weight of
the Tx or Rx antennas. Calculated parameters of potential interest are also
shown in Table 3 of [20]. What dictates the priority of these parameters
depend on applications.

3.5.1 Antenna Performance

A Prototype RLSA is shown in Fig. 3.15. The antenna diameter is 270
mm. For the comparison purpose, the RLSA fed by the dog-bone cross-slot
and that fed by the straight cross-slot have the same design except for the
types of coupling slots in their feeding parts. Fig. 3.16a-3.16b show plots of
the reflections. The black lines indicate the simulated reflections. The reflec-
tions of both cross-slot types are below -25 dB;in fact, the RLSA using the
straight cross-slot can achieve better reflection than that using the dog-bone
cross-slot, [14]. The bandwidth of both antennas are approximately 5% of
the center frequency as suggested by the simulation. Though 5% bandwidth
is considered small for data communication, it is sufficient for power trans-
mission. The red and blue lines are the experimental results of the same
design (for Tx and Rx uses). Large reflections in the measured results and
significant differences between simulation and measurement are observed in
Fig. 3.16a-3.16b. A further investigation using a time-domain technique sug-
gested that the predominant reflection came from the coaxial-to-waveguide
connection. Assuming that there is a fabrication error at the length of the
inner conductor, we arrived at the plots shown in Fig. 3.17a-3.17b, in which
the black-lines represent the simulated reflections given that the length of
the inner conductor is 0.4 mm and 0.2 mm shorter than the designed value
for the dog-bone and straight cross-slot cases respectively. As a result, the
simulation and measurement results are in good agreement. Plots of di-
rectivity and realized gain for the RLSA with the dog-bone cross-slot are
shown in Fig. 3.18a, 3.18b, and 3.19. Since we are interested in near-field
applications, it is preferable to examine the aperture field distribution. Fig.
3.20 shows a near-field distribution comparison between the dog-bone and
straight cross-slot cases in which slightly better uniformity for the dog-bone
cross-slot feeding is suggested near the center of the RLSA. Comparatively,
plots of the measured aperture field distribution of RLSAs with each feeding
type are given in Fig. 3.21a-3.30b. the plots confirmed the realization of
the right-handed circular polarization and suggested similar performance for
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both feeding types in terms of the uniformity of the aperture field excita-
tion. Moreover, the degradation in the uniformity of the field is gradually
noticeable as the frequency is shifted from the center frequency. This result
is to be expected as the amplitude ripples of the rotating mode excited by a
cross-slot become larger in proportion to the amount of the frequency shift,
see subsection 3.4.1.

3.5.2 Transmission

As previously mentioned, there are several parameters for benchmarking
of performance between competing wireless power beaming technologies; one
of these parameters is transmission efficiency in relation to the distance.
Undoubtedly, it is more useful to show the overall efficiency which accounts
for all efficiencies associated with each system part, see section 3.1. Still our
current priority is the efficiency only associated with the transmission and
reception of antennas. It should be noted again that a microwave-to-d.c.
conversion circuit in the reception part will not be considered. Two different
RLSAs were used for reception: 1) a prototype identical to the Tx antenna
and 2) a prototype of the 8-port-microstrip-line fed RLSA [12]. Since we
are aiming for the short-range application, our designed RLSA might be
able to cover approximately up to 2.6 m considering its size. We however
discuss transmission distances up to 30 cm due to limitations of the antenna
simulation and experiment.

o Rz antenna 1s identical to the Tx antenna

Fig. 3.31 shows plots of the transmission over distances 50 mm to
100 mm. The red and black dashed lines represent the transmission of
the RLSA fed by the dog-bone cross-slot and that fed by the straight
cross-slot respectively while the blue and green line represent their cor-
responding measured transmission. The simulation results suggest the
similar average transmission level between both feeding types, but the
result of the dog-bone cross-slot has smaller maximum value of the am-
plitude ripples (about 1.5 dB) than that of the straight cross-slot. the
experimental results show a similar behavior. However, the difference
between the simulation and measurement results are significant. Plots
of the reflection are shown in Fig. 3.32 in which S;; and Soy are re-
ferred to the reflections in the Tx and Rx antennas respectively while
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the dashed-lines indicate the simulation results. The measured reflec-
tions point out a large degradation in the prototype antennas. Similar
to subsection 3.5.1, we assumed an offset value for the length of the
coaxial inner conductor. The black lines in Fig. 3.33-3.34 show the
simulation results of the RLSA using the dog-bone cross-slot feeding as-
suming the length of the coaxial inner conductor is 0.4 mm shorter than
the designed value. Fig. 3.33 and 3.34 suggest good agreement between
the simulated and measured results. In the same manner, Fig.3.35-3.36
provide the simulation results of the RLSA using the straight cross-slot
feeding with the introduction of an error offset. Though in the straight
cross-slot case we have better agreement between the simulation and
measurement, somewhat large differences are indicated especially in
the plots of reflection. Finally, a comparison between the dog-bone
and straight cross-slots is given in Fig. 3.37. The measurement re-
sult suggests about 2 dB and 4 dB maximum amplitude ripples for
the RLSA fed by the dog-bone cross-slot and that fed by the straight
cross-slot respectively. Furthermore, the RLSA using the dog-bone
cross-slot feeding has approximately 2 dB higher in the average trans-
mission level. It is expected that the differences in the transmission
characteristics of each feeding type gradually disappear for a larger
transmission distance because of the divergence of the radiated fields.
The transmission measurement scenario is shown in Fig. 3.38

Rx antenna is the 8-port-microstrip-line fed RLSA

The 8-port-microstrip-line fed RLSA are designed to operate with a
microwave-to-d.c. conversion circuit for reception. By dividing the
receiving power and distributing it, the conversion efficiency of the
conversion circuit can be improved, [12]. Fig. 3.39a-3.39b show plots
of the transmission between the one-port RLSA (Tx) and the 8-port-
microstrip-line fed RLSA over distances from 50 mm to 100 mm. The
dashed lines represent the measured results while the solid lines show
the simulation results. each port of the 8-port-microstrip-line fed RLSA
is labelled by number 1 to 9 and port 9 is the input port of the one-
port RLSA. It should also be noted the pairs of s-parameter, (S19, Ssg),
(Sa9,S69), (Ss9,S79), and (S49,Sg9), were included in the same figures
because they are expected to give the same performance;this is due to
the port configuration and their symmetries in the antenna. Accord-
ing to the plots in Fig. 3.39a-3.39b, it is evident that the amplitude
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ripples of both simulation and measured result of the RLSA fed by the
dog-bone cross-slot are smaller than those of the straight cross-slot fed
RLSA while their respective average transmission levels are approxi-
mately the same. A plot of the total receiving power, i.e. 35 | | Sio |
, is given in Fig. 3.40. The red and black dashed lines are the simula-
tion results of the RLSA using the dog-bone cross-slot feeding and the
straight cross-slot feeding respectively. Similarly, the blue and green
solid lines show the the measured results of the dog-bone cross-slot
case and straight cross-slot case. The simulation result in Fig. 3.40
suggests the (2 dB) smaller maximum value of amplitude ripples and a
slightly higher average transmission level for the dog-bone feeding type.
The measurement is also in agreement with the simulation;however, the
difference in the average transmission levels is slight (1 dB) higher in
the measurement and the difference in the maximums of amplitude rip-
ples is (1 dB) higher in the simulation. As previously mentioned, the
differences in the transmission characteristics of each feeding type be-
come smaller for a larger transmission distance due to the divergence
of the radiated fields. The transmission measurement scenario of this
case is illustrated in Fig. 3.41

3.6 Concluding Remarks

An RLSA was proposed for short-range microwave power transmission.
The transmission configuration is line of sight propagation and features sim-
ilar RLSAs for transmitting and receiving. The transmission distance is in
the near-field region based on the beam-typed technique; this is to prevent
the divergence of the beam and therefore the reduction in transmission ef-
ficiency. The dog-bone cross-slot was adopted, instead of the conventional
straight cross-slot, to reduce the amplitude ripples of the TEM rotating mode
excited in the parallel plate (radial) waveguide of the RLSA and hence im-
prove the uniformity of the aperture field distribution. The design method
of the dog-bone cross-slot based on the eigenmode analysis was introduced.
As a result, improvements of the transmission were confirmed by both sim-
ulation and experiment. The simulation result indicates approximately 66%
transmission efficiency and 2 dB reduction in the transmission ripples in
comparison to the straight cross-slot fed RLSA, while 61% transmission effi-
ciency, which is 15% higher than the RLSA fed by the straight cross-slot, and
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1.5 dB reduction in the transmission ripples were achieved in the experiment
by the RLSA fed by the dog-bone cross-slot. Similarly, 60% transmission
efficiency and 2 dB reduction in the amplitude ripples are suggested in the
simulation by the RLSA using the dog-bone cross-slot feeding in the case
of using the 8-port-microstrip-line fed RLSA. The measured result of the
dog-bone cross-slot case shows approximately 51% transmission efficiency
which is about 10% higher than that of the straight cross-slot feeding. The
differences in the transmission characteristics of each feeding type become
smaller for a larger transmission distance due to the divergence of the ra-
diated fields. In other words, the improvements on the transmission of the
RLSA using the dog-bone cross-slot would be insignificant compared to the
transmission of the RLSA using the conventional straight cross-slot at a large
transmission distance. The efficiency mentioned throughout this chapter only
accounts for the transmission between the Tx and Rx antenna without the
dc-to-microwave and microwave-to-dc conversion parts. In practical use, it
is required to incorporate all the parts [15]; therefore, the design of the
antennas, especially the Rx antenna, requires careful considerations on the
microwave-to-dc conversion part [12]. Our future work will need to carefully
consider the antenna design in response to the microwave-to-dc conversion
part, precisely speaking rectanna. To this end, Table 3.2 shows comparisons
to related works. Reported results for power beaming systems and demon-
strations are historically inconsistent [20]; this makes comparison between
different technologies difficult. [21] demonstrated helicopter power beaming
using a ¢3-m ellipsoid reflector antenna at an altitude of 15 m. Though the
total transmission efficiency or Tx-Rx transmission efficiency are not clearly
indicated, the efficiency of the rectanna was 55%. A similar demonstration
was conducted in [22] using a ¢4.5-m parabolic reflector antenna to power
an airplane at an altitude of 150 m. In this work, the estimated beam ef-
ficiency [20] was 90%;therefore, the transmission efficiency should be lower
than 90%. An ground-to-ground microwave power beaming experiment [23]
using a similar antenna type with smaller size achieved 74% beam efficiency,
i.e., the transmission efficiency was lower than 74%. [24] designed a 5.8-GHz
patch array antenna for short distance WPT; 39.4% transmission efficiency
at a distance of 40 cm was recorded in measurement. A study in [25] using a
beam optimization technique to devise a 5.8-GHz active patch array antenna
for the purpose of EV charging. The calculated and measured transmission
results are 73% and 23% respectively. A similar technique was adopted in
26] for a 2.45-GHz patch array antenna. The simulation suggests about 79%
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transmission efficiency.
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Antenna Size Distance Efficiency L.

Ref. Type [m?) fm] %] Application
2.45-GHz .

21] | ellipsoid | #(1.5)2 | 15 fj(ﬁ;ia> Hoehzgter
reflector POWCTHIS
2.45-GHz Airplane

22] | parabolic | 7(2.25)% | 150 < 90(Cal.) ba

powering
reflector
2.45-GHz Power beam-
(23] | parabolic | m(1.5)? | 42 <T4(Exp.) | .
ing
reflector
5.8-GHz Microwave

[24] patch (0.21)* | 0.4 39.4(Exp.) | power trans-
array fer
5.8-GHz

73(Cal.) :
2 -
[25] patch (1.4) 2-10 23(Exp.) EV charging
array
Power beam-
2.46-GHz, , . .
[27] RLSA 7(0.36)* | - - ing from air-
ship
245-GHz Charging us-
26] | patch 0.5)2 | 1.2 79(Sim.) |, LBS
ing drone
array
: 77(Cal.)

This | 5.8-GHz 9 . .

<

work | RLSA 7(0.13)* | <0.3 66(Sim.) EV charging

61(Exp.)

Table 3.2: List of related works
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Figure 3.3: Antenna structure
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(b) Phase distribution

Figure 3.6: Field distribution inside the parallel plate waveguide in Fig. 3.4
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Figure 3.7: Field distribution inside the parallel plate waveguide in Fig. 3.5
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Figure 3.8: Dimension of the feeding part
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72



N
N
\
ps,i \\
\
\ ls,i
N
% I -
Ays,iL / J \{Wrs
Axs,i
Slot pair #i Slot pair #i — 1
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Figure 3.15: Prototype dog-bone cross-slot fed RLSA
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Figure 3.16: Plots of the reflection of each feeding type
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Figure 3.17: Plots of the reflection of each feeding type assuming the fabri-
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Figure 3.22: Measured aperture field distribution of the dog-bone cross-slot

feeding case at 5.6 GHz
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Figure 3.24: Measured aperture field distribution of the dog-bone cross-slot
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Figure 3.26: Measured aperture field distribution of the dog-bone cross-slot
feeding case at 5.8 GHz
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Figure 3.27: Measured aperture field distribution of the straight cross-slot
feeding case at 5.9 GHz
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Figure 3.28: Measured aperture field distribution of the dog-bone cross-slot
feeding case at 5.9 GHz
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Figure 3.29: Measured aperture field distribution of the straight cross-slot
feeding case at 6 GHz
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Figure 3.30: Measured aperture field distribution of the dog-bone cross-slot
feeding case at 6 GHz
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Figure 3.31: Plots of transmission over the distances from 50 mm to 100 mm
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Figure 3.32: Plots of reflection over the distances from 50 mm to 100 mm
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Figure 3.33: Plots of transmission of the dog-bone cross-slot fed RLSA over
the distances from 50 mm to 100 mm assuming the fabrication error
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Figure 3.34: Plots of reflection of the dog-bone cross-slot fed RLSA over
various distances from 50 mm to 100 mm assuming the fabrication error
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Figure 3.37: Plots of transmission for each feeding type

Figure 3.38: Transmission measurement between two identical RLSAs
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Figure 3.39: Plots of transmission between the cross-slot fed RLSA and the
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Figure 3.41: Transmission measurement between the cross-slot fed RLSA
and the 8-port microstrip fed RLSA
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Chapter 4

A Parallel Plate Slot Array
Antenna for Short-Range
Transmission

4.1 Introductory Remarks

A waveguide slot antenna constructed with parallel plate waveguide has
a simple structure and small feeding losses. In addition, the parallel plate
waveguide antenna structure has the potential for high efficiency and mass
produceability. The RLSA, a parallel plate structure antenna, which was
discussed in the previous chapter for the potential for wireless power transfer
(WPT) was originally utilized in satellite communication [1]. For these rea-
sons, a waveguide slot antenna designed based on parallel plate waveguide
structure is expected to be a possible candidate for both wireless communi-
cation and WPT applications. The objectives of this study is to investigate a
parallel plate waveguide antenna with a series feeding which would be a can-
didate for short-range transmission and has better performances than those
of the previously proposed RLSAs. One issue of a cross-slot fed RLSA is that
the aperture field distribution is significantly strong near the region between
the innermost slot pairs and the coupling slot while this is not an issue in
the parallel plate waveguide antenna with a series feeding. Therefore, it is
expected that the proposed antenna have better antenna performance.

We proposed a parallel plate waveguide slot antenna with a dipole layer
for linear-to-circular polarization conversion. The basic structure of this an-
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tenna which supports linear polarization was proposed in [2]. A dipole layer
,13], [4] was adopted to realize circular polarization. We originally intended
to design this antenna at 5.8 GHz, but due to the fabrication limitations
the antenna will be designed and fabricated at 26 GHz. However in recent
years the demand of internet usage has been increasing drastically. Together
with the idea of internet of things (IoT), the telecommunication tendency
is aiming for the usage of high frequency band; one example is the explo-
ration of millimeter-wave bands for 5G applications. Millimeter-wave band
attracts significant interests for IoT [5]. This has motivated investigations in
millimeter-wave wireless power transmission (WPT) for for future IoT ap-
plications [6], [7], [8]. Examples of IoT applications include IoT body area
network (BAN) and sensing. IoT BANs have various applications in health-
care monitoring, fitness tracking, defense and wearable sensing [5]. The con-
cepts of millimeter-wave identification (MMID) in sensing applications was
investigated in [9].

4.2 Antenna Configuration

The structural detail of the antenna is shown in Fig. 4.2. The feeding
part is composed of one substrate layer on a copper plate. coupling slots
were etched into the copper layer on the top of the substrate. The post
wall structure was employed to form the side walls of the feeding waveguide.
This allows the fabrication by printed circuit board (PCB). The radiating
part consists of two substrate layers;one is for the parallel plate (radiating)
waveguide and the other is to support the dipole layer. In similar to the
coupling slots, the radiating slot pairs are on the copper layer over the sub-
strate and dipoles on the top layer are also of copper. All substrates layers
were made from poly tetra fluoro ethylene (PTFE), which has a dielectric
constant of 2.16 and a loss tangent of 0.001. Copper has a bulk conductivity
of 5.8 x 107 S/m. For the sake of assembly, the peripheries of every layers
will be covered by aluminium, which has a bulk conductivity of 3.8 x 107
S/m. these values will be used in the design in the following section.

Before moving on to the design methods, we discuss briefly the antenna
operation. TE;q is excited at the center of the feeding waveguide through
WR-420. the traveling mode TE;( is then coupled with the coupling slots
arranged at the center of the feeding waveguide and the slot spacing is ap-
proximately a guided wavelength to excite the magnetic field in phase. The
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coupling amount and reflection of the coupling slots are controlled by the
capacitive post and inductive post respectively, [10], [11], [12]. a quasi-TEM
is excited by these coupling slots and propagates in the parallel plate waveg-
uide. The radiating slots are arranged in pair and each pair is spaced by a
quarter of a guided wavelength. The reflection from the two slots in a pair
nearly cancel since the round-trip phase different is approximately 180°, [2].
each slot pair is spaced by a guided wavelength to realize in-phase excitation.
coupled with the propagating TEM, slot pairs radiate linear polarized fields.
An interaction between slot pairs and dipoles converts the polarization into
a circular polarization, [3], [4].

The antenna has the feeding circuit at the center and 14 x 6 radiating
elements are positioned on each side, 14 x 12 elements in total. The design
frequency of this antenna is 26 GHz.

4.3 Antenna Design

In this section, we address the design procedure of this antenna in detail.
Similar to the previous chapter, the feeding part and the radiating part will
be designed separately and the complete antenna structure is the result from
combining these two parts. We use electromagnetic simulator software HF'SS
for the entire design procedure.

4.3.1 Feeding Part

As previously mentioned, TEqq is to be excited at the center of the feeding
waveguide and coupled with the coupling slots along the feeding waveguide
to excite TEM in the radiating waveguide. For this, a coupling slot has to be
excited uniformly. Fig. 4.1 show an amount of coupling power required for
each coupling slot to realize the uniform amplitude excitation. In this design,
we used 6 coupling slot on each side (12 slots in total). Therefore, we have
to design the coupling slots with the following specification: slot#6—17%,
slot#5—20%, slot#4—25%, slot#3—33%, and slot#2—50% where slot#6 is
the closest to the excitation slot. Slot#1 or a matching slot which is a special
case is required to couple 100% of power. Fig. 4.5 show an analysis model for
a coupling slot and key parameters are indicated in Fig. 4.6. Here, the board

wall size of the feeding waveguide is 5.78 mm and the narrow wall size is 1.60
mm. The waveguide is filled with PTFE. Periodic boundary condition (PBC)
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is imposed on the size walls of port 3 and 4 to include the mutual coupling
effect from adjacent slots. The slot thickness and width are fixed at 18.0 pum
and 0.50 mm respectively. The coupling slot is positioned at the center of
the feeding waveguide where magnetic field is zero. To allow the coupling to
occur, a capacitive wall is utilized. At the same time, an inductive wall is
used to suppress the reflection, see [10], [11], [12]. Generally, the width of the
capacitive wall and inductive wall is fixed for a design frequency. Also, the
slot length SLLM is approximately the same for all coupling slots. Therefore,
IWPX, IWPY, CWPX, and CWPY are to be adjusted to realize a desired
coupling amount and acceptable reflection. For the fabrication purpose, we
use a capacitive post and an inductive post instead of the capacitive and
inductive walls as shown in Fig. 4.7-4.8. Note that the model in Fig. 4.7 is
for normal elements indicated in Fig. 4.3. The diameters of the capacitive
and inductive post are 0.80 mm and 0.40 mm respectively. The model in
Fig. 4.7 is applied for slot#6-slot#2. For slot#1 (matching slot) in Fig.
4.3, port 2 in Fig. 4.7 is to be terminated by short circuit and the condition
on the side walls of port 3 and 4 is changed to perfect magnetic condition
(PMC) as shown in Fig. 4.9. In this case the distance from the matching
slot to the short end also needs to be controlled. Fig. 4.10 shows plots of Sg;
which represents the amount of coupling power and Fig. 4.11 shows plots of
reflection for various slots. Table 4.1 shows the design parameters of each
coupling slot.

Slot# | SLLM | IWPX | IWPY | CWPX | CWPY

6 3.89 1.50 0.67 1.40 1.08
3.89 1.50 0.98 1.40 1.10
3.89 1.51 1.07 1.41 1.27
3.90 1.54 1.14 1.44 1.46
3.91 1.60 1.27 1.50 1.81

1 3.91 0.80 2.1 1.26 2.10
Length unit is in [mm]

N W =~ Ot

Table 4.1: Design parameters of the coupling slot

Each coupling slot is spaced by approximately a guided wavelength to
realize the in-phase excitation. Please refer to equation 1 in [11] for the
specific slot spacing. Combining all the design slot, we arrive at the model
shown in Fig. 4.12. Here, the solid wall is replaced by post wall, [13]. This
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structure can be fabricated by PCB. Fig. 4.13 provides plots of the ampli-
tude and phase distribution of the field at a quarter of a guided wavelength
over the center of the feeding waveguide and inside the parallel plate waveg-
uide. Furthermore, Fig. 4.14 gives plots of reflection. The results in Fig.
4.13-4.14 confirm the acceptable performance for our design parameters and
that the replacement of the solid wall by the post wall maintains the same
performance.

4.3.2 Radiating Part

The same approach as the design of the feeding part is used here. In
order to excite the radiating element (parallel slot pair) uniformly, we need
to design the coupling amount of each slot pair as indicated in Fig. 4.1. Since
6 slot pairs are used, the specification for the amount of coupling power is
the same as those mentioned in subsection 4.3.1. Fig. 4.15-4.16 show the
analysis model for a radiating slot pair with a dipole. The model in Fig.
4.15 is for normal elements as shown in Fig. 4.4. The height of the parallel
plate as well as the substrate for the dipoles is 1.60 mm. They are of PTFE.
The thickness and width of each radiating slot and dipole are 18 pym and
0.50 mm respectively. PBC is applied to the side walls of the parallel plate
to account for the mutual coupling from adjacent slot pairs. In the same
manner, The boundary conditions for the side walls of the dipole layer and
external region (vacuum box) are PBC. From the design point of view, the
optimum parameters for a dipole indicated in Fig. 4.16 are independent of
the parameters of a radiating slot, [3]. These parameters s, 6, and ds mainly
control the axial ratio while the length of a radiating slot pair [; and [y), and
slot spacing dl effect radiating power and reflection, [2]. As for the matching
slot design in Fig. 4.4, the analysis model is slightly modified, see Fig. 4.17.
Port 2 is terminated by the short circuit condition and the external region
must cover the short end to include the radiation effect from the antenna
periphery. PBC on the side wall of the dipole layer and the eternal region is
removed. Either perfect matched layer (PML) or impedance boundary (IB)
should be applied to the side wall on the left side of the dipole layer. Similar
to the matching slot design in the feeding part, the distance between the
matching slot and the short end needs to be adjusted so that an acceptable
reflection level can be achieved. Fig. 4.18-4.20 show the design results of
each radiating element. It is evident that the radiating element each has
acceptable reflection (below -20 dB) and axial ratio (below 1 dB). Table 4.2
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gives the design parameters of each radiating element.

Slot# | [ lo dl s ds

6 3.27 1 3.44 | 1.54 | 4.05 | 0.10
3.32 1 3.50 | 1.51 | 4.05 | 0.10
3.40 | 3.58 | 1.46 | 4.05 | 0.10
3.50 | 3.70 | 1.40 | 4.05 | 0.10
3.63 | 3.88 | 1.30 | 4.05 | 0.10

1 3.60 | 4.30 | 1.40 | 3.70 0
Length unit is in [mm]

N W =~ Ot

Table 4.2: Design parameters of the radiating slot pair

The inclination angle of each dipole 6 is equal to 44°. To excite radiating
elements in the same phase, each slot pair is spaced by approximately a
guided wavelength, a more accurate value can be estimated by including the
radiation phase of the slot pair in consideration, please see equation 1 in [11].
Fig. 4.21-4.22 show an analysis model of a one-dimensional array model and
its electric field distribution at a quarter of a free-space wavelength over the
dipole layer respectively. Plots of the amplitude and phase distribution of
electric field components along the center of the array are given in Fig. 4.25a-
4.25b in which the black-dashed lines indicate the position of each radiating
element. In addition, Fig. 4.23-4.24 show the simulated reflection and axial
ratio of the model in Fig. 4.21. The reflection and axial ratio values are
within an acceptable range. The full radiating part is the concatenation of
the one-dimensional array in Fig. 4.21.

4.3.3 Complete Antenna Structure

The complete antenna is the result of combining the feeding part in sub-
section 4.3.1 and the radiating part in subsection 4.3.3. To physically hold
the feeding and radiating parts together, they will be put in the metal case.
The pre-fabrication model is illustrated in Fig. 4.26. The metal case is made
from aluminium by milling. The feeding waveguide and the radiating parallel
slot pair layer will be attached using laminating techniques. More precisely,
The coupling slot layer and the substrate of the radiating slot layer will
be bonded together by the roger 3001 bonding film (thermoplastic chloro-
fluorocopolymer). Roger 3001 has a dielectric constant of 2.28 and dielectric
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tangent loss of 0.003. The minimal thickness of the bonding film is 38.1
pm. Considering the dielectric constants of the bonding film and the sub-
strate (PTFE), the equivalent dielectric constant would not differ from that
of PTFE. Therefore, it is expected that the bonding film will not significantly
effect the antenna performances. Though the dipole layer is not chemically
bonded to the radiating slot pair layer, it will be stacked on the top of the
radiating slot pair layer and mechanically attached using the aluminium lid
shown in Fig. 4.27. To this end, the array size is 78.5 x 90 mm?2. The antenna
dimension including its metal case is 98.5 x 110 x 20 mm?.

4.4 Results

The full structure of the antenna in Fig. 4.26 was analyzed. Fig. 4.28-
4.29 show plots of the reflection, axial ratio, and directivity respectively.
The reflection is below -10 dB from 25.5 GHz to 26.5 GHz, which gives
about 1 GHz bandwidth, i.e., 3.85% of the center frequency. This value
is rather small for a data communication application; however it is more
sufficient for a power transmission application. The axial ratio is also within
an acceptable range (below 3 dB). Fig. 4.32 provide a plot of the simulated
realized gain, which indicates approximately 70% antenna efficiency at the
operating frequency. The simulated aperture field distribution is given in Fig.
4.31a-4.31b. Transmission characteristics over distances from 20 mm to 40
mm was simulated. Fig. 4.33 and 4.34 show the transmission and reflection
between two designed parallel plate slot antennas. The simulated distance
range is chosen to conform with that of RLSAs in the previous chapter.
large degradation in the transmission is observed especially at 33 mm. The
reason for small transmission at 33 mm might come from the accuracy of the
simulation since the simulation model is quite large and the adaptive passes
could not meet high accuracy requirement. Though our target is performance
improvement especially in terms of transmission. The comparison with the
RLSA designed in chapter 3 is difficult because of their operating frequencies.

4.5 Concluding Remarks

A parallel-plate slot array antenna with circular polarization was designed
for applications in short-range transmission. Unfortunately, the antenna was
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designed at 26 GHz due to the fabrication limitation. The simulation results
suggest below -30 dB of return loss and approximately 3.85% bandwidth of
the design frequency. Right-handed circular polarization was confirmed by
simulation with axial the ratio below 1 dB. The antenna gain is 26.50 dBi
and its aperture efficiency is approximately 70%. The single antenna perfor-
mance suggests the potential for applications in both short-range communi-
cation and WPT. However, the simulated transmission is especially small at
33 mm. One of the reasons might come from the accuracy of the simulation.
In order to improve the accuracy, meshing techniques will be applied. Fur-
thermore, we will fabricate a prototype and conduct an experiment to verify
its performance.
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Figure 4.2: Antenna Structure
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Figure 4.6: Design parameters of a coupling slot with an inductive wall and
a capacitive wall
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Figure 4.15: Analysis model for a radiating element
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Figure 4.16: Design parameters of a radiating element
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Figure 4.17: Analysis model for the matching slot

Sy; [dB]

25.5 2.6
Frequency [GHz]

Figure 4.18: Plots of Sy; showing the amount of coupling power of each
radiating element

26.5

115



S;; [dB]

40 Fl—17%
—20%
—25%

=50+ 33%
—50%
—— Matching

-60 :

23:5 26 26.5

Frequency [GHz]
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Figure 4.20: Plots of axial ratio of each radiating element

116



Figure 4.21: Analysis model for a one-dimensional array
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Figure 4.26: Complete antenna structure
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Figure 4.27: Font view of Fig.4.26
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Chapter 5

Conclusion

5.1 Summary of Preceding Chapters

Waveguide slot antennas have been adopted in both data communication
and power transmission applications owing to their several advantages of
low-loss, slimness, and high-power capability. The objective of this study is
to investigate the design of waveguide slot array antenna and propagation in
their corresponding non-far region applications.

Chapter 1 presents the importance of waveguide slot antenna and their
common features employed in various application in the non-far region.

Chapter 2 discusses the ISI issue in a compact-range communication sys-
tem using large array antennas. The following summarizes the gist of this
chapter

e The main cause of ISI in a compact-range communication system using
large array antennas [1] comes from the differences in propagating paths
of each transmitted signal especially in large size antennas.

e A method to quantitatively evaluate ISI was proposed since the calcu-
lation using commercially available electromagnetic simulator software
is often limited by the size of computer memories especially in the case
of high frequency and large object simulation. The idea of the proposed
method is to utilize the measured aperture near-field distribution of ac-
tual antennas which includes imperfections in the fabricated antenna,
those which are difficult to account for in the simulation model. The
calculation time of our proposed method is greatly determined by the
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measurement time of the near-field distribution of the concerning an-
tenna. The reliability of the estimated result was confirmed with the
result obtained by direct measurement. The discrepancy between the
estimated and measured ISI results is less than 3 dB for distances below
1 m and less than 5 dB for distances over 1 m.

e Our findings suggest that ISI becomes significant for the large array
size and at the distances close to the array. In addition, the ideally
uniform excitation gives the smallest value of ISI.

e The proposed method can be applied to different types of antennas as
long as the antenna aperture distribution is obtained.

Chapter 3 presents a design method to enhance the transmission between
RLSAs proposed in [2]. The following summarizes the gist of this chapter:

e We can enhance the transmission by improving the uniformity in the
aperture field excitation. This could be done by a coupling slot with a
better rotating mode.

e The dog-bone cross-slot was adopted and designed using the eigen-
mode analysis. A better rotating mode of the dog-bone cross-slot in
comparison to the straight cross-slot was confirmed by simulation.

e The improvement on the transmission using the dog-bone cross-slot fed
RLSA was confirmed by both simulation and measurement. The im-
provement on the transmission for RLSAs using the design dog-bone
cross-slot were confirmed by simulation and experiment. The simula-
tion over 50-100 mm. distances suggests 66% transmission efficiency
and 2 dB reduction in transmission ripples compared to that of the
straight cross-slot case, while the measurement over the same range
suggests 61% transmission efficiency which is 15% higher than that of
the RLSA using the straight cross-slot feeding and 1.5 dB reduction in
transmission ripples.

e The discrepancies between the simulation and measurement results
caused by the fabrication error at the inner conductor of the coaxial
feeder was implied.
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e Differences in the transmission using RLSA fed the dog-bone cross-slot
and that using the straight cross-slot fed RLSA becomes small at larger
transmission distances owing to the beam divergence.

Chapter 4 focuses on the design of a parallel-plate slot array antenna with
circular polarization, a candidate for short-distance wireless power transmis-
sion and wireless communication. The following summarizes the gist of this
chapter:

e A single mode waveguide array with inductive and capacitive posts was
designed for the feeding parts and the radiating slot pairs with dipoles
for polarization conversion was designed for the feeding part.

e Simulation indicates that the design antenna has reflection below -
30 dB, axial ratio below 1 dB, gain of 26.50 dBi, and 70% antenna
efficiency.

e Comparison with the RLSAs in chapter 3 is currently difficult due to
the operating frequency.

To this end, antenna performances in non-far region application are more
susceptible to design or fabrication error than that in far-field region because
electromagnetic field variance is likely to be significant. Hence when one de-
signs an antenna for near-field applications, it would require more attention
to the antenna excitation and its sensitivity to the design error. Besides,
multiple reflections often becomes a problem especially in near-field applica-
tion.

5.2 Remarks for Future Studies

There are some considerations in which this study did not account for.
The following are some thoughts on these which could lead to future im-
provements.

Chapter 2 suggests that the lowest level of ISI for the current system could
be realized by using antennas with the ideally uniform excitation. However
possibilities that other excitation schemes, e.g., Gaussian distribution, could
lead to a better ISI performance would be interesting for further investiga-
tion. A trade-off between the antenna design and ISI as well as other system
requirements should be considered whether it is worth actualizing. Another
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point is that we assume in the study that the receiving terminal is a receiving
probe. A practical receiving terminal, e.g., cellular phone, possesses a differ-
ent receiving characteristics, but more importantly it is equipped with several
signal processing components such as an automatic gain control (AGC), a
low-density parity-check (LDPC) code, and etc. Therefore, more accurate
IST estimation is to include the effects of those signal processing components
and some modifications to the method are necessary. In addition, if ISI under
the presence of actual system components can be estimated, it would allow
the reproduction and accurate estimation of BER performance which is the
ultimate target of the study. Finally, a more practical and straightforward
approach to deal with the ISI issue is to rely on signal processing such as an
equalizer.

Chapter 3 addresses mainly the design of the Tx antenna. In an actual
microwave power transmission, a major limitation to the overall efficiency is
a rectanna [3]. This implies that not only the antenna design but also the
RF-to-dc conversion circuit should be carefully considered. In addition, the
current antenna design is applicable to the transmission distances below 2.
The array size needs to be modified for a longer target distance and higher
transmission efficiency.

Chapter 4 presents the design of a parallel plate waveguide array antenna
for applications in near-field region. We intended to fabricate the antenna at
5.8 GHz. However, due to the fabrication limitations we have to design it at
26 GHz. The antenna has a gain of 26 dBi and approximately 1 GHz band-
width which has the potential for both short-distance wireless communication
and WPT applications. However, the simulated transmission indicates sig-
nificant degradation at a distance of 33 mm. The current transmission result
could not meet the required accuracy because of the memory capacity of our
computer. Therefore we need to apply meshing techniques and verify any
change in the result. In addition, a prototype antenna will be fabricated to
verify its actual performance. Another consideration is the antenna coverage.
The current design approach is expected to be applicable to lower frequen-
cies in microwave bands and depending on the application requirements the
antenna should be properly modified similar to that in chapter 3. It is how-
ever unfortunate that the antenna cannot be fabricated at 5.8 GHz due to
fabrication limitations. One of our future studies would be modifications to
the current design that could allow antenna fabrication at 5.8 GHz.
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