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Abstract

In this thesis, millimeter wave (mmWave) antennas have been investigated for
future cellular communication systems. For supporting high quality multimedia
applications in smart phones and tablets, the wider bandwidths at mmWave fre-
quencies can be used to increase the achievable data rates compared to today’s
standards. The higher operational frequency increases propagation losses, thus
implementation of antenna arrays in the mobile station is a way to compensate
additional losses with higher gain.

A literature study of recent advancements in mmWave technology has been
carried out, to motivate a choice of antenna types for usage in mobile stations.
The study points out the state of the art of the current research front regarding
mmWave antennas.

Three different antennas have been selected and modeled using the simulation
software CST. The target operational frequencies are set to 15 GHz and 28 GHz.
The chosen designs were a patch antenna, a dielectric resonator antenna (DRA)
and an open-ended substrate integrated waveguide (SIW) antenna. The designs
have been evaluated and compared with respect to requirements on size, band-
width, radiation efficiency and gain.

The single element designs of the patch and the DRA have similar characteris-
tics with broadside radiation. The DRA achieved the highest radiation efficiency
and the largest bandwidth. The SIW antenna radiates in the direction of the
waveguide axis, and has the lowest radiation efficiency and the narrowest band-
width.

4 x 1 and 8 x 1 phased arrays have been constructed using the single element
designs in order to establish beamsteering. A physical channel model has been
used to estimate the required minimum gain at the mobile station. The array
configurations have then been evaluated in terms of the coverage efficiency of
their total scan pattern. Other considered parameters are maximum gain and
the mutual coupling. Moreover, subarray systems of the arrays are tried out to
improve the obtained coverage efficiency. This part has illustrated the viability of
evaluating the total scan pattern from phased array antennas in terms of coverage
efficiency, a new characterization method for phased array systems.

The array simulations indicated that subarray systems using edge-radiating
SIW arrays show good promise in achieving a large coverage. Phased arrays using
patch and DRA elements can obtain large coverage in one hemisphere.
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Chapter 1

Introduction

1.1 Background

The new generation of wireless devices has lead to a rapid increase in total mo-
bile data traffic. The usage of smart phones and tablets requires the support of
high quality multimedia applications, and as the capacity demands will continue
to increase as technology advances, the necessity of higher data rates cannot be
ignored. Using more bandwidth directly translates into higher data rates, and as
today’s cellular bands are restricted to carrier frequencies between ~ 800 MHz and
~ 2.6 GHz where the channel bandwidths are relatively narrow (~ 20 MHz), a po-
tential solution is to use higher frequencies where the wider bandwidths available
can be exploited. Thus, for future generations of cellular communication systems,
the millimeter-wave (mmWave) frequency bands (10—70 GHz) have recently gained
a lot of attention [1].

When moving up to higher frequencies however, new requirements are put on
the antennas on the mobile- and base station. When the operational wavelength
decreases, the propagation loss increases simultaneously, thus requiring that these
losses need to be compensated for. Antennas with high gain, which are feasible
using array configurations, can make up for these losses. Fortunately, as a general
rule the antenna dimensions decrease simultaneously with operating wavelength,
thus enabling this integration of arrays on a mobile platform. High-gain antennas
are however highly directive, increasing the probability of the beam being inter-
rupted. Using phased array antennas the beam can be steered to an available path
by adjusting the phase input of every antenna element [2]. The high directivity
also indicates the need of obtaining a large total coverage using beamsteering in
order to always be able to establish a link.

The mmWave bands at 15GHz (A = 20mm) and 28 GHz (A = 10.7mm),
where channel bandwidths > 500 MHz are available, can be seen as suitable bands
for cellular communication, as additional losses from precipitation (e.g., rainfall
and snowfall) and atmospheric absorption can be held relatively small with today’s
cell sizes (~ 200m) [1]. However, for the choice of antenna types a lot of insight
can be obtained by studying the recent advancements regarding antennas for the
60 GHz band. With similar preconditions, studies have been made to a wide extent
within this band mainly because it is unlicensed with a large channel bandwidth
(57— 66 GHz). The atmospheric absorption peak occuring at 60 GHz has however
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limited the use of this band to short-range transmissions, such as wireless local
area networks (WLAN) [3].

1.2 Course of Action and Targets

The first aspect of this thesis is finding proper antenna candidates for usage in the
mobile station. A literature study done within the area of mmWave antennas can
motivate what type of antennas that show good potentials for future generations
of cellular communication applications. The first target is thus to:

I Select a series of antenna types to model for future simulations, based on
encountered research literature. The models will be evaluated regarding
radiation pattern characteristics, gain, radiation efficiency (> 50 %), and
bandwidth (> 500 MHz). To enable mass production, the complexity of
the design should be held small while realizable through low-cost fabrica-
tion processes. Moreover, their size should be small enough to make array
configurations implementable on the limited area available on a cellphone.

When the antenna types and their respective design have been chosen, the next
step is to model the single elements. The antennas will be designed for the 15 GHz
and 28 GHz bands respectively:

IT Set up models of the chosen antennas as single elements and perform sim-
ulations. The designs will be compared regarding the above mentioned
parameters.

When finished designs of the single element antennas have been obtained, array
configurations of these will be implemented in a phone case model. The target of
evaluation of the arrays are the following:

IIT Set up a physical propagation model from base station to mobile terminal.
The propagation model is used to find a minimum required gain for the
mobile antenna.

IV With respect to this gain level, evaluate the array configurations, and subar-
ray systems of these in terms of achievable coverage, maximum gain, mutual
coupling and module sizes.

1.3 Outline of the Thesis

The outline of the thesis is constructed as follows: In Chapter 2 an introductory
theory regarding antenna parameters and other necessary knowledge consider-
ing this thesis in particular is given. In Chapter 3 the study done within the
area of mmWave antennas are presented, where different antenna types and their
performances are summarized. Moreover, this chapter is finalized by motivating
the choice of antennas for design and further evaluation from the study made. In
Chapter 4 a more thorough underlying theory of the selected antennas is presented
together with each respective design approach. In Chapter 5 the dimensions, re-
sults and performances of the modeled antennas are presented and compared with
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one another. Then, in Chapter 6 the novel approach of evaluating phased arrays
in terms of their coverage efficiency is presented. An estimated channel model is
set up to describe the most possible link scenarios. In Chapter 7 the simulation
results of the array configurations in a phone case are presented. Here, different
sizes and combinations of the array configurations are compared relative to their
performance with respect to the parameters mentioned in the previous chapter. Fi-
nal conclusions are presented in Chapter 8, and suggested future work in Chapter
9.



Introduction




Chapter 2

Basic Antenna Parameters

An antenna is the part of a system that receives or radiates electromagnetic (EM)
waves. As a part of a transmitting system it converts electrical currents into EM
waves, and as a part of a receiving system it does the exact opposite. Antennas
are components that are used within many different applications, such as GPS,
radars, satellites, radios, TVs and cellphones. Since the application areas are well
separated regarding, e.g. transmitted data rate, power and distances between
receiving and transmitting systems, a lot of different designs exists that are used
within the different areas. Antenna designs usually consist of a resonant element
that radiates on its resonance frequency. Antenna designs that are of special
importance to this thesis will be explained in Chapter 4.

For characterization of the design of an antenna as well as its performance,
there exist several parameters that need consideration. In this chapter, the most
fundamental ones are introduced together with additional parameters that are of
specific interest in this thesis.

2.1 Radiated Far-Fields

The far-field region is defined according to the IEEE Standard 145-1993 [4] as the
region where the angular field distribution is independent of the distance from a
specific point in the antenna region. From the electric- (J) or magnetic (J,) cur-
rent density on the antenna element, the far-field radiation can be found through
an operation similar to a Fourier transform, using the following integral over the
whole volume the antenna addresses:

F(0,¢) = F() = / J ()t v (2.1.1)

T =& cospsinfh + ysinpsinf + 2 cosb

where 7’ denotes an arbitrary point of the antenna element, 7 is the direction of
radiation, k is the free space wavenumber and F(6, ¢) is the obtained radiation
vector. Since the electric field E(6,¢) and the magnetic field H(6,¢) are per-
pendicular to the direction of radiation #, they can then be obtained through the
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following equations:

—jkr
E(6,) =~ jkm"—F .(6,9)
o (2.1.2)
H(ea(b) = _.]k Ay T X FL(97¢)

where F| = 0F, + ¢F¢, k is the free space wavenumber and 7 is the free space
impedance. The power density P, can be found as the scalar value of the energy
flux vector, corresponding to the power per unit area:

nok?
3272r2
where it can be noted that the radiated power attenuates with the square of the
distance r. Further, the radiation intensity U(6, ¢) is defined as the radiated power
per solid angle, which can be found by removing the dependence on the distance
from the power density P, [5]:

P= %Re{E x H*} = %%|E(0,¢)|2 =7 |FL(0,9)* =#P.  (2.1.3)
0

nok”
3272
By integrating the radiation intensity over all solid angles the total radiated power
is obtained:

U(oa ¢) = TZP’!‘ = |FL(07 ¢)|2 (214)

Poq = // U0, ¢)dQ = // U(0, ¢)sinfdo do (2.1.5)

2.2 Gain, Directivity and Radiation Efficiency

The gain G(0,¢) is defined as the radiation intensity in an arbitrary direction,
normalized with the power P,.. accepted by the antenna:

U(o,e)
P /4w

where the 47 term takes into consideration an isotropic distribution of the accepted
power. The directivity D(0, ¢) is closely related to the gain, and is defined as the
radiated power in an arbitrary direction, normalized with the total radiated power
P,.q isotropically distributed:

G(0, ) = (2.2.1)

U0, ¢)
D(0,¢) = 2.2.2
(0.6)= 5t (222)
The radiation efficiency 7, is defined as the ratio of radiated power to the power

accepted by the antenna, i.e.

Prad
= 2.2.3
"=p (2.2.3)
leading to the relation between gain and directivity being the following;:
G(0,9) =n.D(0,9) (2.2.4)

For antenna measurements, the gain is usually compared to that of an isotropic
antenna, thus gain and directivity values are usually presented in decibels-isotropic
(dBl), e.g. GdBi =10 log(G)
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2.3 Radiation Pattern

The far-field radiation pattern of an antenna shows the angular distribution (6, ¢)
of the radiated field strength, gain or directivity. Using spherical coordinates as
depicted in Figure 2.1, there exist some principal planes that are used for two-
dimensional visualization. The azimuthal pattern is the radiation shown in the
x-y plane (6 = 90°) and the elevation pattern is shown in a plane orthogonal
to this, e.g. the z-z plane (¢ = 0°) or the y-z plane (¢ = 90°). The choice of
elevation plane is usually determined from the purpose of achieving good illustra-
tions. Moreover, the E- and the H-plane are commonly used planes for plotting
the radiation pattern of some antennas. These are defined according to the IEEE
Standard 145-1993 [4] as the planes containing the direction of maximum radiation
and the E-field vector and H-field vector respectively.

<>

=>

Figure 2.1: Spherical coordinate system for radiation pattern visu-
alization.

In a specific pattern plane, the width of the radiation pattern can be described
by the half-power beamwidth (HPBW), also called the 3dB beamwidth. This is
the angle between the two directions in which the radiated power is half of its
maximum value, which expressed in dB-scale becomes 10 log(%) = —3dB decrease
in power.

2.4 Bandwidth and Matching

An antenna can be seen as a load, introducing the frequency dependent input
impedance of the antenna at its terminals as Z,(w) = Ra(w) +jXa(w). The input
resistance R, is connected to different power loss mechanisms, while the reactance
X, is dependent on the reactive near-field. In order to achieve good performance,
the matching between antenna and the feed network with reference impedance Z,
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should be made such that the reflection is minimized:

F(w) _ Za(w) - ZO

7Za(w) 7 (2.4.1)

The bandwidth can be seen as the frequency range around the center frequency
fe were the antenna performance is still acceptable. As the power accepted by the
antenna can be expressed as

Pacc = im(1 - |F|2) (2.4.2)

the impedance bandwidth can be expressed as a return loss through the reflection
coefficient in decibels:

RLgg = —10log |T'|?> = —201log |T'| (2.4.3)

The impedance bandwidth can also be realized through the voltage standing wave
ratio (VSWR):

1+ T
1T
Acceptable values are usually VSWR < 2 = |I'| < 1/3 which in decibel scale
becomes RLgg >~ —10dB. Hence, it is common to talk about the —10dB band-
width when presenting simulated and measured performances. The impedance
bandwidth (VSWR < S) is also related to the total Q-factor (see Section 2.7)
according to [6]:

VSWR =

(2.4.4)

S—1
Qtot\/§

where FBW is the fractional bandwidth, which is the ratio between the frequency
range with acceptable performance with respect to the center frequency:

_ fmax - fmin
fe

FBW =

(2.4.5)

FBW (2.4.6)

2.5 Mutual Coupling

For array configurations, the introduction of multiple antenna elements gives rise
to mutual impedance between the different elements. The scattering matrix can be
used to characterize the matching for each port network and the mutual coupling
between every element. For n number of antennas the scattering matrix is:

by Si1 Sz - Sia aj
bo So1 Sag o+ Sop a2

. = . . . . . (2.5.1)
bn Snl Sn2 et Snn an

where a; represents the incident signal and b; the reflected signal at port 7 respec-
tively. Thus S;; represents the reflection coefficient for antenna i as in (2.4.1), and
the mutual coupling loss between two arbitrary ports is described by the respective
off-diagonal elements.
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2.6 Antenna Scaling

A general rule regarding antenna dimensions can be applied considering re-designing
certain antennas at other center frequencies. If an antenna with length /; is reso-
nant at f = f; and it is desirable to have resonance at f = f5, then an approximate
resonant length I can be found through:

e (2.6.1)

o =1
T A1

e.g. if an antenna resonant at 30 GHz has a footprint of 20 x 10 mm?, the same
design can be resonant at 15 GHz if the size is doubled, i.e. 40 x 20 mm?. Note that
this does not always apply, and should be used more for a rough first re-design
and to get an idea of an antennas dimensions at another operational frequency.

2.7 Q-factor

The Q-factor is another parameter that is of great significance when evaluating
the performance of an antenna. For every mechanism that introduces a power loss
P;, there is a corresponding quality factor @); and they are related through:

- QWWM’E

Qi

where Wy g is the maximum stored energy (magnetic Wy or electric Wg) at
resonance w. Hence, the radiated power P,,q is related to Qraq through (2.7.1),
and the total Qo of a system can be expressed as:

P, (2.7.1)

1 1
Prot = Xi:Pi adi e Z o (2.7.2)

Furthermore, from the total quality factor Q.; one can show a relation to the
impedance bandwidth as in (2.4.5), hence the Q-factor relates to both the radiated
power P,,q and thus the radiation efficiency 7,, and the bandwidth, making it a
very useful parameter for measuring loss mechanisms.

2.8 Ohmic Losses

Power losses in materials can be caused by both the dielectric and conductive
properties of the material. The magnitude of these losses, often called ohmic
losses, is usually presented as the loss tangent:

"

tan s = ‘27 (2.8.1)

where ¢’ and &” are the frequency-dependent real- and imaginary part of the
complex permittivity e:
€ = go&r = go(el — je) (2.8.2)
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here, g¢ is the vacuum permittivity and e, is the relative permittivity. A conductive
material is characterized by a large conductivity, so that the loss tangent for such
materials can be found through:

1
& =€, - e —] (2.8.3)

weq wpe
where o and p are the conductivity and resistivity of the material respectively.
Since the losses are frequency-dependent, the loss tangent should if possible be

presented at the measurement frequencies, e.g. something like tané = 0.0035 at
10 — 40 GHz.

2.9 Surface Wave Losses

When considering antennas mounted on top of a substrate, surface waves will be
excited if the relative permittivity €, > 1. Surface waves are waves guided by the
substrate due to total internal reflection, and are reflected at the ground plane
and air-substrate interface respectively.

The guided waves cause coupling to other nearby elements, and diffract at the
edges of the substrate causing an unwanted total radiation pattern [6]. Further-
more, the power losses occurring in the substrate decrease the radiated power of
the antenna. As e, and h are increased, the attenuation becomes more severe and
the power losses increase. The lowest order mode, the TMy-mode, will always
occur as its cutoff frequency f., = 0, however higher order modes can be avoided
by choosing appropriate substrate thickness according to:

nc

4h/e, — 1

where c is the speed of light in vacuum, h is substrate thickness and n corresponds
to the mode number (TE: n = 1,3,5,... and TM: n = 0,2,4,...). Thus, by
choosing a thickness as

feo = (2.9.1)

h 1
R
Ao~ 4 —1

only the TMy-mode will exist. According to [6] surface wave losses can be neglected
when

(2.9.2)

h 0.3
T <

2.9.3
AO 21 Ep ( )

ﬂ

2.10  Arrays

The use of array configurations of antennas makes it possible to not only increase
the total gain by using many elements, but also radiate power in a desired an-
gular direction (a phased array system), hence it is a fundamental part within
the antenna design topic. An array configuration of identical elements with equal
spacing introduces the array factor, from which the total far-field radiation of the
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array can be found from the radiation vector of the basic element, F(6, ¢), such
as:

N
. - jk-dn,
Fuon(0,0) = A0, 9) Fs(6, ¢) = ; a, I F (0, ) (2.10.1)

with k = (ky, ky, k.) = &k cos ¢sinf + gksin ¢sinf + 2k cos

Here, N is the total number of elements in the array, d,, is the displacement vector
and a,, is the feed coefficient of the respective element. The radiation intensity of
the array can be found from F:(6, ¢) in a similar way as in (2.1.4). It can be seen
that only the far-field radiation of the basic element has to be calculated, while
the array factor takes into account the combining of the radiating elements and
thus the overall radiation pattern. It can also be seen that the increase in gain,
compared to a single antenna, can be found through the array factor where the feed
coefficients and the phase of these determine the overall contribution. Maximum
additional gain can be approximated by multiplying by the number of elements
used in the array, i.e. +10log(N)dB (N = 2 corresponds to approximately +3 dB).
For illustration purposes, let the array be one dimensional in the 2-direction, with
equal spacing d between every element as seen in Figure 2.2. The array factor can
then be rewritten as

N N N
A(9,¢) _ Z anejk~dn — Zanejnk’dcosé) — Zanejnlll _ A(\I/)
n=1 n=1 n=1

U = kdcosf

(2.10.2)

where the incremental phase shift, ¥ = kdcosf, has been defined. The two-
dimensional array case can be derived in similar manner.

&

U

<>

>

Figure 2.2: One dimensional array with spacing d along the 2-
direction.
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2.10.1 Phased Array

A phased array can be constructed by changing the feed coefficients a,, of the array
elements using a translation of W. Initially, the array has its maximum gain when
the exponential in the array factor is zero, i.e. max{A(¥)}= |A(0)|. This occurs,
for an array along the z-direction (as seen in Figure 2.2), when 6 = 90° and a,, is
independent of n. However, changing the coefficients a,, according to

al, = ape "o (2.10.3)

will change the direction of maximum radiation:
N 4 N _
A W) =" ane™ =" a,e" ) = AW - ) (2.10.4)
n=1 n=1

The new maximum is now found when ¥ — ¥y = 0, e.g. for the case of a one-
dimensional array just as above when:

U — Uy = kd(cosf — cosby) =0

(2.10.5)
=0,=20

The beam have thus been steered towards 6y by changing the phase of the feed

2.10.2 Spacing Between Elements

The incremental phase shift ¥ is defined between two angular ranges. From e~ "%
it is 2m-periodic between —m < ¥ < 7, however from its definition (2.10.2) the
periodicity depends on the choice of element spacing:

—kd <V < kd (2.10.6)

If kd > m the values of A(6, ¢) will be over-specified and give rise to grating lobes,
which are lobes in undesired directions. Similarly, if kd < 7 the values of A(6, ¢)
will be under-specified. The element spacing is thus often chosen such that the
whole range of variation is covered, i.e. since k is the free space wavenumber:

pg =24
A (2.10.7)
= d=)\/2

where A is the free space wavelength.



Chapter 3

State of the Art in mmWave Antennas

3.1 Performance and Characteristics Targets of the Study

A lot of studies have already been carried out regarding different antenna types in
the millimeter range. There exist numerous areas of applications that might benefit
from the use of millimeter wave (mmWave) devices in wireless communications.

In particular a lot of research has been focused around the 60 GHz frequency
band (also called the V-band). This is mainly because the band is unlicensed with
a very wide bandwidth, thus enabling the possible increase of achieved data rates.
However, the free space loss is more severe when moving to higher frequencies, and
60 GHz also occurs at an atmospheric absorption peak, limiting the possible trans-
mission distances even more. Therefore, the usage of 60 GHz has been narrowed
down to applications with very small cell sizes, e.g. wireless local area network
(WLAN) and wireless personal area network (WPAN), where the wide bandwidth
can be exploited despite the obvious disadvantages of limited distances. Hence,
a major part of the encountered literature is focused around antennas operating
at 60 GHz, but nevertheless a lot of insight can be made on the performances of
these, to later be scaled down to the operating frequencies of interest (15 GHz and
28 GHz).

For commercial purposes, the use of expensive and bulky antenna types are
highly inappropriate. Thus, even though reflector-, lens and horn antennas have
good radiation properties at mmWave frequencies, they suffer from these disad-
vantages making them not as suitable for cellphone applications [7]. Instead, since
inexpensive manufacturing is one of the key points for commercial usage, it can
be seen that a lot of focus is held around finding solutions that are cheap to
manufacture and low in profile.

In summary, the antenna types should satisfy a wide bandwidth (> 500 MHz)
to exploit the bandwidth available, high radiation efficiency (n, > 50 %) to avoid
as much losses as possible in the antenna element, be small in size to enable
arrays to be implemented on the mobile station and be realizable through low-
cost fabrication processes to enable mass production.

Having said all this, what follows below is an overview of the state of the art
regarding mmWave antennas, where a focus around 60 GHz antennas are obvious
in its presence. This overview provides a good motivation for drawing the initial
conclusion regarding what antennas to consider for further evaluation.

13
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3.2 Antenna on chip

Antenna on chip (AoC) indicates the integration of an antenna on the same chip
as other circuits using standard technologies (e.g. III-V, CMOS or SiGe) [7].
Using antenna types that have sizes in the order of the operating wavelength
enables this integration when moving up towards the mmWave frequencies. The
reason why more and more research is being done within the area is that by
removing all connections between the RF circuit and the radiating element, a
significant cost reduction can be realized [8]. By producing the antenna in the same
process as the rest of the circuit, several manufacturing issues can be removed,
while simultaneously suppressing losses that would otherwise occur in the complex
interconnections [9]. It is seen that the on chip antenna solution is still under
development, and has not come far enough to enable performances meeting the
requirements for commercial usage. In general, the AoCs have both very low
radiation efficiency and gain.

The most common types of on chip antennas are printed antennas (Section
3.4), since these are suitable for integration with solid-state devices, but a certain
amount of dielectric resonators (Section 3.5) have also been encountered. The
integrated circuits (IC) used for GHz radios are traditionally designed using ITI-V
technology such as gallium arsenide (GaAs) or indium phosphide (InP). However
for commercial purposes the need for a more low cost solution is essential, which
implies that silicon (Si) technology should be used instead [7]. In III-V ICs, a
ground plane is usually present which enables the use of patches that are well-
documented antennas with generally good performance. However this is not the
case for Si technology [10], where a ground plane is usually avoided. Due to this,
most encountered research has been done using other printed antenna types such as
dipoles and travelling wave antennas [9-11]. General values of gain and radiation
efficiency for AoCs are around G ~ 0dBi and 7, ~ 10 % respectively. Results for
encountered individual AoCs will be illustrated in a later table (Table 3.1). A
typical model of an antenna mounted on a Si IC chip can be seen in Figure 3.1.

Antenna metal layer. 1 pm thick — Metal 6

Via hole for
feed syptem
4—

8.1 um thick Silicon Dioxide — via layer

Port entry/feed system — Metal 1

0.8 um thick Silicon Dioxide — buffer laver

750 um thick bulk silicon

Ground plane

Figure 3.1: Cross sectional view of a typical IC model for antenna
on chip simulation set up [9] © 2009 IEEE.
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3.2.1 Concerns and Improvement Techniques

The major concern regarding on chip antennas is the low radiation efficiency, i.e.
most of the power is lost in other mechanisms than radiation. Commercial Si
substrates have a relatively low resistivity (p &~ 10—20€ - cm) which causes ohmic
losses in the substrate (Section 2.8) and hence reduce the radiation efficiency.
These losses can be reduced by using selective ion- or proton implantation [7]
which increases the resistivity, however this directly indicates an increased cost.
Moreover, losses also occur due to power trapped in surface waves (Section 2.9).
This does not only reduce the radiation efficiency, but also introduces mutual
coupling. Due to the fact that the circuit and the antenna are in close vicinity of
one another, mutual coupling occurs between the antenna and other components
(power lines, capacitors etc.) causing detuning of the different components. This is
a major drawback in performance, and in order to suppress these interferences one
needs to understand the different coupling mechanisms. Suitable architecture and
the use of ground shields have been shown to reduce the cross talk [10]. Substrate
thinning and the use of substrates with low dielectric constant, see (2.9.3), can help
to reduce the power lost through surface waves. However, the substrate is of silicon
with e, = 11.9, and the use of lower permittivity materials will probably be limited
to the use of the top, insulating layer. The most commonly used insulating material
is silicon dioxide (SiOs) with &, = 3.9, but proposals have been made using thin
layers of BCB (g, = 2.7, tand = 0.0008) on top for efficiency enhancement [10].
Micromachining techniques such as wet- or dry etching' can also be used to remove
substrate in order to reduce losses. However, dry etching is needed to perform an
isotropic etch with good resolution, which requires expensive equipment.

For the reader interested in finding out more about AoCs, the work presented
in [10] is recommended.

3.3 Antenna in Package

The antenna in package (AiP) solution indicates that an antenna or an array of
such is put in the same chip package as the radio frequency (RF) die. By using
multilayer techniques, an antenna can be integrated in the package, which in turn
offers more degrees of freedom regarding the design complexity. An example of
an AiP solution is shown in Figure 3.2. The feeding network can be integrated
within the layers, and different enhancement techniques can be implemented by
controlling each layer. Because of this, many AiPs have shown good performances
in terms of bandwidth and gain. Interconnection between the chip and the package
can then be established by either wire bonding or flip-chip bonding. By having
the freedom to place the RF die almost arbitrarily, one can minimize the impact
the active devices in the chip have on the antenna performance. The available
volume and area for antenna implementation is not as restricted as for AoCs,
which makes array configurations compatible. Also, compared to on chip antennas
a broader variety of different antenna types have been presented for the in package
solution, mainly due to the flexibility that applies to multilayer structures. Thus,

'The fundamentals about etching- and implantation methods can be found in [12].



16 State of the Art in mmWave Antennas

Antenna feed line

Antenna GND \ Antenna cavity Patch

\

\ X o

\ N
- \

51 P
3 ——Power
GND
—C4
| RFIC | BGA

Low-speed signal

Figure 3.2: Cross sectional view of LTCC multilayer packaging with
in package patch antenna [13] © 2010 IEEE.

the antenna types that have been encountered are more focused around the certain
types that have shown good performance in the millimeter range and are not as
restricted to outside factors. Examples of such antennas are printed antennas
such as patches and dipoles, substrate integrated waveguides (SIW), slots and
microstrip grid antennas [2]. Results for encountered individual AiPs will therefore
be embedded with other illustrated results in the upcoming sections.

3.3.1 Concerns and Improvement Techniques

In package antennas have in general shown good performance in terms of gain
and bandwidth [7], and the concerns seem to be more about obtaining structures
that are not too complex. In order to integrate an antenna in a package a mul-
tilayer technology is needed, and these are limited with specific restrictions for
each technology. The most common materials are different kinds of polymers,
ceramics and teflon which all have relatively good properties at high frequencies.
The process technologies associated with the polymer and ceramic materials are
low-temperature cofired ceramic (LTCC) and liquid crystal polymer (LCP) re-
spectively [2]. One of the difficulties with AiPs is the interconnection between the
die and the package. Interconnections are usually made through wire bonding or
flip-chip bonding?, where wire bonding is the more commercially used. The wire-
bonding technique is robust and inexpensive, but the long wires introduced act
as inductors and affect the performance of the whole system. This effect can be
suppressed by using the more expensive flip-chip technique instead, which results
in less series inductance as the bumps are shorter and thicker than the wires [2].
Apart from this, the main issues of in package antennas are more related to the
actual package design [13]. The layer stack-up should not be too complicated to
achieve well enough mechanical and electrical reliability, and at the same time be
possible to manufacture using not too expensive assembly processes.

Having briefly introduced the concepts of two new antenna integration tech-
niques for mmWave frequency operation, it is time to evaluate the different en-
countered antenna types from a performance point of view. Hence, improvement

*The fundamentals about bonding techniques can be found in [12].
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techniques that are more connected to the antenna element in itself will be pre-
sented simultaneously with related articles in the upcoming section.

3.4 Printed Antennas

Printed antennas are in its simplest form inexpensive to fabricate, low in profile
and light in weight. In general they are produced by standard lithographic pro-
cesses, where metal is printed on top of a substrate. Moreover, their size is in the
order of the resonance wavelength, which make them array compatible to obtain
higher gain values, but also opens up new integration options (see Section 3.2 and
3.3) at mmWave frequencies. Due to these properties they are highly suitable for
commercial use and are frequently occurring antenna types on the research front.
The most common types of printed antennas are patches, dipoles and variations
of these, as shown in Figure 3.3. Presenting the different printed antenna types

{ -

(a) (b) (c)

Figure 3.3: Different kinds of printed antenna types. (a) a dipole
antenna, (b) a yagi antenna, (c) a rectangular patch antenna.

shortly, a dipole is one of the most common types of antennas and exist in nu-
merous variations. A dipole antenna consists of two conductive elements, usually
metal wires with a small radius, as shown in Figure 3.3a. Current is fed in the
center. Most commonly, the length of the dipole is half an operational wavelength
(half-wave dipole) which results in a current distribution with zero values at the
end points and maximum in the center. The radiation is omnidirectional with
maximum in the direction perpendicular to the dipole axis, i.e. it is donut-shaped
with the hole axis in the direction of the dipole. The maximum directivity of a
half-wave dipole is 2.15 dBi.

A common variation of a dipole antenna is the folded dipole, which is a half-
wave dipole with an additional wire connecting the two ends to increase the radia-
tion resistance [5]. Another one is the yagi antenna, as seen in Figure 3.3b, which
uses one current-fed dipole element, together with a selected amount of parasitic
directors and /or reflectors. The directors are slightly shorter than the driven ele-
ment while the reflector is slightly longer. The parasitic elements helps to direct
the radiation in the direction of the director. Using more elements indicates more
increase in gain from the parasitic array configuration, e.g. in [5] using one re-
flector, one driven half-wave dipole and one director a total gain of 8.18 dBi was
simulated, indicating an increase of 8.18 — 2.15 = 6.03 dBi compared to a single
half-wave dipole.
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The patch antenna, which is simply a metal patch on top of a substrate layer
with an underlying ground plane as seen in Figure 3.3c, is another common printed
antenna type. Various shapes exist, where a rectangular or circular patch are the
most common ones. The patch is resonant at approximately half a wavelength in
the substrate. Excluding the feed network, degrees in freedom exist in the choice
of dielectric constant of the substrate ¢,, height of the substrate h and length L
and width W or radius r of the patch respectively. Usual maximum gain values
are between 5 and 7 dBi with a broadside radiation, i.e. the radiation is maximum
in the upward direction perpendicular to the patch.

Type [ref.] Freq. (GHz) Gain (dBi) BW (GHz) Rad. Eff. n,
Dipole on Chip [9] 60 —6.7 - 9%
Yagi on Chip [9] 60 —3.6 - 15.8%
Yagi on Chip [11] 60 —-10 10 10%
Folded Dipole in 60 8 7.8 90 %
Package, LTCC [14]

Yagi in Package, 60 6 2.3 93 %
LTCC [15]

Table 3.1: Summary of printed antennas other than patches. BW
denotes the —10 dB bandwidth.

Type [ref.] Freq. (GHz) Gain (dBi) BW (GHz) Rad. Eff. n,
Aperture-Coupled, 60 - 5 -
Air Cavity in Pack-

age [13]

4x6 Array, Parasitic, 60 15.5 9 -
LTCC [16]

Aperture-Coupled, 60 7 9 -
Superstrate, LTCC

[17]

4x4 Array, Aperture- 60 18.2 7 -
Coupled, Air Cavity,

LTCC [18]

Aperture-Coupled, 7 8 4 80 —90%
Parasitic, LTCC [19]

Aperture-Coupled, 60 7.8 4 90 %
Superstrate [20]

Air Cavity [21] 60 8.7 5.8 96 %

Table 3.2: Summary of patch antennas. BW denotes the —10dB
bandwidth.

Research results from printed antennas for millimeter wave applications can be
seen in Table 3.1 and 3.2. It is noticeable that the on chip printed antennas have
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both low radiation efficiency and negative gain just as mentioned earlier (Section
3.2, p. 14). Tt seems that when moving away from the on chip solution, patch
antennas are the printed antenna type where the most extensive studies have been
carried out, where also good performances have been obtained. Furthermore and
equally important, array configurations are made realizable when the dimensional
restrictions of on chip solutions are relaxed. Table 3.2 is a summary of encoun-
tered articles on patch antennas for visualization purposes of different enhancement
techniques.

From Table 3.2 it can be seen that aperture-coupling seems to be a recurring
feeding technique for patch antennas [13,17-20]. This technique couples the energy
from the transmission line to the antenna through a slot in the ground plane. Ad-
vantages with this are the isolation of the radiating element and that optimization
can be done independently for antenna and feed network respectively. Moreover,
it is noticeable that enhancement techniques are extensively used as multilayer
technologies enables the implementation of them.

Ground Antenna feed line Patch Aperture
A 1
\ \ RO4000
MO " % Jade
\ / RO4000
M1 — § \ Jade

LCP Core
|| LCP Bondply
RO4000

M2

M3 Jade
i RO4000

M4+g . |
Power *~ BGA C4 Refiector & Low-spe@;als

Figure 3.4: Multi-layer stack-up for aperture-coupled air cavity
patch [13] © 2010 IEEE.

In Figure 3.4 a cross section of the solution proposed in [13] is shown. The
multilayer was realized through LTCC technology and uses an aperture-coupling
to excite the patch antenna. The use of an air cavity suppresses losses due to
surface waves while improving the obtained bandwidth. Since surface waves exist
for €, > 1, these can be suppressed by choosing air as the substrate material. The
antenna is then attached on the bottom of a substrate layer placed on top, thus the
name superstrate. The folded dipole in [14] shows relatively good performance,
resembling the performances of different patches but with a dipole radiation pat-
tern. An air cavity and metal fencing, which can suppress the surface wave losses,
are employed to enhance the antenna. The circular patches in [16] are also em-
ployed with metal fencing, together with parasitic elements. By adding parasitic
patches that resonate close to the driven patch the bandwidth can be increased.
These parasitic elements can be placed above and around the driven element. A
lot of research has been done using LTCC as in package implementation tech-
nique [16-19], where the LTCC tape Ferro A6 is used as substrate (¢, = 5.8 — 5.9,
tand = 0.001 —0.002 at f < 40 GHz) [22]. LTCC is however a relatively expensive
technology, that might restrict its usage to the research front and not commercial
use [13]. The stack-up proposed in [13] uses RO4000 laminates instead (&, = 3.55
at f = 8—40 GHz and tand = 0.0027 at f = 10 GHz) [23], which enables the use of
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Figure 3.5: Circular patch with parasitic element and metal vias
fence [16] © 2011 IEEE.
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standard printed circuit board (PCB) processes more suitable for mass production.

3.5 Dielectric Resonator Antennas

A dielectric resonator antenna (DRA) consists of a substrate material with high
permittivity, that act as a resonant cavity and radiates as power leaks from the
resonant structure. The most common shapes of DRAs are rectangular, cylindrical
and hemispherical, as seen in Figure 3.6. Their small size (less than a wavelength
in the substrate) and simple structure make them good candidates for mmWave
wireless communications, as they are still realizable through low-cost fabrication.
DRAs have been shown to be good radiators at high frequencies, with high ra-

Lr AV L

(a) (b) (c)

Figure 3.6: Different shapes of DRAs. (a) a hemispherical DRA,
(b) a cylindrical DRA, (c) a rectangular DRA.

diation efficiency and broad bandwidth. DRAs are usually mounted on top of a
ground plane, resulting in a radiation pattern similar to the one from a printed
patch antenna, with maximum radiation straight up from the structure. Usual
maximum gain are in the order of that of a patch antenna (5 — 7dBi). Some
encountered research results are listed in Table 3.3. Note that in [24] an on chip
DRA is proposed, and that the antenna has better presented performance than
the printed AoCs in Table 3.1. The author, P. V. Bijumon, has also published
several other papers on DRAs as on chip solutions. The proposed solutions of
DRAs instead of printed antennas on chip, is due to the possible reduction of sub-
strate losses, higher radiation efficiencies and wider bandwidth [24]. From Table
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Type [ref.] Freq. (GHz) Gain (dBi) BW (GHz) Rad. Eff. n,
Rectangular on Chip 60 5.3 1.9 89%
124

2x1 Array, Aperture- 60 8.25 9 98 %
Coupled, Cylindrical

125]

SIW-slot, Rectangu- 37.5 5.5 - 95 %
lar [26]

SIW-slot, Cylindri- 60 5.9 13 80 —92%
cal [27]

Table 3.3: Summary of DRAs. BW denotes the —10 dB bandwidth.

3.3 it is noticeable that the performances of presented DRAs have maximum gain
comparable to the patches presented in the above section. The radiation efficiency
7N, can be seen to be generally quite high, around 90 %, and the antennas [25, 27|
achieve around ~ 6 % bandwidth. The DRAs in [25-27] all exploit the use of a
slot to couple the energy from the feed network. The proposed design in [25] use
an aperture-coupling, the same as in above presented patches [13,17-20], and can
be seen in Figure 3.7.
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Figure 3.7: Top view of a 2 x 1 array of aperture-coupled cylindrical
DRA [25]. The turquoise shows the aperture (©) 2012 IEEE.

The proposed designs in [26, 27] use a different kind of slot coupling. Instead of
a transmission line, a substrate integrated waveguide (SIW) is used as feeding line.
The SIW approach can be realized with standard PCB processes, and antennas
based on SIWs have also been proposed (see Section 3.6). The design model
from [26] is visible in Figure 3.8. The three designs in [25-27] all use a substrate
for the DRA with permittivity of 4, = 10.2 (Rogers RT 6010 or RT TMM10i),
with the feed beneath the ground plane etched in Rogers RT Duroid 5870/80
(e, = 2.33/2.20 and tand = 0.0012/0.0009 at f = 8 — 40 GHz) [23].
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SIW -substrate &

z-axis RDRA-substrate £

Figure 3.8: Rectangular DRA fed by a SIW through a slot in the
top ground plane [26]. The yellow shows the aperture (© 2010
IEEE.

3.6 Substrate Integrated Waveguide Antennas

Substrate integrated waveguide (SIW) is a technique that can be employed to
construct integrated antennas. The general appearance of a SIW circuit are a
dielectric layer between a top- and bottom metal clad while rows of metalized via
holes act as side walls. This can be seen in Figure 3.8 as the feeding mechanism for
the DRA. SIWs can be realized through low-cost standard PCB processes making
it possibly suitable for mass production. However, the use of SIW technology is
not only restricted to antenna construction, but its advantages are more related to
the possibility of integrating an antenna with other circuits on a single substrate
[28]. Thus, many encountered design proposals address an antenna together with
a beamforming network (BFN). The BFN is the network that provides the beam-
steering and beamforming if an array configuration is used. Examples of such are
a Butler matrix, a Rotman lens or a phased array.

Type [ref.] Freq. (GHz) Gain (dBi) BW (GHz) Rad. Eff. n,
Linearly Tapered 36 10.6 7 57.5%
Slot [29]

Linearly Tapered 33.5 10.3 - 68 %
Slot, 4x1 Array [30]

Slot, 12x12 Array 60 22 2.5 68 %
31)

Slot, 8x8 Array [32] 95 18.95 3.56 57 %
H-plane Horn, Open- 28 5.75 1 -
ended [33]

Table 3.4: Summary of SIW antennas. BW denotes the —10dB
bandwidth.

Encountered research results are listed in Table 3.4. The presented results
show radiation efficiencies that are lower than those from DRAs, however high
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gain values are obtained as large array configurations have been realized.
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Figure 3.9: Linearly tapered slot antenna using SIW technology [29]
(© 2011 IEEE.

In [29] a linearly tapered slot antenna using SIW technology is presented. A
single substrate Rogers RT Duroid 5880 with a permittivity of €, = 2.2 is used.
The design can be seen in its planar cross section in Figure 3.9, where the left part
is the radiating element and the right part is a multimode feeding network. The
antenna array, at the far left in the figure, is realized by cutting away selected parts
of the top- and bottom metal respectively. The antenna is a modified version of a
vivaldi radiator and radiates with a main lobe in the planar direction containing
the tapering, which is seen in Figure 3.9 as the z-direction. The antenna achieved
high gain 10.6dBi and a large bandwidth but a low radiation efficiency. The
size however is relatively big for mobile implementation purposes. At a center
frequency of 36 GHz the antenna element is 17.4 x 15 mm?2.

In [30] & multibeam antenna integrated with an asymmetrical BFN is pre-
sented. The design is a further development of the antenna in [29], and have thus
the same characteristics. A single substrate Rogers RT Duroid 5880 with a per-
mittivity of &, = 2.2 is used. The BFN consists of an amplitude transformation
part (H-plane moder) and a phase transformation part (Multimode SIW) and the
whole design can be seen in Figure 3.10. The article is mostly focused on how the
whole integrated structure is realized, and not so much on the performance of the
antenna element. Maximum gain values are presented for different frequencies by
excitations from the 4 ports, which all lie in the vicinity of the gain value in Table
3.4. The size of the antenna element is 14 x 20 mm?, and the total size including
the BFN is around 34 x 20 mm?2.

Both the antennas in [31,32] are based on the same principle, where the ra-
diation arise from slot apertures in the top metal layer, with high achieved gain.
Both antennas use Rogers RT Duroid 6002 with e, = 2.94. The antenna from [31]
can be seen in Figure 3.11. The array consists of 12 waveguides with 12 slots each,
and similarly for the array in [32] but with 8 waveguides. It is necessary to have
waveguides of long enough lengths to realize this kind of slot radiation, as all the
power transferred to the waveguide need to be radiated and/or attenuated before
it reflects back to the feed network. Thus, the size becomes quite big consisting of
many slot elements. The 8 x 8 array in [32] is 20 x 15 mm? and operates at 95 GHz.
The slot spacing is half a guided wavelength at desired center frequency to achieve
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Figure 3.10: SIW multibeam antenna with asymmetrical BFN on a
single substrate [30] (© 2011 IEEE.

in-phase excitation of all slots. The main difference between the two designs is
the feeding network approach. In [31], a primary transition from a 50-Q co-planar
waveguide to the SIW is made, the SIW then bends and T-junctions are made for
the waveguides. In [32] the feed network consists of microstrip T-junctions which
then feed each waveguide through a tapered microstrip transition. These SIW slot
antennas radiate straight upwards seen from the structure.

power
divider

radiating

50Q CBCPW
slots

substrate

CBCPW to SIW
transition

metalized
via holes

Figure 3.11: 12 x 12 SIW slot antenna array [31] (© 2010 IEEE.

The H-plane horn in [33] can be seen in Figure 3.12 in its planar cross section.
The substrate used has a permittivity of €, = 4.8 and the horn is fed through
a probe as seen in the figure. That the horn is of H-plane type means that the
tapering is only done in the planar cross section. The width of the waveguide
is 5bmm and the width of the horn aperture is 14 mm. The total footprint of a
single element is 16.8 x 14mm?2. The authors present the optimized design when
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a dielectric slab (rectangular and elliptic) is applied at the aperture of the horn,
which can be used to achieve a more narrow beam and thus a higher maximum
gain. The gain value presented in Table 3.4 is the achieved gain without any
dielectric load, and the gain was increased significantly by using dielectric loads
of different sizes and shapes. Results from a dielectrically loaded 4 x 1 array were
also shown, with a measured maximum gain of 13.75dBi. The antenna radiates
with maximum directivity in the direction of the open end.
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Figure 3.12: SIW H-plane horn antenna [33] (© 2010 IEEE.

3.7 Magneto-Electric Dipole Antennas

Researchers at the City University of Hong Kong have presented another interest-
ing concept for mmWave applications; the magneto-electric dipole antenna. The
antenna can be seen in Figure 3.13, where the planar top metal layer acts as an
electric dipole while the vertical pins act as a quarter-wavelength patch. The an-
tenna is fed through the middle feeding-pin that is connected to the T-shaped
coupled strip. The structure might look quite complicated, but the authors claim
that it is "a simple inherent architecture" [34] with low fabrication cost. The an-
tenna achieved a very wide bandwidth, maximum gain of 7.5dBi and a radiation
pattern similar to a regular patch antenna (broadside radiation). It was modeled
with the substrate Rogers RT Duroid 5880 with a permittivity of e, = 2.2.

Type [ref.] Freq. (GHz) Gain (dBi) BW (GHz) Rad. Eff. n,

Magneto-electric 60 7.5 22 -
dipole [34]

Table 3.5: Performance of the magneto-electric dipole antenna in
[34]. BW denotes the —10dB bandwidth.
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Figure 3.13: Electro-magnetic dipole antenna [34] © 2012 IEEE.

3.8 Conclusion

Based on what has been encountered in the literature study documented above,
three different antenna designs were chosen to be modeled and evaluated for mobile
station implementation. The chosen designs were:

I An aperture-coupled rectangular patch antenna.
IT An aperture-coupled rectangular dielectric resonator antenna (DRA).
ITT An open-ended substrate integrated waveguide (SIW).

The choice of the patch and the DRA can be motivated by the extensive studies
carried out concerning them, their similarities in performance and that their radi-
ation pattern make it feasible to achieve a large coverage in the half sphere above
the antenna. Both elements are small in size and realizable through low-cost fabri-
cation processes due to their simple design. Moreover, for comparison in footprint
size both the patch and the DRA will be designed as rectangular elements.

The aperture-coupling is recurring in the encountered research articles, and
since a lot of concerns regarding mmWave antennas are connected to the inte-
gration of the circuit as a whole system, a feeding technique that isolates the
radiating element can be advantageous as mutual coupling to other components
can be reduced. This motivates the choice of feed to be aperture-coupling.

The SIW technique is a quite novel low-cost technique that have gained a lot
of interest recently. A configuration of open-ended SIWs similar to the one in [33]
could, if placed on the edges of the mobile station, possibly obtain a large coverage
by placing the arrays on different edges. Due to the spatial limitations in a mobile
station the horn will be excluded from the design as the antenna element will be
too big. The antenna will be fed through a probe just as in [33] .

Rogers RT Duroid 5880 (&, = 2.2) can be seen to be a recurring material in
related articles, which motivates the choice of this substrate for future simulations.
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Regarding the material for the DRA, the substrate Rogers RT Duroid 6010 (&, =
10.2) is chosen for future modeling, as it is used in many of the related articles.
Since copper is widely used for commercial applications, all metal will be modeled
as such.

Comment

The article [8] is recommended for a thorough overview regarding mmWave com-
munication systems and circuits, where a lot of reported results from AoCs and
AiPs are listed. The antenna section is mostly focused on printed antenna results,
with some DRAs occurring. The article [2] provides a good overview of different
array solutions for mmWave antennas. The authors, Y. P. Zhang and D. Liu, have
made a lot of work in the region of printed antennas for mmWave applications,
and their work is recommended for further reading. The authors of [30] have pub-
lished a lot of work within the region of SIW antennas and particularly BFNs.
A good overview of their work can be found in [28]. Moreover, the article [35]
considers design principles, loss mechanisms and transitions for both passive and
active circuits developed through SIW technology.
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Chapter 4

Selected Antenna Types

Based on the study presented in the Chapter 3, three different antenna designs were
chosen for modeling and further evaluation. The underlying theory, characteristics
and design approach of these three antenna concepts will therefore be presented
here on a more profound level.

4.1 Patch Antennas

4.1.1 Geometry and Main Characteristics

A patch antenna consists of a dielectric substrate in between a metallic patch on
top, and a ground plane below. The patches are typically rectangular or circular
and the thickness h is much smaller than the wavelength (h < A). A typical
rectangular patch antenna is shown in Figure 4.1. There exist several ways of
feeding this kind of structure, such as coaxial probe feed, microstrip feed and
aperture-coupled feed. These will not be described in detail, and the analysis will
be restricted to the choice of feeding technique for the upcoming simulations.

There exist more than one model explaining the operation principles of patch
antennas, and one of the most popular ones are the cavity model. The following
design formulas can be found in [36], where also the underlying theory regarding
microstrip patch antennas are thoroughly described. Using the cavity model, the
principle of operation is based on creating a resonant cavity for the electric field
between the two metal pads (2-direction). By assuming that the metal patch and
ground are perfect electric conductors (PEC), thus forcing the tangential electric
field to be zero, the E-field distribution can be expressed as:

B.(x) = —Bosin(5) , |o| < L/2 (4.1.1)
The field is essentially constant along the width (¢-direction) and varies along
the length according to (4.1.1). The patch is thus resonant when the length is
approximately half a wavelength in the substrate. However, as seen in Figure 4.1
the electric field fringes at the edges, making a more accurate approximation to
be:

Ao

Le=L+2AL =
+ NG

(4.1.2)
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Figure 4.1: A patch antenna with top metal layer, a ground plane
and dielectric substrate in between. In the lower figure, the elec-
tric field with the fringing field components are visible. Based
on Figure 18.6.1 in [5].

where AL is the length extension, Ao is the free-space wavelength and ¢, is the
dielectric constant of the substrate. The width is typically held between L < W <
1.5L to suppress higher order modes while maintaining good bandwidth. The
radiation characteristics from a patch antenna can be derived from the magnetic
currents J,, = —n x E. In a similar way to electric currents, magnetic currents
can be fourier transformed to obtain the radiating field. From the expression of
Jm, one can see that the radiation is focused on the edges occurring at = +£L/2,
where J,, = —9Fy (n = +& and E = F2Fy). The contribution from the edges
at y = £W/2 is quite small, which can be seen as the electric field is shifted
symmetrical regarding the mid-line z = 0. This is visible in Figure 4.2.

7

Figure 4.2: Magnetic currents along the boundaries of the patch.
Along the lower and upper side respectively, the contribution
from the magnetic currents can be seen as negliable.

Using image theory to replace the ground plane with equivalent currents, one
can obtain the radiation vector F(6,¢) through (2.1.1) by solving for J,, over
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-W/2<y<W/2and —h<z<h:

F(6,0) = / / T (7)) R dy’ 42/ (4.1.3)

The radiation intensity and total radiated power can then be found through (2.1.4)
and (2.1.5). The radiation pattern is shown in Figure 4.3, which shows a maximum
radiation in the normal direction.

E-plane gain H-plane gain
0° 0°

30° 30°
f 1-3 .

oo/ |eaBT) 60°

Figure 4.3: Normalized gain of a patch antenna in the E-plane
(¢ = 0) and H-plane (¢ = 7/2) respectively. Based on Figure
18.6.3 in [5].

Apart from the broadside radiation, another characteristic of patch antennas
is the narrow bandwidth. The effect on choice of parameters and substrate will be
introduced below.

4.1.2 Efhciency and bandwidth

For dielectric thicknesses h > 0.02)\g the conductive losses are quite suppressed
leaving the main power loss due to surface waves. However as h is further increased,
the power lost through surface waves also increases (see Section 2.9). This is
undesirable, and the best radiation efficiency 7, is usually obtained with h ~
0.02X¢ [37]. This applies for structures using dielectric material with relatively
low permittivity. Using low permittivity substrates also enhances the bandwidth.
Similarly, increasing the width W and height h can also be seen to improve the
bandwidth. These aspects can be important to consider as the bandwidths of
patch antennas are generally quite narrow.

4.1.3 Design

Usually the design approach uses the discussed theory above for a good approx-
imation of initial parameters. By starting from the desired center frequency fj,
height of substrate material h and dielectric constant e, one determines the width
W and length L through a series of steps. The W/L-ratio is usually between
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1 < W/L < 1.5 for reasons discussed above, however as starting point this frac-
tion might be considered through:

X [ 2
W‘?’/Erﬂ (4.1.4)

Once the width is known, the effective dielectric constant can be decided:

e+l -1
) * 2

B2
Eoff {1 + 12W] (4.1.5)
To take into account the effect of the fringing fields occuring at the radiating
edges (r = +L/2), the extension length of the patch needs consideration. An
approximate relation is given in [36]:

AL (get +0.3) (% +0.264)
— =0.412
h (gt — 0.258) (Y- +0.8)

(4.1.6)

where AL is the extension length. The effective length is now given as L, =
L + 2AL, making it possible to arrive at a value for the real length L:

Ao
L=1L,—-2AL NG 2AL (4.1.7)
With this said, it is still important to be aware of that an optimal design must be
done through simulations and parametric changes simultaneously. The theory and
design approach above gives a good overview on how to start and how to change
parameters to get the desired performance, but small changes must always be done
within the simulation software and eventually also in the fabricated design.

4.2 Dielectric Resonator Antennas

4.2.1 Geometry and Main Characteristics

A dielectric resonator antenna (DRA) is based on creating a resonant cavity of
dielectric material with high permittivity. The high contrast of permittivity at the
substrate-air interface causes constructive interference within the resonator thus
forming a standing wave. The radiation is due to the leaked power from the DRA.
The conventional designs of DRAs are hemispherical, cylindrical and rectangular.
Compared to a hemispherical or cylindrical shape, a rectangular is relatively easy
to fabricate and offers extra degrees of freedom as the height, width and length of
the DRA need to be taken into consideration. Furthermore, a rectangular DRA
offers a good comparison with a rectangular patch in terms of footprint. Therefore,
the presented theory will be that of the rectangular DRA, which will also further
be designed. A typical rectangular DRA is shown in Figure 4.4. The resonator is
usually placed on a ground plane (Figure 4.5) and can be fed through varying feed
mechanisms such as probe feed, aperture-coupled feed or direct microstrip feed.
The analysis of these feeding techniques will be restricted to the choice which was
used in the upcoming part of the thesis.
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Figure 4.5: A rectangular dielectric resonator antenna mounted on
a ground plane.

Making the assumption that the dielectric resonator of interest is of very high
permittivity, the modes have been shown to satisfy specific boundary conditions
[38,39]. A rectangular DRA only supports nonconfined modes [40] leading to the
following condition:

E-n=0 (4.2.1)

The lowest order modes are labeled as the TE{, -, TEY,;- and TE7,;-modes, and
the resonant frequency can be found through the field components using the above
stated boundary condition. E.g, consider a rectangular DRA with dimensions
|z| < a/2, ly] <b/2 and |z| < d/2 and dielectric constant €4,., as shown in Figure
4.4. For the TEY,;-mode, the electric field intensity components can be found
through the magnetic potential to be [40]:

E, = — Ak, cos(kyx) sin(k,z) cos(kyy)
E, =0 (4.2.2)
E, = — Ak, sin(kyx) cos(kyy) cos(k.z)

Where k; denotes the wavenumber along the i-direction inside the DRA and A is

an arbitrary constant. The condition (4.2.1) leads to the following expression for
the wavenumbers k, and k,:

(4.2.3)
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Furthermore, using the dielectric waveguide model [26], k, can be found through:
kyb 2 2
k'y tan(T) = (€dr — 1)k0 — k'y (424)

The resonant frequency is the one that have the above stated wavenumbers k, and
k., while k, satisfies both (4.2.4) and

k3 4k, 4+ k2 = earkg (4.2.5)
where kg is the wavenumber in free space, from which the frequency can be ob-
2
tained through ky = Wfo, with ¢ being the speed of light in vacuum. This
c

indicates that different dimensions can be employed to design a DRA at a spe-
cific frequency. This is important from the perspective of using rectangular DRAs
in mobile stations. Their three dimensional profile obviously accounts for as a
drawback compared to printed antennas, but the fact that the design is relatively
flexible, one can still construct DRAs with larger footprints and lower heights. For
practical purposes such as establishing a good feed to the DRA, they are usually
mounted on top of a metallic ground plane which acts as an electric wall. The
fields and resonant frequencies are then maintained if the length vertical to the
ground (in this case d) is cut by half, i.e. h = d/2. This can be seen in Figure 4.4
and 4.5. The field distribution for the TEY,,-mode is shown in Figure 4.6.

Y B R

(SIS

Figure 4.6: An approximate visualization of the TEY,;-mode for a
high permittivity DRA. To the left without ground plane, and
to the right mounted on a ground plane.

A rectangular DRA radiates like a horizontal magnetic dipole, thus its pattern
is similar to the one from a patch antenna. DRAs have been shown to have high
radiation efficiencies at high frequencies, mostly due to that other losses than
radiation are restricted to those in the dielectric [41]. Moreover, the bandwidths
are usually greater than for patch antennas. It can, by just as above assuming
very high permittivity, be derived an analytical relation [40] between the radiation
Q factor Qraq and the permittivity stating that

Qrad (5dr)3/2

This is not entirely correct as the value of the dielectric constant decreases, but
nevertheless shows that the radiated power P,.q is increased (2.7.1), and the band-
width can be kept higher by using low permittivity substrates (2.4.5). In related
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articles [25-27], the used substrates have a permittivity of 4, ~ 10, and these
antennas obtained high radiation efficiencies, percentage bandwidths of around
3 — 6% and gain values of the same magnitude as patch antennas.

4.2.2 Design

For designing a rectangular DRA mounted on a ground plane, a good first step is
to follow the derivation of the resonant frequency given in (4.2.3) - (4.2.5). For
a given frequency, one can then obtain the dimensions a, b and h = d/2. Note
however that these formulas are based on the assumption that the permittivity
of the substrate is very high (approaching infinity), and doesn’t apply straight
forward to a choice of lower permittivity substrate. The field distribution however
is similar. For obtaining a final design, it is reasonable to validate the field inside
the DRA by checking that the desired mode is excited, while optimizing the design
parameters.

4.3 Substrate Integrated Waveguide Antennas

4.3.1 Geometry, Design and Main Characteristics

A substrate integrated waveguide (SIW) consists of a dielectric substrate in be-
tween two horizontal top- and bottom metallic covers. By introducing two vertical
rows of metal via holes the waveguide is created. A top view of a SIW is shown in
Figure 4.7. The structures are relatively simple to fabricate using low-cost PCB
technology, making them recurring as proposed antennas for millimeter wave ap-
plications. It is noticeable that most of the encountered designs use slots in the
top metal plane to enable radiation, however for the design used in this thesis this
is not the case. Instead it radiates from aperture, the open end of the waveguide.
Therefore, this theory part explains the underlying principles of regular waveg-
uides and how they are transformed for designing SIWs. SIWs can also be fed
through numerous feeding techniques. In this thesis, the SIW will be probe-fed
with a back wall introduced for constructive interference.

000000
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Figure 4.7: Top view of a substrate integrated waveguide. a is the
width, s the via spacing and r the via radius.

Starting from a rectangular waveguide of four conducting metal walls filled
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with air, the dominant mode is occurring at the lowest cutoff frequency. For a

waveguide with width a bigger than the height b, this happens when the width

a is equal to half a wavelength as in Figure 4.8, thus leading to the following
relations: - ‘

)\co =2 3 kco = — 3 co — 7 4.3.1

a L ¢ =15 (4.3.1)

If the height b < a/2 the second cutoff frequency will occur for a mode along the
width as well, i.e. feoo = 2f.,. For single mode operation the frequency should be
chosen appropriately according to these two cutoff frequencies. A usual approach
is thus to choose fy = 1.5f.. A simple approach of design can then be made
as follows. E.g, if fo = 28 GHz, then the cutoff frequency for the TE;p-mode is
feo = fo/1.5 = 18.6 GHz. The width a can then be estimated to a = ¢/2f.,, where
¢ as usual is the speed of light in vacuum. Based on the assumptions above, the
height b should then be b < a/2. When introducing a substrate instead of air, the
final step is just to scale all dimensions with 1/,/e;.

a
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\ a 1 L )

Figure 4.8: The TE;9-mode along the width a of a rectangular
waveguide.

The translation from a regular rectangular waveguide to a substrate integrated
one, whose geometrical properties is shown in Figure 4.7, are relatively simple
from a theoretical point of view. Due to their similarity, a geometrical translation
can be done quite easily while maintaining similar field characteristics. Empirical
equations have been obtained [35,42], for which this has been proven to hold. For
a waveguide width of a.g, the SIW width a can be obtained through:

7, e

2008 s s
= t—1 In —
“ x <4aeﬁ? . 4r>

where s is via spacing and r is the via radius. As long as the spacing s between
the vias is kept relatively small compared to the radius r, the radiation leakage
at the sidewalls can be neglected. The smaller the spacing and bigger the radius,
the more the sidewalls approaches continuous metal. The s/r-ratio should be no
more than s/r < 4 recommended [35].

By choosing the width a as mentioned, only modes of the lowest order are
ensured to propagate in the waveguide. When introducing the back wall, the an-
tenna becomes relatively narrow in bandwidth performance since the interference
is only constructive for the frequency that the waveguide is designed for. The three

def = a — 1.08
(4.3.2)
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major loss mechanisms in a SIW are the dielectric losses, the conductor losses and
the radiation leakage losses. The dielectric losses only depends on the chosen
substrate, and the radiation losses can be held to a minimum by appropriate di-
mensions of the side wall vias as explained above. The conductor losses however,
restricts the choice of substrate thickness, or height b, as these losses are inversely
proportional to b [35]. Thus, in order to lower conductor losses, the height needs
to be large enough, limiting how "flat" the structure can be made. For the SIW
design a probe feed is used to excite the desired mode. A probe consists of an
inner cylinder which stretches into the substrate with an appropriate length. An
outer cylinder is connected to ground, with substrate in between the two cylinders,
and the impedance is matched for the desired frequency by adjusting the length of
the inner probe. The placement of the probe also has an impact on the matching.
The distance from the probe-feed to the back wall should be approximately A., /4
for constructive interference of the reflected wave.

An open-ended waveguide radiates like an aperture antenna, where the fields
at the opening determines the radiation vector. The magnetic currents J,, can
be obtained through 7o x E, and the radiation intensity U (6, ¢) can then be found
through (2.1.1) and (2.1.4). The radiation pattern is narrow in the H-plane (par-
allel to the width @) and broad in the E-plane (parallel to the height b).

4.4  Aperture-coupling

An aperture-coupling consists of a transmission line placed on the bottom of a
substrate, on which a ground plane is placed on top. The ground plane is then cut
open, leaving a slot opening that couples to the antenna placed on the top. For
a patch antenna an additional substrate is placed above the ground plane before
introducing the antenna, while for a DRA the dielectric block is placed directly
on top of the ground plane. The concept can be visualized in Figure 4.9. There
exists numerous shapes of the introduced slot, but for simplicity the introduction
will be restricted to the standard rectangular slot. The advantages of such a
feed is the isolation between radiating element and feed network caused by the
intervening ground plane, and the fact that the antenna and the feed network can
be optimized independently. The principle of the coupling is based on the energy
from the transmission line being coupled to the antenna through the slot. The
electric field between the transmission line and the ground plane can be replaced
by equivalent magnetic currents J,, within the slot. The magnetic current then
couples to the magnetic field intensity H in the above lying structure. Hence,
the slot should be placed at a location were the magnetic field is strong in the
antenna structure for good magnetic coupling. For both the patch and the DRA
this occurs in the center line of the structure. Several new degrees of freedom arise
when introducing this kind of feed; the dimensions of the slot La,, W,p, the stub
length of the transmission line L and the thickness of the substrate h. All these
are visible in Figure 4.9. There are no direct design approaches for combining an
aperture-coupling with a specific choice of antenna element, but the optimization
of the feed needs to be validated through checking that the appropriate antenna
operation is obtained. Consistent analysis have been carried out in several cases
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Figure 4.9: Aperture-coupling through a rectangular slot. (a) cross
section in xz-plane, (b) cross section in zy-plane.

connected to patches [6,43] and DRAs [44] which can leverage insight in the design
approach. In [6] the use of the transmission line model and the modal expansion
model shows how the three components (the patch, the aperture and the microstrip
line) are linked together regarding the impedance, and how they should be tuned
to get good matching.

The slot length is the major parameter for tuning. The slot should be electri-
cally small, meaning that it is not self-resonant. To enable good coupling however,
the slot length L, still needs to be sufficiently large, a too small slot length re-
sults in undercoupling. Moreover, the slot dimensions affect the resonant frequency
of the antenna element [6]. Increasing L,, increases the resonance resistance Ryes
which decreases the resonance frequency fos and vice versa. The open-circuit stub
length Lg should be approximately A, /4 to enable strong coupling. Minor tuning
can also be achieved by changing the stub length, were the impedance change
according to —j Zoms cot(BmsLs), where Zop,s is the characteristic impedance and
Bms is the propagation constant of the transmission line [6].



Chapter 5

Single Element Performance

To confirm that the performance characteristics of the proposed designs are con-
sistent with the theory, simulations were performed for a single element approach
regarding all three antenna types; the patch, the dielectric resonator (DRA) and
the substrate integrated waveguide (SIW).

5.1 Simulation Software

The simulation software used is Computer Simulation Technology (CST) MI-
CROWAVE STUDIO, where also all designs are modeled. The software offers
usage of several kinds of solvers, e.g. the time domain solver and the frequency
domain solver, that each have their respective advantages. To validate that ob-
tained results are accurate, it can also be good to do a resolution check.

5.2 Resolution and Solver

A resolution test was done on the return loss, and the results are visible in Figure
5.1. It can be seen that the return loss is quite stable, with a slight shift in center
frequency for the patch and SIW. This can be considered to be negligible since the
final performance needs to be evaluated through measurements. Thus, frequency
shifts will appear in later stages anyway. The time domain solver will be used for
future simulations, as it is significantly faster than the frequency domain solver.
The frequency solver uses tetrahedral (four triangular faces) mesh cells, while the
time domain solver uses three dimensional rectangular hexahedral (six faces) mesh
cells, which are suitable for designs built up by rectangular blocks. A resolution of
40 steps per wavelength will be chosen for the patch and DRA, while 50 steps per
wavelength is chosen for the SIW to get a slight better refinement of the circular
vias.

5.3 Designs and performances
The finalized single element designs are an aperture-coupled patch antenna, an

aperture-coupled DRA and a probe-fed SIW. All designs are scaled for operating
at both 15 GHz and 28 GHz. All metal is modeled as copper (Cu) with electric

39
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Patch Resolution test at 28 GHz DRA Resolution test at 28 GHz
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Figure 5.1: Resolution test performed for, (a) patch, (b) DRA and
(c) SIW. Time domain - Hexahedral mesh, Frequency domain
- Tetrahedral mesh.

conductivity o = 5.8 - 107 S/m, while the different substrates used are presented
below. For comparison, all models at respective operation frequency have been
implemented with the same finite sized ground plane. The size of the ground
plane has an impact on the obtained return loss and radiation pattern, so for
the sake of obtaining simulation results that are truly comparable with realistic
measurements this has to be given significantly more attention. However, for the
first step to obtain well functioning designs for comparison with one another, a
chosen size has been selected and used. The transmission line for the aperture-
coupling, and the probe for the probe feed are both designed to obtain a reference
impedance Z; of 50 {2 respectively.
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5.3.1 Aperture-coupled patch

The design approach of the aperture-coupled patch antenna is primarily based on
what was discussed in Section 4.1.3, with a suitable size of the slot. The substrate
is Rogers Duroid RT 5880 and is modeled in CST with ¢, = 2.2 and tan § = 0.0009
at f =8 — 40GHz. Two cross sectional views of the design are visible in Figure
5.2, where all fundamental parameters are noted.

1 L | "

L.
(b)

Figure 5.2: Design of the aperture-coupled patch antenna. (a) cross
section in xz-plane, (b) cross section in zy-plane.

The size of the actual patch is chosen such that L ~ A\. /2 and 1 < W/L < 1.5.
The substrate wavelength is A., = A\o/\/&r, thus for 28 GHz with chosen substrate
it is 7.22mm and for 15GHz it is 13.5mm. In Table 5.1 it can be seen that
the resonant length is L = 0.43).,, hence a bit smaller than half a wavelength.
The substrate thicknesses h; and hs were chosen in order to achieve low losses,
referring to what was said in Section 4.1. Available thicknesses can be found on
Rogers website [23]. The top substrate thickness hy is approximately 0.02)\.

The aperture-coupling was designed in order to get good coupling, referring
to Section 4.4. However, since there are no direct rules of design, good ratios
of the different parameters were used from [6] and [43], scaled according to de-
sired operating frequency and finally optimized in CST. The stub length Lg is
approximately a quarter wavelength in the substrate. The final dimensions of the
constructed patch antennas are shown in Table 5.1, with all lengths in mm. The
thickness of the copper is 18 um.

The results obtained from the simulations are consistent with theory. The
radiation pattern are shown in Figure 5.3 in both the E-plane (¢ = 0) and the
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Frequency
Dim. (mm) 15GHz 28GHz
L 5.8 3.175
w 7.2 4.05
hy 0.508 0.254
ha 0.305 0.127
Loy 3.15 1.58
Wap 0.225 0.12
Ly 3.21 1.75

Table 5.1: Dimensions of constructed patch antennas for 15 GHz
and 28 GHz, according to Figure 5.2. All lengths are in mm.

H-plane (¢ = 7w/2) for the patch at 28 GHz. Similar patterns were obtained for
15 GHz. It can be seen that the pattern strongly resembles the radiation pattern
in Figure 4.3, however some backside radiation occurs due to the slot in the ground
plane. The beam is relatively broad with half power beamwidths (HPBW) of 77°
(zz) and 74° (yz). The maximum gain for both antennas are 7.5 dBi and 7.4 dBi
at 15GHz and 28 GHz respectively, and the percentage bandwidths are ~ 3%,
exceeding 500 MHz for both 15 GHz and 28 GHz. The results are listed in Table
5.4 and 5.5, and the reflection coefficients are depicted in Figure 5.9a and 5.9b.

Radiation pattern Patch Antenna 28 GHz

Gain (dBi)
8

180

0

Figure 5.3: Simulated radiation pattern for the single patch antenna
at 28 GHz.

5.3.2 Aperture-coupled DRA

Just as with the patch, the substrate is modeled in CST using Rogers Duroid
RT 5880 with ¢, = 2.2 and tand = 0.0009 at f = 8 — 40GHz. The substrate



Single Element Performance 43

for the dielectric resonator is chosen with respect to what has been encountered
in literature, and is chosen to be Rogers RT 6880 with €4, = 10.2 and tand =
0.0023. Two cross sectional views of the designs are visible in Figure 5.4, where
all parameters are noted.
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Figure 5.4: Design of the aperture-coupled DRA antenna. (a) cross
section in xz-plane, (b) cross section in zy-plane.

The theory presented in section 4.2 and 4.4 was used to get a primary base
for the design of the DRA and the aperture-coupling respectively. Furthermore,
reference articles [40,44] were helpful in order to obtain good dimension ratios
for good coupling through the aperture. The dielectric resonator has a quadratic
surface of size a® with height h. Since the slot is cut in the y-direction, the TEY, ;-
mode is excited. The final dimensions of the constructed DRA antennas are shown
in Table 5.2, with all lengths in mm. The thickness of the copper is 18 pym.

The obtained results can be seen as consistent with theory. The bandwidth is
wider than for the patch, with a similar radiation pattern. It is shown in Figure
5.5 for 28 GHz in the E-plane (¢ = 0) and the H-plane (¢ = 7/2). A broader
beam is obtained than that for the patch, with HPBW,, of 90° and HPBW,,, of
80°.

The maximum gain for both antennas are 6.5dBi and 6.3dBi at 15 GHz and
28 GHz respectively, and the percentage bandwidths are ~ 6 %, corresponding to
960 MHz at 15 GHz and 1660 MHz at 28 GHz. All the simulated results are listed
in Table 5.4 and 5.5, and the reflection coefficients are depicted in Figure 5.9a and
5.9b.
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Frequency
Dim. (mm) 15GHz 28GHz
a 4.3 2.3
h 2.5 1.34
th 0.305 0.305
Lap 3.1 1.66
Wap 0.58 0.31
Ly 4.3 2.3

Table 5.2: Dimensions of constructed DRAs for 15 GHz and 28 GHz,
according to Figure 5.4. All lengths are in mm.

Radiation pattern Dielectric Resonator Antenna 28 GHz
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Figure 5.5: Simulated radiation pattern for the single DRA antenna
at 28 GHz.

5.3.3 Probe-fed SIW

The design approach for the SIW is based on the theory presented in Section 4.3.
The SIW consists of two parallel metal plates with dielectric substrate in between.
The vertical walls are constructed by periodically placed metallic vias, and the
antenna is fed by a probe. Two cross sectional views of the design are shown in
Figure 5.6. All design parameters depicted in this figure are shown in Table 5.3
for the final design. The thickness of the copper is 210 ym.

The substrate material is modeled as AR25 with ¢, = 3.6 and tan = 0.0035.
Due to the large contrast in dielectric constant at the substrate-air interface, a
good resonance is obtained if the length is approximately one wavelength in the
substrate, i.e. in the 28 GHz-case L ~ \., = 10.7/1/3.6 = 5.65 mm. Good match-
ing for desired operational frequency is obtained by appropriate probe length L,
and distance from the back wall L,. The probe is placed approximately a quarter
wavelength distance L, from the back wall for constructive interference. Using the
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Figure 5.6: Design of the SIW antenna. (a) cross section in zy-
plane, (b) cross section in zz-plane.

design approach of a rectangular waveguide [5], the design was primarily tried with
vertical walls to confirm good performance. The effective width aeg of the rectan-
gular waveguide was then transformed into the width of the integrated waveguide
a through (4.3.2). To reduce losses due to leakage between the vias, the spacing-
to-radius ratio should be no bigger than s/r < 4.

Frequency
Dim. (mm) 15GHz 28GHz
a 8.6 4.6
h 3.7 2
L 9.86 5.8
Ly 3 1.42
L, 1.27 0.56
S 0.58 0.58
r 0.22 0.22
ro 0.5 0.5

Table 5.3: Dimensions of constructed SIW antennas for 15 GHz and
28 GHz, according to Figure 5.6. All lengths are in mm.

The results from the simulations show that the maximum radiation appears
in the direction of the aperture. The radiation pattern is shown in Figure 5.7 in
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the E-plane (¢ = 0) and the H-plane (¢ = 7/2). The pattern might be somewhat
more difficult to interpret than the two former designs, thus a three dimensional
view is also shown in Figure 5.8.

Radiation pattern Substrate Integrated Waveguide 28 GHz

Gain (dBi)

180

6

Figure 5.7: Simulated radiation pattern for the single SIW antenna
at 28 GHz.

Figure 5.8: Simulated radiation pattern for the single SIW antenna
at 28 GHz. Three dimensional view.

The simulated maximum gain is 4.3dBi and 3.9dBi at 15 GHz and 28 GHz
respectively, with a narrow bandwidth of 2.3 % and 1.7 % - none of which exceeds
500 MHz. The quasi-omnidirectional radiation pattern gives a quite broad beam
with a HPBW,,, of 160°, while HPBW , is quite narrow in comparison (56°). The
reflection coefficient is depicted in Figure 5.9b.
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5.4 Comparison

The single element performance of the three different designs have some quite
distinguishable differences. The gathered results are listen in Table 5.4 and 5.5,
and the return loss can be seen in Figure 5.9. The patch has the highest maximum
gain, while the SIW has the lowest. All obtained bandwidths for the patch and
the DRA exceeds 500 MHz in both bands, while the bandwidth of the SIW is
very narrow, not exceeding 500 MHz in any of the two cases. The placement of the
probe and the length of the SIW make the antenna very sensitive for the frequency
range within which the antenna functions well, causing the narrow bandwidth
(Section 4.3, p. 36).

All antenna designs achieved relatively high radiation efficiencies, with the
SIW having the lowest one (85 %).

An important thing to point out is the difference in radiation pattern between
the SIW and the patch and the DRA respectively. All three designs have been
modeled with the z-axis pointing in the direction of maximum radiation. However,
the two latter one have maximum radiation in broadside, while the SIW radiates
in a planar direction.
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15 GHz

Patch DRA SIW
Max. Gain (dBi) 75 65 43
BW (—10dB)
(MHz) 500 960 350
(%) 33 64 23
Rad. Eff. 7, 95% 96% 88%
HPBW,, (¢ = 0) 76> 88°  63°

HPBW,, (¢ = 7/2)  74° 78° 173°

Table 5.4: Summary of obtained results for all three single antenna
designs at 15 GHz.

28 GHz

Patch DRA SIW
Max. Gain (dBi) 7.4 6.3 3.9
BW (-10dB)
(MHz) 890 1660 470
(%) 3.2 5.9 1.7
Rad. Eff. n, 94% 96% 85%
HPBWy, (¢ =0) 7T7° 93° 56°

HPBW,, (¢ =7/2)  73°  79° 165°

Table 5.5: Summary of obtained results for all three single antenna
designs at 28 GHz.



Chapter 6

Characterization of Phased Arrays in Mobile

Terminal

In this chapter the motivation for usage of phased arrays in the mobile terminal is
presented. Further, the novel characterization method of phased arrays using the
coverage efficiency is described and in order to apply this, an estimated channel
model is set up. As the 15 GHz band is less explored than the 28 GHz band, a
focus is from here on held at 15 GHz as operational frequency.

6.1 Beamforming and Steering for mmWave Cellular Channel

The use of beamforming and steering can be explained by the additional losses
arising when moving up to higher frequencies than those exploited in the cellular
bands today. Between base station and mobile terminal, the propagation charac-
teristics for a certain operation frequency can be explained by Friis’ formula:

PrGrGRr\?
PR=—F—"7"7— 6.1.1
R (4md)? ( )
where Pr and Gg are received power and gain respectively, Pr and G are trans-
fered power and gain respectively and d is the distance between the antennas.
Neglecting all losses other than the free-space path loss L, this can be recognized

as: ) )
_ (4nd\" [ Arndf
Lfs—<)\> —( . ) (6.1.2)

where c is the speed of light in vacuum. For a fixed distance d, it can be seen that
the free-space path loss increases proportionally to the frequency squared. Moving
from today’s cellular bands (800 MHz—2.6 GHz) up to 15 GHz, the additional free-
space path loss needs to be taken into account. Increasing the mobile antenna gain
is one way to compensate. Further, the effective aperture A.g is a measure of how
effective an antenna is at receiving power, and is related to the antenna’s gain
according to:

4m A, )2
G=—5 T — dr A ( ) (6.1.3)

C
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The physical aperture of the considered antenna elements decreases with the square
of the wavelength, so the total physical aperture can be maintained, moving from
3 GHz to 15 GHz, by providing multiple antenna elements. In general, the relation
between an antenna’s physical aperture and its effective aperture is only directly
related for antennas whith apertures large compared to the operational wavelength
(e.g. parabolic reflectors). But nevertheless, it indicates that the same quantities
of sent and received energy can be obtained using higher frequencies.

The use of an antenna array results in a higher gain and thereby also in a
narrower beam. This indicates that it needs to be steerable in order to establish
a good link between base station and mobile terminal in an arbitrary case. As
explained in Section 2.10, the radiated beam can be made steerable through phased
array systems. A typical scenario can be seen in Figure 6.1.

Figure 6.1: Beamforming and steering applied to achieve a good
link in mmWave cellular communication.

For phased arrays, the phase shift between elements can be both fixed or
arbitrary. Using fixed phase shifts, the steering of the radiated beam is much
easier to control. Moreover, they are also easier to realize concerning hardware
implementation and digital aspects than the arbitrary phase shift. Arbitrary phase
shifts also result in unpredictable radiation patterns, which might not be of as much
use concerning this topic, compared to a well-controlled, steerable narrow beam.

Employing phased arrays at the mobile terminal results in a separate radiation
pattern for each fixed phase shift. The steerability is crucial to obtain optimal
coverage since every phase shift exhibits a narrow high gain beam. It is thus
fundamental to characterize such a system through the obtainable coverage from
its total scan pattern, as illustrated in Figure 6.2.

The total scan pattern can be found from all radiation patterns corresponding
to the different phase shift inputs, by extracting the best achievable gain at every
angular distribution point (6, ¢). This can then be evaluated in terms of the
coverage efficiency 7. with respect to a threshold level of the required gain.
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Figure 6.2: Phased array configurations characterized through the
coverage of its total scan pattern.

6.2 Coverage Efficiency

The coverage efficiency 7. can be found as the ratio of achieved solid angle coverage
for a given value of minimum gain GR min, to all solid angles over a sphere:

_ Solid Angle Coverage )
e = " Total Solid Angles Qgpn

(6.2.1)

The total solid angle of a sphere is {2g,, = 47m. The solid angle coverage is found
from all solid angles that meets the minimum gain requirement, i.e. the total solid
angle where Gr > GR,min-

6.3 Channel Model for 15 GHz Cellular

The threshold level of the required gain can be found by setting up a model for the
link budget system, i.e. by accounting for all gains and losses between transmitter
and receiver. Cellular communication in urban environments can be divided into
either line-of-sight (LOS) or non-line-of-sight (NLOS) propagation. The ideal LOS
scenario is described by Friis’ formula in its simplest form (6.1.1), where only the
free space path loss (6.1.2) is considered. By rewriting (6.1.1) into dB-scale and
solve for received gain Gg one obtains:

Gr = Pr — Pr — G+ 20log (47)T\d> (631)
An ideal scenario is unfortunately almost never the case and there exist numerous
additional loss mechanisms in a channel. Precipitation, atmospheric absorption,
polarization mismatch and user’s impact are all sources of extra losses. For NLOS
conditions the channel is further complicated by blocking obstacles (shadowing),
multipath propagation causing interference at the receiver (fading), signal refrac-
tion through buildings, reflections off building walls or ground one or multiple
times. Thus, it is evident that a realistic channel model can be difficult to realize
without empirical studies carried out.
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However, the purpose of using high gain steerable antennas is to establish the
optimum link in any scenario, and with cell sizes of 200 m, it is reasonable to
assume that building-reflection paths will be one of the more common types of
NLOS links. Additional losses in terms of polarization mismatch, precipitation,
atmospheric absorption and building-reflection can then be added to the model
according to:

4drmd 1
Gr = PR — Pt — G +201log (Z) + 20log <|I‘|> + Ly (6.3.2)
where L, is a general term including all above mentioned losses other than reflec-
tion losses, and T is the reflection coefficient for either transverse electric (TE) or
magnetic (TM) incoming signals. These can be found through Fresnel’s equations
for reflection according to:

cosO; — v/, — sin® 0;
I'rg = —
cost; + /e, —sin“ 0;
gy cos0; — /e, — sin? 6;
Prv = —
ercosl; + /e —sin“ 0;
where 6; is the incident angle according to Figure 6.3. A TE-mode has its electric
field component perpendicular to the plane of incidence!, which in the case of a
wall reflection corresponds to a vertically polarized® wave, and vice versa for the

TM-mode. The reflection coefficients for dry concrete with ¢, = 4.5 are depicted
in Figure 6.4. If the assumption is made that a LOS link is still feasible for large

(6.3.3)

. i
LOS

Figure 6.3: Top-down view of LOS propagation and single reflection
scenario.

incident angles (6; > 60°), the angles of consideration lie between 0° < 6; < 60°.
Thus, the reflection coefficients will be, from Figure 6.4, between 0.37 < |I'rg| <
0.6 and 0.07 < |T'rym| < 0.37 respectively. Additional losses in dB will then lie
between 4.4 — 22.5dB, indicating the difficulty of setting up a realistic model as
the additional losses may vary to a wide extent. There is no fine line separating
reasonable scenarios and those non-reasonable.

The threshold level for minimum received gain will be obtained through (6.3.2)
for a reasonably assumed LOS case with parametric values according to Table 6.1.

!The plane of incident is the plane spanned by the normal direction of the interface
plane, and the propagation direction.
2Vertical to the earth’s surface.
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Figure 6.4: TE- and TM-mode reflection coefficents for reflection
off dry concrete with e, = 4.5.

This gives Gr,min = 0.6 dBi, which can then be progressively increased to include
more losses, without mentioning specific loss mechanisms.

Link Budget

Pr (dBm) 315
Py (dBm)  -52.3
Gr  (dBi) 21
d  (m) 200
Lw  (dB) 2.3
T 0
= GR,min 0.6 dBi

Table 6.1: Values used for retrieving Gr min in @ LOS case.

It should be noted that no data from empirical studies at 15 GHz for cellular
outdoor environments are so far available, which would have favoured setting up
the model. Thus, the above approach should be considered as an estimate to show
the viability of the beamforming concept for cellular communication.

6.4 Other Parameters for Evaluation

Apart from the coverage efficiency, there exist some other parameters that are of

interest for evaluating the results:

I Maximum achievable gain.

II Total array size.

IIT Maximum mutual coupling, see Section 2.5. Preferably < —15dB.

IV Elemental radiation efficiency 7.
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Chapter 7

Phased Array Results

In this chapter simulation results for different array configurations and diversity
combinations of these are presented. The results are based on the parameters
mentioned in the previous chapter.

7.1 Set-Up

The arrays are implemented in a model of a phone case to realize a more realistic
environment, and size restrictions. The phone case is modeled with a material
of &, = 3 and tand = 0.01. The length, width and height of the phone case
are 154mm, 72.6 mm and 7mm respectively, and the thickness of the material
is 1.03mm. The 2-direction is set to the normal of the plane the phone spans.
Referring to Section 2.10, the spacings between the elements are set to d = \g/2,
and the phased arrays have been given different phase shift inputs, sweeping from
the minimum and maximum value of the periodic parameter (—180° to 180°) with
30° difference:

Ty = —180°, —150°,...,0,...,150°, 180°

As Uy = kdcosby = mcosby, zero phase shift gives a main lobe in the normal
direction of the array orientation, and as the phase shift is increased the beam will
be sweeped downwards towards the axis of the array.

The phase shift ¥y is fixed, i.e. the radiated beam will have a specific direction
for each phase value. This can be seen in the upcoming illustrations in Figure 7.2
and 7.9. For a 4 x 1 array and phase shift of ¥, = 60°, the phase of the feed for
each port will be 0°, 60°, 120° and 180° respectively for the four elements. The
total scan pattern is obtained from the radiation patterns for all phase shifts as
described in Section 6.1, p. 51.

Two contour levels will be included for illustration of the coverage efficiency.
The threshold level of Gr = 0.6 dBi corresponds to the LOS case described in the
previous chapter, while Gg + 4.4 = 5dBi could be seen as a model of a minimum-
loss one-reflection scenario (Section 6.3, p. 52).

95
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7.2 SIW Arrays

The two configurations investigated are a 4 x 1- and a 8 x 1 array of SIWs re-
spectively. The modules are implemented in the phone case as depicted in Figure
7.1 which gives for no phase shift, a main lobe in the y-direction. For fabrication
simplicity, the spacing d will be set to A\o/2.3 instead of A\g/2, since this implies
that two elements next to each other will share the same metal vias as side walls.
The array size for the 4 x 1 array is 34.4 x 9.9 mm? and the size of the module is
41.8 x 14.3mm?. The 8 x 1 array is 69.2 x 9.9 mm? and the size of the module is
72.1 x 14.3mm?.

4x1 8x1
Figure 7.1: Arrays of open-ended SIWs implemented in phone case

model.

For a clear insight of the beamsteering concept a 3D view of the radiation
patterns for phase shifts of ¥ = —60°, 0°, 60° are visible in Figure 7.2.

L.

Ty = 60°

Figure 7.2: 3D radiation pattern for the SIW array for phase shifts
Ty = —60°,0,60°.

The gain radiation pattern for phase shifts ¥y = 0°, 30°, ..., 180° can be seen
in Figure 7.3 for the 4 x 1 array in a 2D view. Here it is visible that as the phase
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shift is increased, the main beam gets steered from ¢ = 90° towards ¢ = 0°. The

trend is similar for the negative phase shifts, but the main beam is then steered
towards ¢ = 180°.

-10

¥y = 30°

Py = 60° ¥y =90°

0 50 100 150 200 250 300 350

Wy = 180°

Figure 7.3: 2D radiation pattern of gain for a 4 x 1 SIW array,
using different phase shifts Uy. The z-axis denotes ¢ from (°
to 360°, and the y-axis denotes 6 from 0° to 180°.
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7.2.1 Results

All elements have a radiation efficiency between 1, = 84 —85 %, and the maximum
mutual coupling is —11.2dB. The mutual coupling can be seen together with the
reflection coefficient in Figure 7.4. The total scan pattern obtained from all phase
shifts Uy = —180°,...,180° can be seen in Figure 7.5 for the 4 x 1 array, and in
Figure 7.6 for the 8 x 1 array. The contours in the figures denote the two threshold
levels of Ggr = 0.6 dBi (blue to green) and Gr = 5dBi (yellow to red).

For the 4 x 1 array, the coverage efficiency with respect to the two levels
are 1. = 82.6% and n. = 43 % respectively. The maximum gain achieved is
Gmax = 9.2dBi.

For the 8 x 1 array, the coverage efficiency with respect to the two levels
are 7. = 93.6% and 1. = 56.9% respectively. The maximum gain achieved is
Gmax = 11.9dBi.

— Reflection coefficient
— Maximum mutual coupling

Magnitude (dB)
N
o

e 14.5 15 15.5 16
Frequency (GHz)

Figure 7.4: Reflection coefficient (blue) and maximum mutual cou-
pling (red) in dB-scale.

Total Scan Pattern

0 50 100 150 200 250 300 350
¢

Figure 7.5: Total scan pattern from all phase shifts of the 4 x 1 SIW
array. The contours marks the threshold levels of Gg = 0.6 dBi
and Gr = 5dBi respectively.
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Total Scan Pattern dBi

Figure 7.6: Total scan pattern from all phase shifts of the 8 x 1 SIW
array. The contours marks the threshold levels of Gg = 0.6 dBi
and Gr = 5dBi respectively.

The coverage efficiency as a function of minimum received gain Gy can be seen
in Figure 7.7 for both array configurations. As the use of more elements raises
the achieved gain, it is noticable that for the same value of 7., the minimum Gg
is mainly shifted ~ 2.5dBi to the right by using a 8 x 1 array. Moreover, it is
noticeable in both Figure 7.5 and 7.6 that the region with worst coverage is the
region surrounding 8 = 90°, ¢ = 270°, corresponding to the region opposite to
the direction the arrays are radiating. All simulated results of the SIW arrays are
listed in Table 7.1.

Coverage Efficiency

x . * 4x1
0.9F o * gx1

0.8

0.7p
0.6
= 050
0.41
0.3f ’ -
0.2)
0.1f

0 2 4 6 8 10 12
Minimum GP

Figure 7.7: Coverage efficiency 7. as a function of minimum received
gain GR. Red crosses - 4 x 1. Blue crosses - 8 x 1.
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4 x 1 SIW Array

8 x 1 SIW Array

Array (mm?) 34.4x9.9
Module (mm?) 41.8 x 14.3

Array (mm?) 69.2 x 9.9
Module (mm?) 72.1 x 14.3

Element 7, 84 —85%
Coupling (dB) -11.2
Gmax (dBi) 9.2
e

Gr = 0.6dBi 82.6 %
Gr = 5dBi 43.0 %

Element 7, 84 —85%
Coupling (dB) -11.2
Gmax (dBi) 11.9
e

Gr = 0.6dBi 93.6 %
Gr = 5dBi 56.9 %

Table 7.1: Listed results of the 4 x 1- and 8 x 1 SIW arrays. Coupling
denotes the maximum mutual coupling.
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7.3 DRA Arrays

The two configurations investigated are a 4 x 1- and a 8 x 1 array of DRAs respec-
tively. The modules are implemented in the phone case as depicted in Figure 7.8
which gives for no phase shift, a main lobe in the 2-direction. The array size for
the 4 x 1 array is 34.3 x 15mm? and the size of the module is 45 x 15mm?. The
8 x 1 array is 74.3 x 15 mm? and the size of the module is 85 x 15 mm?.

'00Q0QoQ0o00/

4x1 8x1

Figure 7.8: Arrays of DRAs implemented in phone case model.

For a clear insight of the beamsteering concept a 3D view of the radiation
patterns for phase shifts of ¥ = —60°, 0°, 60° are visible in Figure 7.9.

L.

Py = —60°

¥y = 60°

Figure 7.9: 3D radiation pattern for the DRA array for phase shifts
Ty = —60°,0,60°.

The gain radiation pattern for phase shifts ¥y = 0°,30°,...,180° can be seen
in Figure 7.10 for the 4 x 1 array in a 2D view. Here it is visible that as the phase
shift is increased, the main beam gets steered from § = 0° towards 6 = 90° at
¢ = 90°. The trend is similar for the negative phase shifts, but the main beam is
then steered towards 6 = 90° at ¢ = 270°.
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Ty = 30°

Ty = 60° Ty = 90°

Ty = 120° Ty = 150°

dBi

10

-10

50 100 150 200 250

Uy = 180°

Figure 7.10: 2D radiation pattern of gain for a 4 x 1 SIW array,
using different phase shifts Uy. The z-axis denotes ¢ from 0°
to 360°, and the y-axis denotes 6 from 0° to 180°.

7.3.1 Results

All elements have a radiation efficiency between 1, = 95—96 %, and the maximum
mutual coupling is —16.8 dB. The mutual coupling can be seen together with the
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reflection coefficient in Figure 7.11. The total scan pattern obtained from all phase
shifts ¥y = —180°,...,180° can be seen in Figure 7.12 for the 4 x 1 array, and
in Figure 7.13 for the 8 x 1 array. The contours in the figures denote the two
threshold levels of Gg = 0.6 dBi (blue to green) and Gr = 5dBi (yellow to red).

For the 4 x 1 array, the coverage efficiency with respect to the two levels
are 1. = 58.2% and 1. = 38.9% respectively. The maximum gain achieved is
Gmax = 12.2dBi.

For the 8 x 1 array, the coverage efficiency with respect to the two levels
are 7. = 65.4% and n. = 50.2% respectively. The maximum gain achieved is
Gumax = 15.1dBi.

— Reflection coefficient
-5 — Maximum mutual coupling
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Figure 7.11: Reflection coefficient (blue) and maximum mutual cou-
pling (red) in dB-scale.
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Figure 7.12: Total scan pattern from all phase shifts of the 4x1 DRA
array. The contours marks the threshold levels of Gg = 0.6 dBi
and Gr = 5dBi respectively.

The coverage efficiency as a function of minimum received gain G can be seen
in Figure 7.14 for both array configurations. As the use of more elements raises
the achieved gain, it is noticable that for the same value of 7., the minimum Gy is
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dBi
10
5
0
-5
-10

Figure 7.13: Total scan pattern from all phase shifts of the 8x1 DRA
array. The contours marks the threshold levels of Gg = 0.6 dBi
and Gr = 5dBi respectively.

Total Scan Pattern
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mainly shifted ~ 2.5 dBi to the right by using a 8 x 1 array. Moreover, the increase
of the number of elements can not contribute to much more coverage in the lower
hemisphere, as the DRA has a broadside radiation. All simulated results of the
DRA arrays are listed in Table 7.2.

Coverage Efficiency
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Figure 7.14: Coverage efficiency 7. as a function of minimum re-
ceived gain Gr. Red crosses - 4 x 1. Blue crosses - 8 x 1.
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4 x 1 DRA Array

8 x 1 DRA Array

Array (mm?) 34.3 x 15
Module (mm?) 45 x 15

Array (mm?) 74.3 x 15
Module (mm?) 85 x 15

Element 7, 95 — 96 %
Coupling (dB) -16.8
Gmax (dBi) 12.2
Tle

Gr = 0.6dBi 58.2%
Gr = 5dBi 38.9%

Element 7, 95 — 96 %
Coupling (dB) -16.8
Gimax (dB) 15.1
Tle

Gr = 0.6dBi 65.4 %
Gr = 5dBi 50.2%

Table 7.2: Listed results of the 4x 1- and 8 x 1 DRA arrays. Coupling
denotes the maximum mutual coupling.
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7.4 Patch Arrays

The two configurations investigated are a 4 x 1- and a 8 x 1 array of patches
respectively. The modules are implemented in the phone case as depicted in Figure
7.15 which gives for no phase shift, a main lobe in the 2-direction. The array size
for the 4 x 1 array is 37 x 15 mm? and the size of the module is 45 x 15 mm?2. The
8 x 1 array is 77 x 15mm? and the size of the module is 85 x 15 mm?.

ey

Y

.

z

Y

.

z

O 3ririjr

4x1 8x1

Figure 7.15: Arrays of patches implemented in phone case model.

Due to the similarities in radiation pattern between the DRA and the patch,
both figures showing the 3D view and the gain radiation pattern for each individual
phase shift will be excluded.

7.4.1 Results

All elements have a radiation efficiency between 7, = 92— 93 %, and the maximum
mutual coupling is —15.2dB. The mutual coupling can be seen together with the
reflection coeflicient in Figure 7.16. The total scan pattern obtained from all phase
shifts ¥y = —180°,...,180° can be seen in Figure 7.17 for the 4 x 1 array, and
in Figure 7.18 for the 8 x 1 array. The contours in the figures denote the two
threshold levels of Ggr = 0.6 dBi (blue to green) and Gr = 5dBi (yellow to red).

For the 4 x 1 array, the coverage efficiency with respect to the two levels
are 7. = 50.4% and n. = 34.7% respectively. The maximum gain achieved is
Gmax = 12.4dBi.

For the 8 x 1 array, the coverage efficiency with respect to the two levels
are 7. = 60.4% and n. = 45.0% respectively. The maximum gain achieved is
Gax = 15.1 dBi.

The coverage efficiency as a function of minimum received gain Gr can be seen
in Figure 7.19 for both array configurations. As the use of more elements raises
the achieved gain, it is noticable that for the same value of 7., the minimum Gy is
mainly shifted ~ 3 dBi to the right by using a 8 x 1 array. Moreover, the increase
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— Maximum mutual coupling
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Figure 7.16: Reflection coefficient (blue) and maximum mutual cou-
pling (red) in dB-scale.
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Figure 7.17: Total scan pattern from all phase shifts of the 4 x 1
patch array. The contours marks the threshold levels of Gr =
0.6 dBi and Gr = 5dBi respectively.

of the number of elements can not contribute to much more coverage in the lower
hemisphere, as the patch has a broadside radiation. All simulated results of the
patch arrays are listed in Table 7.3.
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Figure 7.18: Total scan pattern from all phase shifts of the 8 x 1
patch array. The contours marks the threshold levels of Gr =
0.6 dBi and G = 5dBi respectively.
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Figure 7.19: Coverage efficiency 7. as a function of minimum re-
ceived gain Gg. Red crosses - 4 x 1. Blue crosses - 8 x 1.

4 x 1 Patch Array

Array (mm?) 37 x 15
Module (mm?) 45 x 15
Element 7, 92 -93%
Coupling (dB) -15.2
Grax (dBi) 12.4
Tle

Gr = 0.6dBi 50.4 %
Gr = 5dBi 34.7%

8 x 1 Patch Array

Array (mm?) 77 x 15
Module (mm?) 85 x 15
Element 7, 92 -93%
Coupling (dB) -15.2
Grmax (dBi) 15.1
Tlc

Gr = 0.6dBi 60.4 %
Gr = 5dBi 45.0 %

Table 7.3: Listed results of the 4 x 1- and 8 x 1 patch arrays.
Coupling denotes the maximum mutual coupling.
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7.5 Motivation of Choice for Subarray Systems

The performances of the single array systems presented in the previous chapters
can be used to support the choice of promising subarray configurations. The
coverage efficiency as a function of minimum received gain Gy can be seen in
Figure 7.20 for the 4 x 1 arrays of all three designs. The edge radiating SITW
array can be seen to show good promise, and is only inferior to the DRA and the
patch when it comes to maximum achieved gain. As a consequence, its coverage
efficiency is then lower for high values of Gg.

Increasing the number of elements improves the efficiency. The overall gain
is increased but the radiation pattern stays similar, thus low-coverage areas will
not be complemented by adding elements in the arrays. It can also be stated that
8 x 1 array configurations have sizes in the vicinity of the available width in the
phone case. Using a subarray system, it can then be reasonable to stick to two
4 x 1 arrays in order to not overuse space.

The purpose of combining is to achieve complementary coverage. The chosen
configurations are thus a system of two 4 x 1 arrays using at least one edge radiating
SIW array. Two configurations using two SIW arrays will be further investigated;
a top-bottom and a top-side one. Moreover, two configurations using a SIW array
combined with a DRA array will be further investigated to see if this could increase
the overall coverage. Due to the similar achieved performances of the DRA- and
the patch arrays, configurations using patch arrays will be excluded from the
upcoming sections.

The two arrays in all the following subarray configurations are fed indepen-
dently, with separate phase shift inputs for the respective arrays.
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Figure 7.20: Coverage efficiency 7. as a function of minimum re-
ceived gain G for 4 x 1 arrays of all three designs.
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7.6 Subarrays Using SIWs and DRAs

The chosen configurations are a 4 x 1 SIW array together with a 4 x 1 DRA array
using two different alignments, as depicted in Figure 7.21. The array sizes remain
from the previous sections. Thus for the parallel alignment, the phone case width
has been slightly increased in order to make room for both modules. The width is
in this case set to 87.1 mm instead of 72.6 mm. The parallel alignment allows for
the beam from the DRA array to be sweeped between ¢ = 0° and ¢ = 180° in an
arch in the xz-plane. For the perpendicular alignment, the beam from the DRA
array is sweeped between ¢ = 90° and ¢ = 270° in an arch in the yz-plane.

Config. 1: Parallel alignment. Config. 2: Perpendicular
alignment.

Figure 7.21: Two configurations of subarray systems using one SIW
array and one DRA array implemented in phone case model.

7.6.1 Results

The total scan pattern obtained from all phase shifts ¥y = —180°,...,180° can
be seen in Figure 7.22 for the parallel alignment, and in Figure 7.23 for the per-
pendicular alignment. The contours in the figures denote the two threshold levels
of Gr = 0.6dBi (blue to green) and Ggr = 5dBi (yellow to red). The coverage
efficiency as a function of minimum received gain Gr can be seen in Figure 7.24
for both configurations. The respective efficiencies for the two levels are listed in
Table 7.4 and compared to what has been obtained for a single 4 x 1 SIW array.

Referring to Figure 7.24, it can be clearly stated that the orientation of the
DRA array has little effect on the obtained efficiency and that the contribution
from the DRA array is small in both cases. It can also be seen by looking at
Figure 7.22 and 7.23, that there is still the issue of achieving coverage in the
region surrounding 6 = 90°, ¢ = 270°.
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Total Scan Pattern dBi

Figure 7.22: Total scan pattern from all phase shifts of the parallel
alignment using one SIW- and one DRA array. The contours
marks the threshold levels of Gg = 0.6dBi and Ggr = 5dBi
respectively.
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Figure 7.23: Total scan pattern from all phase shifts of the perpen-
dicular alignment using one SIW- and one DRA array. The
contours marks the threshold levels of Gg = 0.6dBi and
Gr = 5 dBi respectively.

Parallel Perpendicular 4 x 1 SIW

e (%)
Gr =0.6dBi 878 88.4 82.6
Gr = 5dBi 58.5 55.9 43.0

Table 7.4: Listed efficiencies for the subarray systems compared with
a single 4 x 1 SIW array, at the two threshold levels.
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Figure 7.24: Coverage efficiency 7. as a function of minimum re-
ceived gain Gr. Red denotes the single 4 x 1 SIW array, blue
the parallel aligned configuration and green the perpendicular
aligned configuration.
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7.7 Subarrays Using Two SIWs

The chosen configurations are two subarray systems using two 4 x 1 SIW arrays,
as depicted in Figure 7.25. The top-side configuration allows for two mainbeams
(Ty = 0°) in the - and gy-direction respectively, while the top-bottom configura-
tion allows for two mainbeams in the £y-directions.

Config. 1: Top-Side Config. 2: Top-Bottom

Figure 7.25: Two configurations of subarray systems using two SIW
arrays implemented in phone case model.

7.7.1 Results

The total scan pattern obtained from all phase shifts ¥y = —180°,...,180° can be
seen in Figure 7.26 for the top-side configuration, and in Figure 7.27 for the top-
bottom configuration. The contours in the figures denote the two threshold levels
of Gr = 0.6dBi (blue to green) and Gr = 5dBi (yellow to red). The coverage
efficiency as a function of minimum received gain Gr can be seen in Figure 7.28
for both configurations. The respective efficiencies for the two levels are listed in
Table 7.5 and compared to what has been obtained for a single 4 x 1 SIW array.

In Figure 7.28 it is visible how the coverage is significantly increased by using
more than one SIW array. For both configurations, 7. is increased with around
15 percentage points for Gg = 0.6dBi and more than 20 percentage points for
Gr = 5dBi. Comparing the total scan pattern for a single SIW array (Figure
7.5) with Figure 7.26 and 7.27, it can be seen that the low-coverage area around
0 = 90°, ¢ = 270° can be successfully covered by the top-bottom configuration
and to some extent by the top-side configuration.
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Total Scan Pattern dBi

0 50 100 150 200 250 300 350
)
Figure 7.26: Total scan pattern from all phase shifts of the top-

side configuration of two SIW arrays. The contours marks the
threshold levels of Gg = 0.6 dBi and Gg = 5 dBi respectively.
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Figure 7.27: Total scan pattern from all phase shifts of the top-
bottom configuration of two SIW arrays. The contours marks
the threshold levels of Gg = 0.6 dBi and Gg = 5dBi respec-

tively.

Top-Side Top-Bottom 4 x 1 SIW
ne (%)
Gr = 0.6dBi 97.7 97.3 82.6
Gr = 5dBi 64.3 73.1 43.0

Table 7.5: Listed efficiencies for the subarray systems compared with
a single 4 x 1 SIW array, at the two threshold levels.
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Coverage Efficiency
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Figure 7.28: Coverage efficiency 7. as a function of minimum re-
ceived gain Gg. Red denotes the single 4 x 1 SIW array, blue the
top-side configuration and green the top-bottom configuration.
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Chapter 8

Summary and Conclusions

In this thesis, a literature study of recent advancements in mmWave technology
has been carried out, to point out the state of the art within the topic. Printed
antennas are commonly proposed designs, mostly because of their low fabrication
costs and small footprints. Moreover, printed antennas can be combined with
many different enhancement techniques, which can be applied through multilayer
technology. DRAs can be seen as an alternative to the printed patch antenna, with
similar characteristics but exhibits less losses at higher frequencies. The relatively
novel SIW technology enables for the antenna element to be integrated with other
circuits on a single substrate.

Primary designs of an aperture coupled patch, an aperture coupled DRA and
a probe fed open-ended SIW have been designed and simulated using CST at oper-
ational frequencies 15 GHz and 28 GHz. The DRA exhibits the widest bandwidth
(6 %) and highest radiation efficiency (96 %), while the SIW has the narrowest
bandwidth (2%) and lowest radiation efficiency (85%). The narrow bandwidth
can be seen to depend on the choice of probe as a feed more than the antenna
element itself, and could possibly be enhanced by another transition technique.

Array configurations of the three designs have been implemented in a phone
case model, and given different phase shift inputs to enable beamsteering. The
arrays have been evaluated based on their total scan pattern obtained from the
radiation pattern of each phase shift. The different radiation patterns and number
of elements have been examined to see what characteristics show good promise for
a mobile terminal antenna array. This part aims to illustrate the characterization
of phased array systems through the achievable coverage (the coverage efficiency)
of the total scan pattern using many phase shifts. Maximum mutual coupling
is largest for the SIW array and lowest for the DRA array. For a 4 x 1 array
configuration, maximum gain is around 12 dBi for the patch- and DRA array, and
9dBi for the SIW array.

The SIW array radiate at its edges, which shows good promise in achieving
a high coverage efficiency if a subarray system is applied. The DRA and patch
antenna array accomplish a broadside radiation that can achieve coverage over one
hemisphere. An 8 element array at 15 GHz has a length in the order of the total
width of the phone case, thus it can be seen to be the spatial limit of array systems
for this frequency. A system using two 4 x 1 subarrays shows more promise than
using one 8 x 1 array, which can be interpreted as a subarray system manages to
cover a larger solid angle instead of increasing the overall gain.

7
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Chapter 9

Future Work

As mmWave frequencies for cellular communication is a relatively new research
front, the future work covers a large range of work in different areas. Moreover,
the 15 GHz band has not gained as much attention as other higher bands (28,
38 GHz and 60 GHz), wherefore one key aspect is to carry out empirical studies to
characterize the channel model more thoroughly.

The impact of the material cover enclosing the antennas has not been included
in the study. Including the whole cover will detune the operational frequency,
wherefore chosen antenna designs should be redesigned and studied with added
material cover. Further, the user’s body effect on the antenna need to be included
to study the impact on the radiation pattern and matching.

The SIW showed good performance in terms of coverage, however its band-
width was relatively narrow. Bandwidth enhancement techniques, or other an-
tenna designs based on SIW technology can be looked more closely into. Proposed
ideas are to use a different kind of feeding technique, such as a tapered microstrip.
The linearly tapered slot in [29] is an edge radiating element with a large band-
width constructed using SIW technology. Other antenna types that also exhibits
edge radiation could preferably also be investigated to see if there exist better
alternatives with similar radiation characteristics.

If a subarray system of broadside radiating arrays, e.g. using patches or DRAs,
could be implemented to radiate in direct opposite directions, they could target
one hemisphere each which would enhance the obtained coverage. Future investi-
gations could be done in using this kind of arrangement.

The underlying feed network should also be included in the models in order to
realize models ready for fabrication.

Finally when good models are obtained, mock-ups should be fabricated in
order to compare simulated and measured results.
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