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ABSTRACT

A NOVEL BEAM STEERABLE ANTENNA ARRAY SYSTEM FOR
5G MM-WAVE APPLICATIONS

AMIR MOHSEN AHMADI NAJAFABADI

Electronics Engineering M.Sc Thesis, June 2022

Thesis Supervisor: Prof. Ibrahim Tekin

Keywords: Beam Steering, Multibeam Array Antennas, Beam Forming Network,
Fifth-Generation (5G) Antennas, Millimeter-Waves, Microstrip Arrays, Series-Fed
Arrays, Wide-Band Antennas, 28 GHz.

This thesis proposes a novel, low-cost, wide-angle beam steerable microstrip antenna
array system for 5G 28 GHz mm-wave band applications. The final system consists
of two branch-line couplers on the perpendicular sides and one butler matrix on the
main side of the final structure, together with their corresponding Chebyshev tapered
antenna arrays. Unlike the conventional 4 x 4 Butler matrix and branch-line coupler
feeding, which generally can generate 4 and 2 beams, the designed configuration
employs a novel feeding technique that allows the system to generate 7 beams for
the butler matrix and 3 beams for the branch-line coupler. The final system covers
a wider spatial range due to its unique placement of the branch-line couplers and
2 x 10 array antennas perpendicular to the sides of the main beamforming and the
4 x 10 array antenna architecture. The measured gain for the 13 beams varied
between 11.2 and 14.1 dBi at 28 GHz. A wide impedance bandwidth for the entire
26.5 to 29.5 GHz band was achieved, while more than a 10% fractional radiation
bandwidth was obtained with a gain value over 10 dBi. Furthermore, to enhance
the radiation bandwidth of the system, a novel slot-loaded unit element is designed
and optimized for the corresponding beamforming network to operate at the band
of interest. The proposed design’s overall performance was verified, and a low-cost
PCB prototyping technique was used for fabricating. Later the fabricated design’s
reflection coefficients and radiation patterns were measured. The final system’s low-
cost, wide beam coverage and improved realized gain values make it suitable for
5G mm-wave handset applications.
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OZET

5G MILIMETRE DALGA UYGULAMALARI ICIN OZGUN BIiR ISIN HUZMESI
YONLENDIRILEBILEN ANTEN DIZIN SISTEMI

AMIR MOHSEN AHMADI NAJAFABADI
Yiiksek Lisans Tezi, HAZIRAN 2022

Tez Danigmani: Prof. Dr. Ibrahim Tekin

Anahtar Kelimeler: Isin Huzmesi Yonlendirilebilen, Coklu Huzmeli Anten
Dizinleri, Isin Huzmesi Sekillendirme Aglari, 5G Antenleri, Milimetre Dalga,
Mikroesit Dizinleri, Seri-Beslenme Dizinleri, Genis-Bantli Antenler, 28 GHz

Bu tezde 5G 28 GHz milimetre (mm) dalga uygulamalari i¢in 6zgiin, disitk maliyetli,
genisg acili ve 1511 huzmesi yonlendirebilen bir mikrogerit anten dizin sistemi 6ner-
ilmistir. Son sistem dikey olarak yanlara yerlegtirilmis iki kol hatt1 kuplaj ve ana
yiizeye yerlestirilmis bir Butler matrisi ve onlara baglanmis N x 10 anten dizin-
lerinden ibarettir. Sirasiyla, 4 ve 2 1g1n tiretebilen geleneksel 4 x 4 Butler matrisi ve
kol hatt1 kuplaj elemanindan farkh olarak, bu tasarimda, 6zgiin bir besleme teknigi
kullanilmaktadir. Bu sayede, sistem Butler matrisi i¢in 7 151 ve kol hatti kuplaj
elemani icin 3 1s1n iretebilmigtir. Sistemin en son konumlandirmasinda, kol hatti
kuplaj eleman1 ana huzme sekillendirme ve 4 x 10 dizinine dikey bir sekilde yerlestir-
ilerek sistemin daha genis bir acisal kapsama sahip olmasi saglanmigtir. 13 1s1n icgin
olcgiilen kazang seviyesi 28 GHz’de 11.2 ile 14.1 dBi seviyeleri arasindadir. Bu sistem
sayesinde 26.5 ve 29.5 GHz bandinin tamamini kapsayacak genig bir empedans bant
genigligi elde edilmistir, ayrica kazang degerinin 10 dBi tizerinde oldugu %10 bir frak-
siyonel yayilim bant genigligi saglanmistir. Ayrica, yayilim bant genigliginin iyilegtir-
ilmesi i¢in belirtilen bantta 6zgiin bir yarik anten dizini tasarlanmigtir. Tasarimin
dogrulanabilmesi i¢in diigitk maliyetli PCB prototipleme teknigi kullanilmigtir ve
iretimden sonra tasarimin yansima katsayilar1 ve yayilim ortintiilerinin ol¢timleri
yapilmigtir. Diiglik maliyeti, genis acisal kapsami ve yiikseltilmis kazanci bu sistemi
5G mm-dalga el aygitlar1 uygulamalarinda kullanilmasi i¢in uygun bir aday haline
getirmigtir.
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Chapter 1

INTRODUCTION

The latest developments in wireless communication have ushered in a new era in
telecommunications to meet users’ requirements for higher data rates. Applications
such as the Massive Internet of Things (MIOT), enhanced cellular communications
for industrial applications and cellular subscribers require high data rates in the
range of gigabits per second (Gbps) [1,2]. Fifth-generation (5G) wireless commu-
nication increases data rates by utilizing higher bandwidth than Fourth-generation
(4G) communication. Furthermore, millimeter wave (mm-wave) communication of-
fers low multi-path fading and improved spectral efficiency, as compared to the pre-
vious communication domains [3]. The 3rd Generation Partnership Project (3GPP)
has already allocated several bands in the mm-wave spectrum [4]. In particular,
28 GHz bands, namely n257, n258, and n261 are designated for cellular applica-
tions. The 28 GHz band, as the pioneer 5G band, is attracting the attention of
academia and industry as it is globally harmonized and reduces device manufactur-
ing complexity. However, a higher absorption rate in this frequency band leads to
higher power consumption in 5G communication systems [5]. Nevertheless, this loss
can be compensated by increasing the gain level in the radiating elements of the

receiver and transmitter units.

The high path loss in the mm-wave frequency regime can be addressed through the
use of beam-scanning antennas. Multi-beam array antennas are able to steer the
beam in spatial directions according to the given progressive phases. It is also worth
mentioning that there are two different array feeding types: parallel and series. The
latter is commonly used for mm-wave applications because of its simple geometry
and low level of loss due to short feed line lengths [6-8]. The major disadvantage
of series feeding is beam squinting, but this has been addressed in literature with

various solutions such as [9-11].



Furthermore, the progressive phases can be obtained using beamforming networks
(BFNs). Analog and digital BFNs are the most common types, while, hybrid and
analog BFNs have been studied with an emphasis on compactness, low-loss, and
cost design. These BFNs are used as an alternate to digital phase shifters to create
phase differences between array antennas. Among the passive BFNs, lens-based
and circuit-based BFNs have been commonly used in 5G applications such as the
Rotman lens, Butler matrix (BM), Nolen matrix, and couplers [12-17]. Furthermore,
microstrip and surface integrated waveguide (SIW) are among the most common

hybrid and passive beamforming network topologies used in 5G applications [18-23].

BFNs are generally comprised of several digital or passive microwave circuits. Most
commonly, digital BFNs employ active digital phase shifters at the input of arbi-
trary NxM array antennas to steer the beam in multiple directions. A sub-degree
precision phase shift error can be achieved in this type of BFN. For instance, in [24],
a 2-bit BICMOS switched-bit phase-shifter, with a resolution of 45°, was presented
for 5G mobile handset applications. Although this design has a phase error of
less than 10°, the insertion loss (IL) was reported to be a relatively high value
of 9.5 dB at 27 GHz. Similarly, in [25] a SIGe BICMOS digitally tuned differen-
tial reflective loads phase shifter (RTPS), with an insertion loss of approximately
5 dB at 28 GHz was proposed. Even though the level of insertion loss of this model is
lower than that reported in [24], the high fabrication cost and high IL value remain
a concern. Consequently, it has been suggested that phased array may not be the
best choice for 5G cellular communication because of their design complexity, high

insertion loss, and high fabrication cost [26,27].

In [13], a Rotman lens operating at 28 GHz was proposed resulting in an overall loss
of 10.2 dB. This two-layer design generates 7 beams, with a peak gain value between
3.6 and 9.4 dBi and coverage of +30°. This proposed design has 8 dummy ports
and 7 beam ports, while the number of feed ports is reduced to 1 using a single-pole
four throws (SP4T) switch. Although the design proposed in [13] (with a single-
port feed network) has low complexity, it may not be suitable for 5G applications;
due to the low overall gain level caused by high total losses in the system and a
low beam coverage angle. To improve these limitations, a three-layer Rotman lens
operating at 26 GHz and utilizing phase gradient transmission lines (PGTLs) was
proposed in [12]. This design has 8 beam ports and 4 dummy ports. The 8 beams
were generated with a coverage of +56° and a reported gain value of 14 to 15.5 dBi.
However, the high complexity in fabricating this design leads to a higher cost, while

the higher number of ports requires a more complex feed network, prior to the BFN.

On the other hand, the 4 x4 BM in [14] generates 4 beams with coverage angle



ranging from —16.2° to 12.6° and gain values in the range of 15.74 to 17.87 dBi.
Even though this design improved the gain value for each beam, a fewer number of
beams was generated with narrow coverage. In [15], a two-layer SIW 5 x 8 BM was
proposed, which operates at 29 GHz with 5 beams, and £60° beam coverage. This
design provides higher beam coverage but with the drawback of a more complex and

expensive method which is only generating 5 beams.

Moreover, as [28] also put forward, while the fabrication cost of SIW designs is
higher, the measured gain values for SIW and microstrip technologies in the Ka-band
are comparable. Even though the SIW designs have better performance and are more
robust, once the dielectric loss is taken into account, they may have a higher loss
than expected. Moreover, spacing between radiating elements increases in corporate
topologies, which brings up the necessity of using microstrip technologies as part of
the feeding network; hence, a mandatory transition from SIW to microstrip causes

extra loss in the network.

Hence, in part of this thesis work [29], low-cost array antennas with corresponding
BFNs were designed and implemented using microstrip technology. The proposed
design operates at 28 GHz and consists of two branch-line couplers (BLCs) and
one 4 x4 BM as a BFN with two 2 x 10 and one 4 x 10 tapered rectangular array
antennas as the radiating elements. A novel feeding technique, without the increase
in the number of feeding ports, was used to produce 3 additional beams for 4 x 4
BM and 1 additional beam for the BLC. The special placement of the BLC and
2 x 10 array antenna, perpendicular to the sides of the BM, results in higher angular
coverage. The final design can generate 13 beams with varying peak gain from
11.2 to 14.1 dBi and a coverage angle of 138°, while the gain value remains above
10 dBi. The proposed design was fabricated on a Rogers Corporation RO4003C
with 0.203 mm thickness, ¢, = 3.55, and tand = 0.0027.

Additionally, this work presents an elliptical [30] and a novel slot-loaded unit element
design and corresponding array antennas operating at 28 GHz. These designs are
used to improve the overall radiation bandwidth of the design and tackle the beam

squinting issue in the band of interest.

The organization of this thesis is as follows; Chapter 2 will be introductory to the
concept of the antenna, array antennas, and beamforming networks. Chapter 3 dis-
cuss the beamformers’ topologies and design of utilized antenna arrays and explains
the final system design which is used in this work, Chapter 4 presents the measure-
ment results together with the fabrication process, and Chapter 5 will conclude the

thesis.



Chapter 2

BACKGROUND

This chapter first explains an overview of the final proposed system (Section 2.1),
discusses the concept of microstrip antennas (Section 2.2), array theory, and general
design considerations in array antennas (Section 2.3), and continues with a summary

of the beamforming networks (Section 2.4).

2.1 Final System Overview

The final system design is fabricated on 0.203 mm thick RO4003 board with di-

3. This system consists of two branch line couplers

mensions of 90 x 45 x 11 mm
(BLC) on perpendicular sides and a Butler matrix (BM) on the main side. These
beamforming networks (BFN)s are connected to their corresponding Chebyshev ta-
pered N x 10 antenna arrays, N being 2 for BLCs and 4 for BM. The final system
is shown in Figure 2.1. Each BLC creates 3 beams with an additional 1 extra beam
as compared to the conventional BLCs, and the BM on the main side generates
7 beams with 3 additional beams as compared to conventional BM. The final sys-
tem can generate 13 different beams because of the novel feeding method as shown
in Figure 2.1 and has a wider beam coverage of +138° due to the unique placement
of the BLC perpendicular to the sides. The final design beams have varying peak

gain from 11.2 to 14.1 dBi.
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Figure 2.1 Proposed antenna system and its corresponding generated beams for two
branch-line couplers with 2 x 10 array antennas on the edges and a Butler matrix
with 4 x 10 array antennas on the main side.



2.2 Microstrip Antennas

Microstrip antennas consist of a thin metallic strip or patch above a ground plane
and a substrate, as shown in Figure 2.2 [31]. Moreover, a rectangular patch antenna
can be designed with the following parameters as shown in Figure 2.3. Once the
material properties such as the dielectric constant of the substrate (e,) and the
height of substrate (h) are defined; specifying the resonant frequency (f,), W and
L can be obtained from (2.1) - (2.4) [31].

Radiating Radiating
slot #1 slot #2
| £, Substrate
Ground plane

Figure 2.2 A general design of the microstrip antenna and the common definition of
the design various parameters [31].

Figure 2.3 The design parameters for a microstrip rectangular patch antenna [31].
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Next, impedance matching might be necessary due to the high impedance of the
patch antenna (= 300 €2). One of the standard matching techniques in this domain
is quarter wavelength impedance matching, as shown in Figure 2.4. Furthermore,
Z. is the input impedance of the quarter wavelength transmission line, Z; is the
characteristic impedance of the line, and R;, is the impedance of the patch antenna

as shown in Figure 2.4.

Microstrip
Transmission
Line

Z
Z{‘ : zl = Zt Rﬂ l"lll
AL

3

Substrate fe———— [ ——— -

£

Figure 2.4 Rectangular patch antenna and corresponding quarter wavelength
impedance matching [31].

The approximated normalized radiation pattern of a rectangular microstrip patch
antenna can be obtained from (2.5) - (2.7) [32]. Moreover, the calculated and
the simulated normalized pattern for a microstrip rectangular patch antenna
(f = 28 GHz, L = 3.5 mm, W = 2.68 mm) is shown in Figure 2.5.

B

_ sin[TW sin @ sin ¢ BL .
f0,0) = %Vsin@sin(b COS(7 sinf cos ¢) (2.5)
Ey = cosdf(0,¢) (2.6)
Eg = —cosfsingf(0,¢) (2.7)

m— Calculated E-plane ¢=0" H-plane ¢ = 90°
0

-60 60 -60

-90 90

Figure 2.5 Normalized radiation pattern of a patch (f =28 GHz, L = 3.5 mm,
W =2.68 mm).



2.3 Array Antennas

The array antennas have been used in various applications, as in the radar and
communication systems in which highly directive characteristics are demanded [33].
Compared to the mechanically reconfigurable antennas, namely aperture antennas,
electrically beam-steerable antennas have the advantage of producing various beams
electrically much faster and more precisely. Array antennas generally consist of

multiple identical and stationary unit elements [31,33].

The radiation pattern of an antenna array can be defined according to its geometrical
configuration, the displacement between elements, excitation, and the individual
radiation pattern of their unit elements [31]. Moreover, it is possible to steer the
beams in a specific direction by introducing phase variation, time delay, or even
change in the amplitude in the arrays [31,33-35]. Nevertheless, one of the common
practices is to generate the beam by adjusting the phase between the adjacent array
elements, as shown in Figure 2.6 [36]. These types of array antennas arise a particular
category of arrays, defined as phased array antennas (PAA). It can be seen from
Figure 2.6 which shows a scanned beam directed to a specific spatial direction, 6,
once the phase between array elements adjusts accordingly as A¢. This adjustment
will result in the coherent addition of elements’ signals. Moreover, the progressive
phase is obtained by introducing phase shifters after the power distribution network
as illustrated in Figure 2.6. The phase value is A¢ = 2Zdsinfy, where d is the

inter-element spacing, \ is wavelength and 6 is the direction of the scanned beam.

BROADSIDE

SCANNED BEAM

DIRECTION
EQUIPHASE

v v

1
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[} 1 1
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POWER | :
DISTRIBUTION ! i

NETWORK o __ i _____________ a

RADIATORS v
i A, eit! A gi¢0

i T

ANTENNA INPUT

Figure 2.6 Phase difference and scanned beam direction of an array towards a radi-
ating surface [36].



Furthermore, the phased array theory discusses the theory related to the synthesis
of PAA’ pattern, along with the consideration of the individual elements’ amplitude,
spacing, and the progressive phase [31,33-35]. Similarly, the beam scanning property
of the arrays can be employed by this concept. A generalized array configuration
is shown in Figure 2.7. In this configuration, the individual array placement is
arbitrary. However, the orientation of each element is assumed to be the same.
Each of these N elements is considered to have an identical element pattern f(6,¢)

in the far-field, and mutual coupling between the elements is disregarded [33].

PX,Y,Z)

Figure 2.7 A generalized array antenna configuration and corresponding parameters
in a 3-D space [33].

Obtained by the superposition principle, the (2.8) can be used to calculate the total
E-field pattern of the array antenna with the identical element pattern. In this
equation, the R; terms are approximated for the magnitude as |R| and as in the

(2.9) for the exponential terms.

— L, TIRT T
E(T) f(@, ¢) ATR izzlaze (28)
RZ’:R—Ti-f (2.9)

Moreover, the k =27/ in (2.8) is the wave constant (A = %), and a; is the amplitude
of the corresponding element in the array. Omitting the unit element pattern (i.e.,
define the antenna elements as an isotropic radiator), one can define the array factor
as in the (2.10).



(2.10)

X

Figure 2.8 Linear array of N isotropic elements positioned along the z-axis [31].

Likewise, the linear array can be defined as a unique type of array in which elements
are positioned with uniform spacing and may have a uniform or non-uniform am-
plitude, and an array with identical elements’ amplitude and progressive phase is

referred to as a uniform array [31].

N
AF(0,0) =Y aet-Dy (2.11)
=1

Following by equation (2.10) a uniform linear array place on the z-axis with different
amplitude as shown in Figure 2.8 has array factor in the form of (2.11), where
Y = kdcosf + «, and « is defined as progressive phase excitation, a; as elements

amplitude and d as the inter element spacing between the array elements.
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2.4 Beamforming Networks

The directive antennas’ coverage area is inversely proportional to the directivity
or gain of these antennas. However, a higher gain level must be provided in the
5G communication to overcome the propagation loss in these frequencies. This is
illustrated in Figure 2.9 and can be verified through (2.12), where f is the frequency
of the wave, r is the path length, and c is the speed of light. As a result, while wireless
link sufferers from a path loss of around 82 dB at 3 GHz, this value will increase to
102 dB with the same scheme once the frequency increases to 30 GHz [37]. Moreover,
atmospheric attenuation must be considered; Figure 2.10 shows the atmospheric
attenuation (dB/km) at the indicated altitude hand for several exemplary weathers

and air conditions.

dmr X f

- )2 (2.12)

pathloss = (

150
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Figure 2.9 Path loss of various frequencies versus distance.

100.001—

10.004=

h =3 km, clear air :

. light clouds |

1.00

B =12Kkm, ligh

o
_aoaf |-
Y 4 h
3 3 : ' ! EI;: 12km, clear ai
0.104—= —
B Z5
e

Specific attenuation (dB/km)

0.01

0 50 100 150 200 250 300 350
Frequency (GHz)

Figure 2.10 Specific atmospheric attenuation (dB/km) at the indicated altitude hand
for several exemplary weather and air conditions [37].
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However, a narrower beamwidth in directive antennas considers to be a disadvantage
in communication applications since covering a larger area is crucial in these appli-
cations; hence to achieve a wider coverage area, it is essential to use a beamforming
network (BFN). BFNs make it possible to create multiple beams, and generally
integrated prior to the antenna arrays. These topologies use beam scanning capa-
bility of PAAs and, by controlling the parameters such as their progressive phase,
make it possible to direct the beam to a specific spatial point [31,33]. The beam-
forming architectures are available at radio frequency (RF), intermediate frequency
(IF), or baseband (BB) system levels [38]. However, the focus of this thesis will be
on RF beamforming, the most popular and widely employed one, which uses RF

phase-shifting and PAAs to generate multiple beams.

[_opx/s | [“opx/s ] [ opx/s |

— j— 4
Mixer
AD/DA AD/DA AD/DA

2 16 &
Beam 1 Beam 2 Beam N

(b) Active RF BFNs Architecture

(a) Passive RF BFNs Architecture

Figure 2.11 General RF BFNs system architecture [38].

(a) Otava 5G beamformer (b) IBM phased-array transceiver [39]

Figure 2.12 5G active integrated beamformers from the industry.

Two major RF beamformers categories are digital and passive, as the system ar-
chitecture of them shown in Figure 2.11. Digital beamformers generally use phase
shifters and active elements to direct the beam to the demanded direction (see Fig-
ure 2.11b). These beamformers achieve this by changing the progressive phase value

in PAA. Hence, these beamformers have a higher precision in beam scanning angle.
12



However, they have the drawback of having higher insertion loss and higher cost.
The higher insertion loss introduced in such a system contradicts the main objective
of using the BFN in 5G communication being compensation for the higher loss in
this frequency domain. Although a higher gain level might be acquired using the
phased array antenna once the BFN interconnects to the array elements, the gain
level will drop due to the loss introduced by the BFN [33,40]. Moreover, several
digital beamformers are already available for 5G applications, such as Otava 5G

beamformer and IBM phased-array transceiver, shown in Figure 2.12.

(Input) @

@ (DQutput)

(Izolated) @ @ (Dutput)

Figure 2.13 Geometry of a branch-line coupler [41].

The second type of BFNs uses passive microwave components such as power divider
topologies (see Figure 2.11a). Coupler (Figure 2.13), Rotman lens (Figure 2.14a),
and Butler matrix (Figure 2.14b) are some of these architectures that can be used
to generate variable progressive phases for the phased array antennas. These types
of beamformers generally have N input and N or more output. Once a specific input
is excited, a unique progressive phase will be generated. Consequently, generating N
different arbitrary beams will be possible. These beamformers attracted the commu-
nity’s interest as one of the possible alternatives to the digital beamformers for 5G
communication because these types of BFNs are low cost and have a lower insertion
loss than their digital opponents. Moreover, it is also possible to integrate these
types of BFN with active elements such as active RF switches to reduce the input
port number and control the beams digitally. In this manner, passive beamformers

combined with active components can be considered hybrid beamforming networks.

Butler matrix Antenna array
1

g
1L: Portl (s5) ] ports 2L

2R : Port2 q rorte 1L

< Port7
2L : Port3 \ R

1R : Portd {15} < ports 2R

Hybrid
coupler Phase
shifter

(b) A 4 x 4 Butler matrix [43].

(a) A Rotman lens [42].

Figure 2.14 Passive beamformers topologies.
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Chapter 3

BEAMFORMERS AND
ANTENNA DESIGN

This chapter discusses the beamformers (Section 3.1), antenna (Section 3.2) and

final system design (Section 3.3).

3.1 Beamformers Design

This section’s main focus is on the design of the beamformers. Section 3.1.1 ex-
plains parameters and characteristic of branch line coupler (BLC) and Section 3.1.2
present the 4 x 4 Butler matrix (BM)” design and evaluation of the correspondent

parameters.

3.1.1 Branch Line Couplers

- 4.82mm -

- 1.61mm =~
P4 P2

= 1.18mm = 1.61Tmm 2.45mm

P3 P

Figure 3.1 Specifications of the designed branch-line coupler.

The optimized dimensions of a single quadrature coupler, operating inside the tar-
geted 28 GHz band, on top of the 0.203 mm thick RO4003 substrate are shown in
14



Figure 3.1. The simulated S-parameter values for the designed coupler are shown in
Figure 3.2. Reflection coefficient and isolation levels all are below —10 dB. A near
3-dB power division was achieved, and the simulated phase differences are around

90° and deviated by a small margin of error from the theoretical phase difference

values.
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Figure 3.2 Simulated S-parameter magnitude and phase values for the designed
branch line coupler.

The coupler is fed from port P1, dividing the power equally between ports 3 and
4 with a —90° phase difference. This progressive phase generates a beam, desig-
nated 1L in Figure 3.3a. Similarly, the coupler is fed from port P2 dividing the
power equally at the outputs but with a +90° progressive phase, and as a result,
the antenna switches the beam to 1R. The last beam M as shown in Figure 3.3a, is
generated by the coupler being fed from ports 1 and 2 simultaneously. The configu-
ration of the generated beam for each of the excitation of the BLC once connected

to radiators is also given in Table 3.1.

Table 3.1 Beam configuration of different excitation for the branch line coupler

State P1 ON P2 ON P1& P2ON
Beam Direction —18° 18° 0°
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Figure 3.3 The proposed feeding method block diagram of 4 x 4 Butler matrix and
a branch-line coupler together with corresponding array antennas.



3.1.2 4 x4 Butler Matrix

The 4 x 4 butler matrix has four inputs (P1, P2, P3, P4) and four outputs (P5, P6,
P7, P8). It is built up using four 3-dB quadrature couplers, two zero phase shifters,
two cross-overs, and two transmission lines as 45° phase shifters, as shown in the
Figure 3.4. The progressive phase between output ports changes depending on input

port excitation, and the antenna beam is steered accordingly.

—— Coupler ——
== Cross-Over '_

—= Phase Shifter P5

Pé

P7

P8

Figure 3.4 4 x 4 Butler matrix and branch line coupler design.

The conventional 4 x 4 BM can only generate 4 switched beams. However, in this
work, 3 additional beams can be generated; which is achieved by adding two 180°
transmission line phase shifters at the input of P1 and P4 and zero transmission line
phase shifters for P2 and P3, as shown in Figure 3.3b. The phases of the output
ports change for the given excitation, and it is possible to calculate the phases
from the given matrix equation below. The BM output ports of these phases can
be determined by the matrix and by assigning the input for the port excited as 1
for P2, P3, and as e /™ (—1) for P1 and P4 and ports that are not excited will be
assigned as 0. P1 and P4 are assigned as e /™ (—1) because of the 180° phase shifter
added prior to these ports. Furthermore, when individual ports P1, P2, P3, and
P4 are excited 45°, 135°, —135°, —45° progressive phases are obtained. Once the
additional feedings are employed, and ports are co-excited, the output phases are
0°, 90° and —90° (See Table 3.2); the output phases for these feeding configurations

are as depicted in Figure 3.5.
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Table 3.2 4 x 4 Butler matrix simulation progressive phase results

Simulated

Feeding . Theor. Average

Port Progressive Phase Pr Ph Error

© P5-P6 P6-P7 P7-Pg = o8 T 1A% ©

P1 (1L) 39.3° 39.3° 49.3° 45° 2.4°
P2 (3R) -129.8° -131.5° -139.1° -135° 1.5°
P3 (3L) 139.1°  131.4° 129.8° 135° 1.6°

P4 (1R) -49.3°  -39.4°  -39.3° -45° 2.3°

P1 and P4 (M) -7° 0° 7° 0° 4.7°
P1 and P3 (2L) 87.4° 84.9° 90° 90° 2.6°
P2 and P4 (2R) -90° -84° -87.4° -90° 2.9°

__NO°
I mw =0
P5,6,7,8 = e/37/8
I// \\
T i Re
(a) P1 and P4 excited simultaneously.
m o 90° m —90°
P6 = ¢/57/8 | P7 = ¢/57/8 |
, - \\\\ P7 — €]7T/8 /,/ \\\\\ P6 — e]ﬂ'/s
{ : Re f\ : Re
P5 = ¢ J77/8 N / P8 = ¢ JT7/8 \\\ ) /
P8 = ¢—i37/8 P5 — o—i37/8

(b) P1 and P3 excited simultaneously.

(¢) P2 and P4 excited simultaneously.

Figure 3.5 4 x 4 Butler matrix feeding configurations for additional beams.

18



Table 3.2 shows the simulation results of the progressive phases generated for the 7
switched beams, together with these ideal progressive phases. For individual port
excitation, when compared with the ideal progressive phase, the maximum average
error was 2.4°. When ports P1, P2, P3, and P4 were excited individually, beams
1R, 3L, 3R, and 1L were generated, respectively, as shown in Figure 3.3b. In order
to generate three additional beams, as shown in Figure 3.3b simultaneous two ports
of the BM were excited with additional 180° phase shifters. This phase shift can
be obtained by adding proper transmission lines prior to the BM. When P1 and P4
are excited simultaneously, beam M is generated with a 4.7° average error. The last
two beams can be generated by exciting (P1 and P3) and (P2 and P4) in the same
manner, respectively. Moreover, the ideal insertion loss of a 4 x 4 BM is around 6
dB which comes from two consecutive 3-dB couplers, but since cross-over couplers
and extended transmission lines are added, losses of the BM increase in some of
the cases as shown in Figure 3.6. In the simulation, the loss (Z§:5 Sij]?, where
i=1,2,3,4) varied from 4.4 dB to 6.6 dB . The simulated reflection coefficient values

for the 4 x 4 are also shown in Figure 3.7.

6.6

5.8

5.6 g
Port 1 —Port 2 —Port 3 —Port 4A

5.4 ‘ , ‘
26.5 27 275 28 28.5 29 29.5

Frequency [GHz]

Figure 3.6 Simulated loss values for the designed 4 x 4 Butler matrix.
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26.5 27 27.5 28 28.5 29 29.5
Frequency [GHz]

Figure 3.7 Simulated reflection coefficient values for the designed 4 x 4 Butler matrix.
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3.2 Antenna Design

This section explains the detailed design procedure and simulation results for rect-
angular array antenna (Section 3.2.1), elliptical array antenna (Section 3.2.2), and

slot loaded elliptical array antenna (Section 3.2.3).

3.2.1 Rectangular Antenna Array

First a unit rectangular patch element designed an optimized to operating at 28 GHz
in HFSS 2021R2 as shown in the Figure 3.8.

Figure 3.8 Rectangular patch antenna design.

The procedure explained in Section 2.2 is used as the initial point, and the next
design is optimized. The designed unit element simulated reflection coefficient is
shown in Figure 3.9, as the rectangular patch are generally narrow band it is hard

to achieve a —10 dB reflection for the whole band of the interest.

0

Magnitude [dB]

-50 : : ‘ : :
265 27 275 28 285 29 295

Frequency [GHz]

Figure 3.9 Rectangular patch simulated reflection coefficient.
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The realized gain versus frequency for this antenna is also shown in Figure 3.10.
After finalizing the unit element, a series fed 1 x 10 array was designed using this
element. The designed unit element simulated reflection coefficient is shown in
Figure 3.9. The realized gain versus frequency for this antenna is also shown in
Figure 3.10. After finalizing the unit element, a series fed 1 x 10 array was designed

using this element.

Magnitude [dB]
[N} w ~

—_
T

0 L L L L L
26.5 27 27.5 28 28.5 29 29.5
Frequency [GHz]

Figure 3.10 Rectangular patch simulated realized gain versus frequency.
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Figure 3.11 1 x 10 Series-Fed Chebyshev tapered rectangular array antenna design
and corresponding element numbers.

Table 3.3 Tapering coefficients for elements of 1 x 10 array antenna

Element land 10 2and9 3and8 4and7 5and®6
Tapering Coeff. 0.33 0.47 0.65 0.8 1

A microstrip series fed array with 10 rectangular elements was designed and op-
timized to operate at 28 GHz. The final dimensions of the 1 x 10 array are
60 x 11 x 0.203 mm?, while the primary patch dimensions are 2.8 x 3.8 mm?, as
given in Figure 3.11. A tapering technique was used to reduce the sidelobe level
(SLL) and related elements were tapered using the Chebyshev coefficient as shown
in Table 3.3. The first five elements of the 1 x 10 array were chosen to be equal
to the last five elements of the array, in a symmetrical fashion. The inter-element
spacing of the proposed antenna was chosen as \;/2, a guided wavelength, which

has a value of 2.85 mm after optimization.

20F

Reflection Coefficent [dB]
IG ,
Realized Gain [dBi]

25F

——— Simulated Reflection Coefficent
—— Simulated Realized Gain

30 L L L L L 0
26.5 27 27.5 28 28.5 29 29.5

Frequency [GHz]

Figure 3.12 1 x 10 rectangular array antenna simulated reflection coefficient and
realized gain versus frequency at ¢ = 0°-plane.

The simulated reflection coefficient and realized gain at azimuth angle (¢ = 0°)
values for the 26.5 to 29.5 GHz frequency band are shown in Figure 3.12. A mini-

mum reflection coefficient of —18 dB occurred at 28 GHz. Meanwhile, the designed

22



antenna has a reflection coefficient of less than —10 dB, between 27.73 and 28.18
GHz, and a gain value of more than 10 dBi between 26.62 and 28.27 GHz. A peak
gain value of 13 dBi was observed at 28 GHz. The simulated normalized E and H
plane is shown in Figure 3.13 at 28 GHz. The main lobe occurs at the 4° boresight
angle with a better than —10 dB SLL while this value is around —6 dB without

tapering technique as compared in Figure 3.14.

——— Simulated Normalized H-Plane
= Simulated Normalized E-Plane
45 0 15

165 1gp 165

Figure 3.13 1 x 10 rectangular array antenna simulated normalized E and H fields
at 28 GHz and ¢ = 0°-plane.

—With Tapering —Without Tapering

Normalized Gain [dB]

.\

-40  -30 -20 -10 0 10 20 30 40
0 1°1

-30 —

Figure 3.14 Simulated normalized gain at 28 GHz and ¢ = 90°-plane for 1 x 10
rectangular array antenna with and without tapering.
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3.2.2 Elliptical Antenna Array

The elliptical unit element was investigated to improve the radiation bandwidth of
the unit elements in the array. For this purpose, elliptical design is optimized to
operate at 28 GHz, as shown in Figure 3.15.

1.56mm

= 24mm = L 5.75mm

0.42mm -—j L

- 5mm =

Figure 3.15 Elliptical patch antenna design.
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Figure 3.16 Elliptical patch simulated reflection coefficient.
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Figure 3.17 Elliptical patch simulated realized gain versus frequency.
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The designed unit element simulated reflection coefficient of designed unit element is
shown in Figure 3.16, the reflection coefficient value got slightly better. The realized
gain versus frequency for this antenna is also shown in Figure 3.17 and it can be

confirmed that these values get improved in this band.

A 1 x 10 series fed PAA was designed and optimized to operate at 28 GHz. As a
dielectric, Rogers Corporation RO4003C with 0.203 mm thickness, €, = 3.55, and
tand = 0.0027 was used. The rl and r2 values were assigned as 1.62 mm and 2.52 mm,
respectively as shown in Figure 3.18. A symmetric design shown in Figure 3.18 was
preferred to overcome beam squinting, as suggested in [9]. Next, a tapering technique
was used to reduce the side-lobe level (SLL). The design was Chebyshev tapered
with the individual Chebyshev binomial element coefficients [0.47,0.58,0.79,0.91,1]

by adjusting the r2 dimension for each element, as illustrated in Figure 3.18.

64 mm >
. 047 0.58 0.79 091 1
S ]
‘o0 006860690

Figure 3.18 1 x 10 Chebyshev tapered series fed elliptic PAA design

The design is symmetrical, and the other five elements of 1 x 10 PAA have the
same coefficients as those shown in Figure 3.18. The widths of 50 €2 and 94 €2 lines
were calculated as 0.42 mm and 0.1 mm, respectively. The elliptical structure and
Chebyshev tapering provide a relatively higher bandwidth since section-wise this
structure can be treated as multiple sections of different dimensions as opposed to

the rectangular patch in which each section has the same electrical dimensions.
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Figure 3.19 1 x 10 PAA design simulated SWR, and peak realized gain versus fre-
quency at ¢ =0

Lines with characteristic impedances of 50 €2 and 94 (2 were used to excite the

design, and connect 10 elliptic elements, respectively, thus feeding them in series.
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The center to center element spacing equals \;/2, A\, being the guided wavelength.
Further, to improve the 50 €2 matching, a line of 2.95 mm, approximately A\g/4, was
used to feed the first element, where )\g is the wavelength in the free space. The
simulated gain of the 1 x 10 PAA yielded a main lobe level of 14 dBi at 28 GHz and
¢ = 0. The simulated standing wave ratio (SWR) and a realized gain value of the
design for the frequencies within the band are shown in Figure 3.19. Peak realized
gain value was above 10 dBi for the band, and the maximum gain value occurred at
¢ =0 for 28 GHz. The SWR value was below 2 for 63 percent of the band, while
it was below 2.7 for the entire band. Beam shift in ¢ direction was observed for
1 x 10 PAA. Consequently, the peak realized gain values were higher than those of
the realized gain for ¢ =0 in the band. Moreover, the main lobe occurs at the 0°
boresight angle with a better than —11 dB SLL while this value is around —10 dB

without tapering technique as compared in Figure 3.20.

—With Tapering = Without Tapering

o

Normalized Gain [dB]

-10 0 10 20 30 40

01°l
Figure 3.20 Simulated normalized gain at 28 GHz and ¢ = 90°-plane for 1 x 10
elliptical array antenna with and without tapering.

-40  -30  -20

26



3.2.3 Slot Loaded Elliptical Antenna

The improved radiation performance of the antenna array with elliptical elements
was investigated more. A novel slot-loaded elliptical microstrip antenna unit ele-
ment (see Figure 3.21) and the corresponding 1 x 5 array (see Figure 3.23) were
proposed to achieve flat gain for the band of interest and overcome the beam squint
issue. Moreover, for ease in comparison, in this section, the slot-loaded antenna
performance parameters are illustrated together with the one for the rectangular
and elliptical antenna. The designed unit element simulated reflection coefficients
for the antennas are shown in Figure 3.22a. The realized gain versus frequency for

this antenna is also shown in Figure 3.22b

\\
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Figure 3.21 Slot loaded elliptical patch antenna design.
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(a) Simulated reflection coefficient. (b) Simulated realized gain.

Figure 3.22 Slot loaded elliptical patch antenna design simulated gain and reflection

coefficient.

The designed unit element simulated reflection coefficients for the antenna arrays
are shown in Figure 3.24a. The realized gain versus frequency for this antenna is
also shown in Figure 3.24b
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Figure 3.23 Slot loaded elliptical patch antenna design.
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Figure 3.24 Slot loaded elliptical array antenna design simulated gain and reflection
coefficient.
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3.3 Final Designs

This section discuss the interconnection of the array antennas and beamforming net-
works (Section 3.3.1, 3.3.2, 3.3.3). The final system design presented at Section 3.3.4

3.3.1 Butler Matrix and 4 x 10 Rectangular Array

The BM is connected to 4 x 10 array antennas as shown in Figure 3.25a by placing
the 1 x 10 array antennas adjacent to each other with a distance of A\g/2 between
them, where )¢ is the wavelength in free space. The optimized value of the spacing

between the adjacent 1 x 10 array antennas is 6 mm.
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(a) Designed 2x10 PAA with b) De51gned 4x10 PAA with BM
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Figure 3.25 Designed 2 x 10 and 4 x 10 array antennas with BLC and BM as BFNs
and corresponding port definitions.

As mentioned earlier, the antenna system shown in Figure 3.25a can generate 7

different beam which are shown in Figure 3.26
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Figure 3.26 Simulated 7 beam pattern of the 4 x 10 array antennas and BM with 7
different excitation configuration.
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3.3.2 Branch Line Coupler and 2 x 10 Rectangular Array

The BLC is connected to 2 x 10 array antennas as shown in Figure 3.25b by placing
the 1 x 10 array antennas adjacent to each other with a distance of A\o/2 between
them, where \g is the wavelength in free space. The optimized value of the spacing
between the adjacent 1 x 10 array antennas is 6 mm in this configuration as well.
Moreover, the antenna system shown in Figure 3.25b can generate 3 different beam

which are shown in Figure 3.27

; B2
e

Figure 3.27 Simulated 3 beam pattern of the 2 x 10 array antennas and BLC with 3
different excitation configuration.
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3.3.3 Branch Line Coupler and 2 x 10 Elliptical Array

A 2 x10 PAA was created by placing two of the 1 x 10 arrays as shown in Figure 3.28,
with around Ag/2 inter element spacing. After optimizing the distance between the
two 1 x 10 elements,this value was set to 6 mm. Next, a BLC was connected to
the designed 2 x 10 PAA. This BLC generates the needed phase and amplitude
excitation to produce three switched beams. The coupler was optimized to operate
within the targeted 5G band; all physical parameters of the coupler are shown in
Figure 3.28.

- 80mm -

40mm

Figure 3.28 A 2 x 10 elliptical antenna array with BLC.

The radiation pattern of the three generated beams of the final design illustrated in
Figure 3.29. 1R, M, 1L are the formed beams at —18°, 0° and 18° respectively.

Figure 3.29 Simulated beam pattern of 2 x 10 PAA with BLC

The simulated peak realized gain of the 2 x 10 PAA and BLC for each of the excita-
tions is shown in Figure 3.30. The realized gain value was higher than 10 dBi over
the band and higher than 12 dBi from 26.5 GHz to 28 GHz. The maximum gain
level occurs at frequencies around 28 GHz for all of the generated beams. Moreover,
each beam had a 3-dB beamwidth of around 43°.
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Figure 3.30 Simulated peak realized gain versus frequency of 2 x 10 PAA with BLC

3.3.4 Final System

The proposed design and generated beams are illustrated in Figure 3.31. This design
operates at 28 GHz and consists of two branch-line couplers and one 4 x 4 BM as
a BFN. The design consists of two 2 x 10 and one 4 x 10 tapered rectangular array
antennas as the radiating elements. A novel feeding technique, without increasing
the number of feeding ports, was used to produce 3 additional beams for 4 x 4 BM
and 1 additional beam for the branch line coupler (BLC). The special placement of
the BLC and 2 x 10 array antenna, perpendicular to the sides of the BM, results
in higher angular coverage as shown in Figure 3.31. The final design can generate
13 beams with varying peak gain from 11.2 to 14.1 dBi and a coverage angle of
+138°, while the gain value remains above 10 dBi. The simulated, normalized gain
pattern of the proposed antenna system at 28 GHz is given in Figure 3.32. Finally,
the performance of the design evaluated comparing with the state of art designs
provided in Table 3.4
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Figure 3.31 Proposed antenna system and its corresponding generated beams for two
branch-line couplers with 2 x 10 array antennas on the edges and a Butler matrix
with 4 x 10 array antennas on the main side.
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Figure 3.32 Simulated, normalized gain results of the final system versus scan angle
at 28 GHz and ¢ = 0°-plane.
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Table 3.4 Comparison with previously proposed multi beam designs for 5G mm-wave
applications

Freq Type of Technol- Num. of Beam
Ref. (GHz) System o Ports/ Coverage
Y &Y Beams &
—16.2°
Single Layer Mi-
14 97,995 4x 4 BM crostrip /4 X 2“%
Dual Layer o
[15] 29 5« 8 BM SIW 5/5 +60
Dual Layer o
[44] 30 1% 16 BM SIW 4/4 +30
Three Layer o
[45] 38 4% 8 BM SIW 4/4 +36
Single Layer Mi- o
[46] 60 4 x4 BM crostrip 4/4 +60
Dual Layer Mi- o
[47] 28 4x6 BM crostrip 4/4 +4
. Single Layer )
This o4 4x4 BM+ Mi- g3 i3
work BLC crostrip
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Chapter 4

FABRICATION AND
MEASUREMENT

This chapter discusses to the measurements results and presents the loss calculation
(Section 4.1), measured scattering matrix and radiation pattern of BM and 4 x 10
rectangular array (Section 4.2), BLC and 2 x 10 rectangular array (Section 4.3) and
BLC and 2 x 10 elliptical array (Section 4.4).

4.1 Loss Calculation

In order to have better confirmation between measurement and simulated results, in-
dividual insertion loss of the components used in the measurement are measured and
taken into consideration accordingly. The results of this measurement is provided
in the following manner, power divider loss (Section 4.1.1),cable loss (Section 4.1.2),

and connector loss (Section 4.1.3).

4.1.1 Power Divider

SigaTek SP70203 was used as a power divider, and this component scattering matrix
was measured with an Agilent PNA 5245A vector network analyzer (VNA) as shown
in Figure 4.1.

i\ - » .
—] e PN
=] Tr

Figure 4.1 IL measurement setup of SigaTek SP70203.
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Furthermore, the results of this measurement are illustrated in Figure 4.2, reflec-
tion coefficients of all of the ports have values better than —10 dB for the entire
band. Moreover, the S12 and S13 values at 28 GHz are —3.44 dB and —3.39 dB,
respectively.

O —

S11/ @28GHz =-18.9 dB $33/ @28GHz =-17.7 dB =—S13/ @28GHz =-3.39 dB
=522/ @28GHz =-17.6 dB ===S12/ @28GHz = -3.44 dB —ﬂ§23 / @28GHz =-26.9 dB

1
W

—_
=)
T

Magnitude [dB]
8 G
2
}

Y
W
T

0
26 26.5 27 27.5 28 28.5 29 29.5 30
Frequency [GHz]

Figure 4.2 Measured scattering matrix of SigaTek SP70203.

4.1.2 Cable

Power divider connected to the designs using cables, these cables creates an extra
loss in the system, for this reason, the loss of the cables used measured as well as
shown in Figure 4.3 and the results of this measurement is shown in Figure 4.4 and
Figure 4.5. The reflection coefficients of all of the ports have values better than
—10 dB for the entire band. Moreover, the measured IL value at 28 GHz is 0.68 dB.

Figure 4.3 IL measurement setup of cables.
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Figure 4.4 Measured scattering matrix of cables.
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Figure 4.5 Measured IL of cables.
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4.1.3 Connectors

The Southwest end launch connector was used to measure the fabricated design, and
these connectors typically created the loss. A 1 inch long microstrip line test circuit
on 8 mils RO4003 board provided by Southwest measured together with 2 of these
connectors to measure the insertion loss of these connectors as shown in Figure 4.6,
and results are shown in Figure 4.7. The reflection coefficients of the both ports
have values better than —10 dB for the entire band. Moreover, the measured IL
value at 28 GHz is 2.14 dB.

E

Figure 4.6 IL measurement setup of Southwest end launch connector.
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Figure 4.7 Measured scattering matrix of Southwest end launch connector.
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4.2 Butler Matrix and 4 x 10 Rectangular Array

Designed antenna systems are fabricated using a low-cost PCB prototyping tech-
nique with an LPKF S63 milling machine at Sabanci University. The minimum
achievable line width using this milling technique is 0.1 mm, with repeatability of
40.001 mm, which matches the minimum line width in the proposed design. Fab-

ricated designs are shown in Figure 4.8, and the measurement setup is shown in
Figure 4.9.

Figure 4.8 Fabricated 4 x 10 array antenna with BM and 2 x 10 array antenna with
BLC together with corresponding port definition.

SigaTek
Power Divder

Figure 4.9 4 x 10 and 2 x 10 array antenna antenna with BM and BLC, fabrication
and gain measurement.

The measured and simulated reflection coefficients of the 4 x 10 array antennas and
BM are below with —10 dB between 26.5 to 29 GHz as shown in Figure 4.10. The
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isolation value is below —10 dB between 26.5 to 28.5 GHz for all ports as shown
in Figure 4.11. There is an improvement in the impedance bandwidth of the final
design compared to the 1 x 10 alone, which occurs when BM is used as the BFN of
the array antennas. Reflection coefficients values are minimum at 28.55 GHz for P1
and P4 with a value of —46 dB and —23 dB, respectively. The minimum reflection
coefficient values of —30 dB occur at 28.33 GHz for P2 and P3. The minimum
isolation values, with an isolation higher than 23 dB between all ports, occur for the

frequency values near the 28 GHz.

0 T T T T T
——S11 ——S822 S33 S44

Magnitude (dB)

= = =Simulated
m— Measured
_50 Il Il Il Il Il

26.5 27 27.5 28 28.5 29 29.5

Frequency (GHz)

Figure 4.10 Measured and simulated reflection coefficients values of the 4 x 10 array
antenna and BM.

Figure 4.12 illustrates the normalized measured and simulated gain value of 7 beams
generated at 28 GHz. These beams are steered towards 10°, —44°, 38°, and,—10°
once the individual ports P1, P2, P3, and P4 are excited. As a results, three
additional beams are generated; a 26° beam, when P1 and P3 are excited, a 0° beam
when P1 and P4 are excited, and a —29° beam when P2 and P4 are excited. In this
manner, a —3-dB beamwidth of 112° is achieved between —70° to 50°. Figure 4.13
shows the gain value at different frequencies for the 4 x 10 array and BM structure
which has a 1.62 GHz radiation bandwidth. The maximum average value of 12
dBi was achieved for all frequencies at 28.25 GHz, while the average gain over the

frequency band of interest was 8.1 dBi.
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Figure 4.11 Measured and simulated scattering matrix value of the 4 x 10 array
antenna and BM.
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Figure 4.12 Measured and simulated normalized gains of three beams formed by the
4 x 10 array antenna with BM at 28 GHz and ¢ = 0°-plane.
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Figure 4.13 Simulated peak realized gain versus frequency of the 4 x 10 array antenna
with BM.
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4.3 Branch Line Coupler and 2 x 10 Rectangular
Array

Figure 4.14 shows the measured and simulated reflection and isolation values of the
BLC with 2 x 10 array system. The measured and simulated reflection coefficients
are below; —10 dB for the 26.5 to 29.5 GHz band for both ports of the system. A
minimum value of —40 dB at 29.5 GHz for P1 and —35 dB at 29.15 GHz for P2 was

measured as shown in Figure 4.14.

0 T T T T T
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26.5 27 27.5 28 28.5 29 29.5

Frequency (GHz)

Figure 4.14 Measured and simulated reflection coefficients values of the 2 x 10 array
antenna and BLC.

While the isolation bandwidth is more narrow, since a 3-dB coupler BFN was used
prior to the 2 x 10 array, measured isolation values are experiencing a minor shift
with respect to the frequency as shown in Figure 4.14. That being said, the mea-
sured isolation values follow the same trend as the simulation and this shift in the
center frequency is negligible. The mentioned differences between simulation and
measurement might be due to fabrication or measurement errors; such as a misalign-
ment of the connector pin. Furthermore, a minimum isolation value of —18 dB at
28.2 GHz and isolation values better than —10 dB for 27.9 GHz to 28.45 GHz were

achieved.

Figure 4.15 shows the measured and simulated normalized gain values of 3 generated

beams by BLC and a 2 x 10 array at 28 GHz, and a 3-dB beamwidth of 90° achieved

between —45° to 45°. P1 and P2 excite the main beams steered towards —20°, and

20°, respectively and, exciting P1 and P2 simultaneously generates a beam at 0°.

With the same excitation order, a measured, maximum realized gain value of 11.7
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dBi, 11.7 dBi, 12.5 dBi was achieved at 28 GHz. Moreover, the measured versus
simulated antenna gains are approximately identical once compensated for the loss

of the additional cables and the power divider.

P1 P2 Pl and 2 = = = Simulated

= Measured

Normalized Gain [dBi]

Scan Angle[ °]

Figure 4.15 Measured and simulated normalized gains of the three beams formed by
the 2 x 10 array antenna with BLC at 28 GHz and ¢ = 0°-plane.

In Figure 4.16, simulated and measured maximum gain values are obtained between
26.5 GHz and 29.5 GHz, and a radiation bandwidth of 1.85 GHz is achieved with a
gain value higher than 8 dBi. The average gain value over the band of interest is 7.4
dBi. The maximum measured gain values of 11.4 dBi and 11.6 dBi were achieved
at 28.25 GHz by exciting P1 only and P2 only, respectively, where excitation of P1

and P2 simultaneously generate a maximum gain of 13.4 dBi.
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Figure 4.16 Measured and simulated maximum gains of the 2 x 10 array antenna
with BLC versus frequency.
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4.4 Branch Line Coupler and 2 x 10 Elliptical Ar-
ray

The final design for this elements was fabricated with LPKF S63 in the Sabanci
University Collaboration Space facility as well. The minimum line width achievable
with the LPKF S63 milling technique is 0.1 mm, satisfying our minimum design
requirements. The fabricated 2 x 10 PAA with BLC is shown in Figure 4.17. The
Southwest end launch connector was used to measure the fabricated design. The
P1&P2 ports were excited with a SigaTek SP70203 power divider to form the M
beam. An Agilent PNA 5245A vector network analyzer (VNA) was used to measure

the scattering matrix of the design.

Figure 4.17 Fabricated 2 x 10 PAA with BLC
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Figure 4.18 Measured and simulated S-parameters for 2 x 10 PAA with BLC.

Next, the anechoic chamber facility of Sabanci University Nano Technology Center

was used to measure the gain characteristic of the fabricated design. Inside the

chamber, the distance between the device under test (DUT) and transmitter antenna
46



(TX) was 1.7 meters. In Fig. 4.18 the measured and simulated S-parameters values
of 2x 10 PAA with BLC are given.
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Figure 4.19 Measured and simulated isolation for 2 x 10 PAA with BLC.

The reflection coefficients of both ports were below —10 dB and isolation between
the two ports was higher than 10 dB over the band as shown in Figure 4.19. This
improvement in the overall impedance bandwidth is because of adding BLC to PAA.

The simulated results do not include the losses of the power divider and end launch
connectors used in the measurement. For this reason, after calculating the insertion
loss of connectors and the power divider, these needed to be calibrated. Measured
and simulated gain values were normalized with respect to their maximums and
plotted on top of each other in Fig. 4.20. The main lobe levels and directions were

matched with those in the simulation, with a beam offset of +2 degrees and beam
value error of less than 0.5 dBi.

T T T T T T T T T T T T
—P1 Measured —P2 Measured —P1&2 Measured
=== P1 Simulated *-** P2 Simulated - P1&2 Simulated

Gain [dBi]
R
wnm W o O

—_
]

-12.5

-17.5

20 L

15

9

Figure 4.20 Measured and simulated normalized gains of three beams formed by
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2 x 10 PAA with BLC.

The minor differences in the simulated and fabricated results can likely be attributed

to the resolution quality of the fabrication or the indeterminable imperfection of the
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measurement in the anechoic chamber. For instance, the imperfection created by

the quality of the end launch connectors and/or cables, or misplacement of the

connector pin at the excitation point.
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Figure 4.21 Maximum simulated and measured 2 x 10 PAA with BLC realized gain
versus frequency at ¢ = 0.

In Figure 4.21 un-normalized gain values of the simulated and measured beams are
shown over the band for ¢ =0, 1.5 bandwidth achieved with more than 10 dBi gain
value while for more than 5 dBi gain a 2.3 GHz bandwidth achieved. As expected,

the maximum gain values occurred at around 28 GHz, and the gain value followed

the same trends as the simulated peak realized gain value. However, the lower value

of the measured gain as compared to the simulated gain is at least partly due to the

fact that the beam shifted in the ¢-direction as frequency changed. The antenna’s
efficiency is simulated in HFSS, and 40% efficiency is obtained at 28 GHz.
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Chapter 5

CONCLUSION AND FUTURE
WORKS

Unique feeding and a strategic array placement configuration resulted in the in-
creased angular coverage of a conventional Butler matrix and branch line coupler
fed Chebyshev tapered series of arrays. The conventional Butler matrix can gen-
erate 4 beams. However, we could generate 7 beams from a Butler matrix with
simultaneous port feeds. Similarly, we generated 3 beams from a 2 beam generation
capable branch-line coupler. A 4 x 10 array is fed with a Butler matrix and placed
on the broadside of a phone, and two 2 x 10 arrays, fed with BLC, are placed on
the two narrow sides of the phone generating 13 beams from 8 ports. For the 4 x 10
array, the impedance bandwidth was 3 GHz, and the gain bandwidth was 1.62 GHz
with beams with peak gain values varying between 11.2 to 14.1 dBi. For the 2 x 10
array, the 10 dB impedance bandwidth was 3 GHz, and the gain bandwidth was
1.85 GHz. Combining a 4 x 10 and two 2 x 10 array cover £138 of angular space.
The proposed design was fabricated on RO4003, using a low-cost PCB fabrication
technique. The final design used a two-layer, low-cost, compact microstrip topology
with dimensions of 90 x 45 x 11 mm? and a comparable gain value as to the SIW
designs. A Chebeysheved tapered elliptic microstrip PAA with its beamforming net-
work was designed and optimized to operate at the 28 GHz 5G band on the RO4003
board for cellular phone applications. The final design can generate three beams

with a realized gain of above 10 dBi for —45° to 45° coverage.

The same method can be used for other types such as 8 x 8 BM to create more
beams, and it will be possible to reduce the number of the ports using the switching

network prior to the BM to decrease the number of the port in the final system.
The elliptic element improves the overall bandwidth performance of the design from
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26.5 GHz to 29.5 GHz compared to rectangular series fed arrays. The slot-loaded el-
liptical elements significantly improved the antenna array’s radiation performance in
the band of interest. With this element achieving a broadband flat gain performance

become possible. The slot-loaded design will be measured after fabrication.
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