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ABSTRACT

In the emerging B5G/6G wireless communications, transmitarrays are promising
candidates for beam-steering applications. In this work, a wideband PIN-diode-loaded
transmitarray unit cell is proposed to generate 1-bit phase compensation at each location
on the transmitarray. Several modifications are added to mitigate the loading eftect of the
PIN diodes. The 3-dB insertion loss bandwidth is 23.8%, and the minimum insertion loss
is 0.798 dB. For verification, the waveguide measurement technique is adopted to
characterize the proposed 1-bit reconfigurable unit cell. The measured results are
consistent with those simulated.

Besides, for a reconfigurable transmitarray, proper DC bias routing design is critical
to provide each unit cell with the desired DC bias voltages while not affecting its RF
performance. However, the DC bias routing will inevitably cover the transmitarray
surface and thus degrade the transmission performance of the transmitarray. On the other
hand, the number of unit cells of a transmitarray antenna is in general relatively large. If
discrete components are used to isolate the DC and RF signals in each unit cell, then an
excessive number of components will be needed, increasing significantly the fabrication
cost and complexity. Therefore, under the constraint of not using discrete components for
DC and RF isolation, design considerations for reducing the impact imposed by DC bias
routing in a reconfigurable transmitarray formed by the proposed unit cell is presented.
Through the literature survey, some routing guidelines are derived from the previous
works. Then, four designs of DC bias routing are proposed. Two of them are based on
general routing rules, whereas the other two are based on advanced routing rules. Also,

two simulation methods are introduced to evaluate the influence of different DC bias
iv
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routing designs.

Lastly, to further verify the efficacy of the proposed unit cell and DC bias routing
design, an 8x8 1-bit reconfigurable transmitarray based on the proposed unit cell and DC
bias routing design is fabricated and tested in the anechoic chamber. Limited by the
fabrication cost, such an 8x8 reconfigurable transmitarray shows only a broadside gain
of 9.1 dBi at 11.5 GHz and a 3-dB gain bandwidth of 25%. The achieved beam scanning
range and loss for the two principal cut planes are 40° (2.3 dB) x 40° (3.3 dB). The
feasibility of the proposed 1-bit reconfigurable transmitarray unit cell and its DC routing

design is verified.

Keywords: beam-steering, DC bias routing design, PIN diodes, reconfigurable,

transmitarrays
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Chapter 1  Introduction

1.1  Background

In the upcoming B5G/6G era, satellite communication, radar system, and remote
sensing are growing rapidly and used in various wireless communication scenarios. As
the operating frequency gets higher and higher, severe propagation loss is one of the big
challenges needed to be overcome. There are two popular solutions for this, small cell
base station and beam steering. The small cell base station is aiming to adapt to the small
transmission range under the 5G/B5G environment, while beam steering is to concentrate
the transmission power to the desired direction by applying the phased array theory.
Unlike traditional wide-beam antennas used in base stations, the beam steering capability
can enhance the system throughput without wasting much energy.

To realize beam steering, an antenna array is mostly used. Transmitarray (TA) is a
type of antenna array without the blockage effect of reflectarray (RA) due to its feed
antenna and without the lossy and complicated feeding network of traditional antenna
arrays. A typical unit cell design of TA is to separately design its receiving and
transmitting antennas, forming a receive-transmit structure (Rx-Tx). Such a structure
requires multiple metallic vias to transfer RF signals between the receiving and
transmitting antenna elements. Consequently, a Rx-Tx-based unit cell usually requires
multiple layers and vias with complex structures. Another method is based on the
frequency-selective surface (FSS). The receiver and transmitter of the FSS-based unit cell
are designed at the same time, and the incident wave is propagating through by coupling

between multiple layers.
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Fig. 1.1. The coordinate system of a planar TA.

By controlling the phase shift of each antenna element of an antenna array, the main
beam can be pointed in a desired direction. Based on the design guideline for TA [1], as
shown in Fig. 1.1, to form a main beam in the direction {i,, the required phase shift @m, n
of the (m, n)" element on a planar MxN TA can be expressed as (1.1), where o is the
reference phase.

Pmn = k(|[Tn — | = Tn = o) + @0 (1.1)
There are two categories to generate the required phase shift distribution, continuous
phase tuning, and discrete phase switching. For continuous phase tuning, [2] adds a phase
shifter between its receiver and transmitter. Although it is reconfigurable, it is also very
bulky and complex due to its Rx-Tx structure. As for the FSS-based unit cells, the
continuous phase shift of the unit cell is generated by tuning the geometrical parameters
[3], [4]. Not only numerous parametric studies are needed, the bandwidth is quite narrow
because all unit cells with different phase shifts have to overlap their operating bands.

Besides, reconfigurable continuous phase tuning can be realized by mechanical rotation
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or using varactors to provide phase shift. However, mechanical rotation is relatively slow
and varactors usually have limited phase tuning range. Therefore, the concept of discrete
phase switching is getting popular nowadays, especially for the implementation of beam-
steering TAs.

Discrete phase switching is also called N-bits phase quantization. For any given

integer N, the continuous 360° phase range is discretized into 2N points, as expressed in

(1.2).
( . . —180° 180°
0°, if ON = Pmn = oN
1 . _.180° 54.0°
2N —1
- - 360°, other cases

The simplest one among them is the 1-bit phase quantization, where (1.2) can be reduced

to (1.3).

q1-bit — { 00, 1f - 900 S (pm'n S 900 (1.3)

Pmn 180°, other cases
It is much easier to provide either 0° or 180° phase shift by using active elements, such
as varactors or PIN diodes. For the FSS-based design, active elements can be used to
directly modulate the unit cell response, say using varactors to shift the resonant
frequencies together [5], or using PIN diodes to change the aperture shape [6], [7]. Mostly,
the bandwidths of such unit cells operating at the states of 0° and 180° phase shifts are
different from each other. Thus, the resultant narrower bandwidth limits its application.
Obviously, it is required that the bandwidth of both states of 1-bit RTA unit cells should

be identical but only with a 180° phase difference.

In fact, the 180° phase difference can be generated by an opposite-polarized unit cell
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pair. If 1-bit TA unit cell pairs are designed with mirror symmetry, they will have the same
operating band but opposite polarization direction, and hence 180° phase difference. For
Rx-Tx-based designs, PIN diodes are added to control the polarization direction either on
the mirror-symmetry receiver [8], [9], or on the mirror-symmetry transmitter [10]-[12].
However, in the FSS-based designs, metallic vias are not necessary to transfer the RF
signal. To realize the same operating band with opposite polarization direction, the
polarization-rotated unit cells have been studied [13]-[16]. Such designs are based on the
polarization-rotating mutual coupling mechanism, that is, the polarization of the incident
wave will be rotated horizontally by 90° for a 0° phase shift and by -90° for a 180° phase
shift under the same mutual coupling mechanism so that an opposite-polarized unit cell
pair with the same operating band can be generated. Thus, PIN diodes are added in the
FSS-based design to control the orientation of the aperture for polarization-rotating

mutual coupling [17]-[19].

1.2 Motivation

The aforementioned active-element-loaded unit cells can be used to form a
reconfigurable transmitarray (RTA). Among them, the Rx-Tx-based designs usually have
a higher design complexity and multiple layers and vias. The FSS-based designs are
relatively simpler and low-profile. However, in [14]-[ 18], two polarizer layers and at least
one air layer are used to help achieve the polarization selection for receiving and
transmitting waves. On the contrary, [13] can perform polarization selection with only
two substrate layers. Furthermore, there are three resonant modes existing inside its
simple structure, which makes it a wideband unit cell. Therefore, we take advantage of

the low profile and wideband feature of [13] and modify it to become reconfigurable,
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which we proposed previously in [20] and further improved in this thesis.

On the other hand, the DC bias routing design for RTAs, though critical in RTA
design, is rarely discussed. The DC bias routing is an additional structure for RTAs, which
affects the radiation performance, such as transmission coefficient and radiation pattern.
Therefore, a further discussion on the DC bias routing design of RTAs is also included in

this thesis.

1.3 Contribution

A 1-bit reconfigurable wideband PIN-diode-loaded unit cell is proposed, which
achieves a 3-dB insertion loss bandwidth of 23.8% and a minimum insertion loss of 0.798
dB. Four PIN diodes are used in each unit cell and can be controlled at the same time
using only one DC bias line, which greatly reduces the complexity of its DC routing
design. Besides, the proposed unit cell remains a good operating bandwidth even with up
to 40° oblique incidence. A prototype of the proposed unit cell is designed at X-band,
fabricated, and tested using the waveguide measurement technique.

On the other hand, four designs of DC bias routing without using RF chokes are
proposed. Two of them are based on the routing rules summarized from our literature
survey, and the others are based on our advanced routing concept. To estimate the DC
bias routing impact on the performance of the proposed RTA unit cell, two simulation
methods are introduced, helping us to analyze the influence of different DC bias routing
designs.

Limited by the fabrication cost, an 8x8 RTA prototype formed by the proposed unit
cell along with the best of the four DC bias routing designs is fabricated and measured in

the anechoic chamber. It shows a 3-dB gain bandwidth of 25% and 40° (2.3 dB) x 40°
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(3.3 dB) beam scanning range and loss in the two principal planes. Indeed, the agreement

between the measured and simulated results verifies our design concepts.

1.4 Content Overview

In Chapter 2, we introduce the 1-bit reconfigurable unit cell structure in detail. The
functions of each component are discussed, and also the logic behind our design.
Furthermore, we compare the performance of the proposed unit cell with other related
works.

In Chapter 3, the impact induced by DC bias routing is discussed. We summarize the
previous works and acquire some routing rules, then we present a new routing principle
to reduce the routing impact on a wideband unit cell. Besides, two estimation methods
for the impact of DC bias routing are proposed, which help designers to preliminarily
improve their DC bias routing design.

In Chapter 4, we use the waveguide measurement technique to measure the
performance of our unit cell for verification. Also, an 8x8 RTA based on our unit cell and
the DC bias routing design is fabricated and measured in the anechoic chamber. The
reconfigurability of the unit cells is tested during the beam steering measurement.

In Chapter 5, as a conclusion, we summarize the results and discuss the future

applications of our work.
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Chapter 2 1-Bit Reconfigurable PIN-Diode-Loaded

Wideband Unit Cell

The proposed unit cell presented in this research is shown in Fig. 2.1, and its S-
parameters are shown in Fig. 2.2. It is built upon the foundation in [13]. The proposed
unit cell inherited its wideband characteristic and has been further developed to
incorporate reconfigurability features. By integrating PIN diodes, the unit cell is capable
of supporting 1-bit phase quantization. This chapter will begin with a brief overview of
the unit cell introduced in [13], followed by a discussion of the improvements we have

made.

Port 1 (PIN diodes side)

l

. Copper layer

I PIN diode

Substrate

Copper

Plastic screw

|

Port 2 (DC routing side)
(a)
Top layer Middle layer Bottom layer DC layer
(b)

Fig. 2.1. Configuration of the proposed unit cell. (a) Trimetric view. (b) Top view of each
7
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layers.
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Fig. 2.2. The S-parameters of the proposed unit cell.

2.1  Adding PIN Diodes to Achieve Reconfigurability

The unit cell in [13] consists of two substrates and three copper layers. The substrates
are Rogers R/T Duroid 5880 (g = 2.2). Each copper layer has a cut slotted-ring aperture,
which generates the boundary condition that the polarization will be perpendicular to the
cut axis. From the top layer to the bottom layer, the apertures are orientated at 0°, +45°,
and 90°. Therefore, the unit cell in [13] performs polarization rotation by mutual coupling
between layers. When an incident wave passes through the first aperture, the orientation
of the aperture of the middle layer will decide the way of polarization rotation to be
clockwise or counterclockwise. In [21], the modal expansion method (MEM) is applied,

which indicates there are total of three resonant modes existing in the operating band.

doi:10.6342/NTU202302000



X

(b)

a = -45°: Outward

a = 45°: Inward

(©)

Fig. 2.3. The middle layer with cut at (a) a = -45°, (b) o = 45° and (c) combination.

The only difference between the 1-bit unit cell pair in [13] is the cut angle o at the
middle layer, as shown in Fig. 2.3 (a)(b). The other parameters are all identical. Therefore,
two PIN diode pairs are used to combine these two types of middle layers together, as
shown in Fig. 2.3 (c). The PIN diode in use is MA4AGP907, whose equivalent RLC
model of ON state and OFF state are shown in Fig. 2.4. Two PIN diode pairs are placed
in the diagonal of the middle layer with different orientations. The blue pair is placed
outward at o = -45°, while the red pair is placed inward at o = 45°. Due to the opposite
placement, the state of both PIN diode pairs at different diagonals can be set differently
at the same time. At the middle layer, the area outside the slotted ring is set to be GND.
When the center area is positively biased, the blue PIN diode pair will be turned ON, and

9
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the red pair will be turned OFF at the same time, generating the cut at o = -45°. Similarly,
a negative bias at the center area will generate the cut at oo = 45°. In this way, both types

of the middle layer can be electronically switched by assigning the center polarity, then

get the reconfigurability.

0.19 nH 0.19 nH
325Q 11300 Q — 27.44 fF
ON State OFF State

Fig. 2.4. Equivalent RLC models of MA4AGP907 PIN diode.

2.2 Loading Effect of PIN Diodes

On the cut slotted-ring aperture, the incident wave is rotated coupled start from the
orthogonal axis of the cut, where is the ideal OPEN boundary. However, after the OPEN
boundary is replaced with an OFF-state PIN diode, it becomes an imperfect OPEN. The
S11 of each middle-stage unit cell is shown in Fig. 2.5. The OPEN boundary has zero
capacitance, whereas an OFF-state PIN diode has a few capacitances. Thus, to reach the
same impedance and satisfy the physical resonance in such aperture, the resonant
frequencies are shifted to low-frequency region. Moreover, by comparing the electrical
field distribution of each mode, the second mode is too close to the third mode, so they

are combined into a single band.

10
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Unit cell in [13] Unit cell in [13]
with PIN diode model
Resized unit cell

with central slots

Resized unit cell

1Sy, (dB)

45 . . . .
9 10 1 12 13 14
Frequency (GHz)

Fig. 2.5. The Si1 of each middle-stage unit cell structure.

2.2.1 Resizing the Unit Cell

Fig. 2.6. The geometrical dimension of the unit cell.

The physical parameters of the unit cell are shown in Fig. 2.6. To deal with the
loading effect of PIN diodes, a series of parametric studies are finished. The resized
parameters are listed in Table 2.1. Among them, we reduce the substrate thickness, so that
the new aperture will restore the second mode. However, the distance between the first
mode and the other modes is still too far, forming two narrow operating bands whose
reflection coefficient is less than -10 dB, as the orange curve shown in Fig. 2.5.

11
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Table 2.1. Comparison of physical parameters.

Parameters L Ro Ri H

Unit cell model (mm) (mm) (mm) (mil)
Unit cell in [13] 10 4.6 3.8 62
Resized unit cell with PIN diode models 9.6 4.75 4.25 31

2.2.2 Adding Central Slots

E Field [¥/m]

(b)

Fig. 2.7. Electric fields distribution of three resonant modes on the top layer of [13] (a)

without and (b) with central slots.

Here, the central slots are added on the top and the bottom layer, whose orientations
are parallel to the corresponding polarization, so that they have little effect on original
resonant modes. Preliminary validation of the central slots has been done by using the
passive unit cell in [13]. The electric field distribution of three resonant modes on the top

layer are shown in Fig. 2.7. These central slots can destroy the electric field distribution
12
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at the middle of the top and the bottom layers. Therefore, the resonances will be started
from the edges of the central slots, as the yellow arrows shown in Fig. 2.8.

Top layer Middle layer Bottom layer

S’
z?—by (a)

Fig. 2.8. Main resonant area in the resized unit cell (a) without and (b) with central slots.

After the rotated coupling to the middle layer, the OPEN boundary is now moved to
the left-hand side and right-hand side of the OFF-state PIN diodes, which are more like
an ideal OPEN. Therefore, the resonant frequencies are shifted back to high-frequency
region and become close to each other, which forms a single wide operating band, as the
green curve shown in Fig. 2.5. Compared with the passive unit cell in [13], the bandwidth

becomes narrower. However, it is worth having the reconfigurability while reducing some

bandwidth.

2.3 Fabrication Consideration

In the previous simulation, the RLC models of the PIN diode are directly placed at

13
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the middle layer. However, considering the fabrication, PIN diodes cannot be mounted in

the middle of substrates. Therefore, PIN diodes need to be mounted on the top layer.

Besides, an additional DC layer and a DC bias via for the center bias control are also

needed. Now the unit cell structure is asymmetric, which can be defined as Port 1 (PIN

diode side) and Port 2 (DC bias routing side). The Si; and Sz, are shown in Fig. 2.9.

Resized unit cell with central slots
The proposed unit cell

Considering the fabrication

ISul @)
S, (dB)

10 7 12 13 4 9 10
Frequency (GHz)
(2)

11 12 13 14

Frequency (GHz)
(b)

Fig. 2.9. The (a) S11 and (b) S22 of each middle-stage unit cell structure considering the

fabrication process.
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2.3.1 Locations for Loading PIN Diodes and DC Layer

1% Mode

E Field [¥/m]

S5O0 . N
. 2000, BE0D
30000 . HE00
600 . DD

Fig. 2.10. Electric fields distribution of three resonant modes on the top layer of [13] (a)

without perturbations, and (b) with perturbations.

Four perturbations are added at the diagonal of the top layer, leaving space for PIN
diodes needed. Again, a preliminary simulation using the passive unit cell of [13] has
been done. The electric field distribution on the top layer after adding perturbations is
shown in Fig. 2.10 (b). The influence of perturbations can almost be neglected. On the
other hand, the length of PIN diodes is almost equal to the width of the cut slotted ring,
which will cause some fabrication inconvenience. Therefore, PIN diodes are placed
tangent to the slotted ring. Since PIN diodes are placed on the top layer, the DC substrate
with a center via is added below the bottom layer, whose thickness is 5 mils. The unit cell

structure modified from [13] was previously published in [20], as shown in Fig. 2.11.

15
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X

Fig. 2.11. The unit cell structure previously proposed in [20].

The S-parameters of the unit cell proposed in [20] are the blue curves shown in Fig.
2.9. While PIN diodes are being placed on the top layer, the OPEN boundary at the middle
layer has been changed. The OFF-state PIN diode with some metal connection is still a
capacitive loading, and the vias for PIN diodes connection can be treated as a transmission
line, whose length is approximately 0.035A to 0.055A inside Rogers RT/Duroid 5880
substrate. Therefore, the capacitance seen from the middle layer is increased, then the

resonant frequencies are shifted to low-frequency region.

2.3.2 Plastic Screw for Substrates Combination

Since the cooperated PCB factory didn’t provide a suitable tape to combine
substrates together, the unit cell structure we previously proposed in [20] needs to be
modified. To make sure the conduction between the DC bias via and the middle layer, the
DC bias via is enlarged and becomes a screw hole, where an M2 screw is passing through
to lock all substrates together. Because the size of the screw is close to the unit cell, the
material of the screw is chosen to be plastic (¢ = 3.5) but not metal, which may cause
additional strong radiation. In this way, the pad ring of the enlarged DC bias via in each

16
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substrate will touch together and then connect to the center area of the middle layer.
Compared with the unit cell previously proposed in [20], the reflection in high-frequency
region is increased. It is because the center area contributes to the higher modes as

discussed before.

2.4 Oblique Incidence Influence

The proposed unit cell can be used to beam steering applications. Since the excitation
of beam steering setup is usually a spherical wave but not a plane wave. Therefore, the
oblique incidence is an important issue to be discussed. In our case, the phase difference
between the proposed 1-bit unit cell pairs is unaffected due to the robustness of the
physical polarization rotation mechanism. Thus, the oblique incidence influence is
focused on the magnitude of the S-parameters, which are shown in Fig. 2.12. The 3-dB
insertion loss bandwidth is almost unchanged with the oblique incident angle up to 40° in
both principal planes. The most obvious impact is the increasing insertion loss near 11.5
GHz and 12.5 GHz, which is less than 0.5 dB. A brief summary is that the proposed unit
cell is slightly sensitive to the oblique incidence angle and remains the wideband

characteristic.
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0 =30°
0 =40°
Oblique incidence at H plane

Oblique incidence at E plane

Sul @B)
Sul (4B)
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Frequency (GHz) Frequency (GHz)
(a) (b)

[S,,| (dB)
S5,] (dB)
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Fig. 2.12. The S-parameters of the proposed unit cell with oblique incidence from 6 = 0°

to 40° at (a)(c)(e) E plane and at (b)(d)(f) H plane.
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2.5 Comparison with Other Works

After all the modifications mentioned above, the proposed unit cell is compared with
other 1-bit reconfigurable unit cells based on generating opposite polarization. The
important indexes are summarized in Table 2.2. The proposed unit cell has the 3-dB
insertion loss bandwidth of 23.8% and the minimum insertion loss of 0.798 dB. The
values in the brackets are the results from [20], which is the ideal case. Compared with
[8], [10], and [11]. this work has a wider 3-dB insertion loss bandwidth and a smaller
minimum insertion loss. When comparing with [12] and [19], this work is a trade-off
between the bandwidth and the minimum insertion loss. However, an air layer is used in
their unit cell, which increases the fabrication complexity, while the proposed unit cell
features a simple structure.

Table 2.2. Comparison with other 1-bit reconfigurable unit cells based on generating

opposite polarization.

Reference Frequency | Lattice size | 3-dB IL BW | Minimum IL | Substrate
(GHz) () (%) (dB) #)
[8] 10.5 0.53 7.6 1.8 3
[10] 29 0.49 11.2 1.09 3
[11] 10 0.5 14.7 1.87 3
[12] 12.5 0.5 16 0.47 5 (1 air)
[19] 11.5 0.58 26 1 3 (1 air)
This work 11.5 0.368 23.8 (22.2) | 0.798 (0.753) 3
19
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Chapter 3 Discussion on DC Bias Routing Design

For an RTA, it is necessary to additionally design its DC bias routing to control the
active elements. In recent years, there have been many studies on RTA, which mentioned
some related DC bias routing designs, but there are no in-depth discussions on how to
design them.

In unit cell designs of RTAs, the Rx-Tx-based designs separate the antennas of the
receiving end and the transmitting end and separate them with metal to allow signals to
be transmitted through via holes. Under such configuration, the DC bias routing can be
well hidden between the metal layers or has a negligible effect even placed near its
receiver or transmitter. On the other hand, the FSS-based designs usually have polarizer
layers, which can be used as its DC bias routing at the same time.

However, for the FSS-based designs without polarizer layers, there is nowhere for
DC bias routing to hide. Its DC bias routing will be directly added to the surface of RTA,
which will inevitably affect the transmission performance.

On the other hand, to isolate the DC and RF signals in a large RTA, an excessive
number of discrete components are needed. The fabrication cost and the DC bias routing
design complexity in limited space will be significantly increased.

In this chapter, the discussion is mainly for the FSS-based RTAs without polarizer
layers under the constraint of not using discrete components for DC and RF isolation,

aiming to obtain the related advanced DC bias routing design guidelines.
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3.1 Basic Rules of DC Bias Routing

Receiving side

Transmitting side 4—/\/\— 4—/\/\—

Transmitarray

Fig. 3.1. Sketch of the roles of the DC bias routing surface.

In the literature survey, we have summarized these DC bias routing designs, and we
can get some basic rules that everyone abides by. As shown in Fig. 3.1, an RTA is a
bidirectional structure, so the DC bias routing sometimes acts as a receiving surface and
sometimes as a transmitting surface. In Table 3.1, the basic DC bias routing rules
corresponding to the routing problems are organized.

Table 3.1. Summary of basic DC bias routing rules for all RTAs.

The Source Blocking The Modal Deterioration
1. Be perpendicular to the feed polarization. | 2. Avoid the strong field area.

3. Minimize the routing area.

3.1.1 Rule 1 — Be Perpendicular to the Feed Polarization (The Source

Blocking)

When the DC bias routing is used as the receiving surface, the DC bias routing is the
first structure encountered by the incident wave. There may be as many as hundreds of

DC bias routing on an RTA, so it is likely to block the incident wave. In other FSS-based
21
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designs with polarizer layers, it can be found that their DC bias routing is designed
parallel to their polarizers. Therefore, for the FSS-based designs without polarizer layers,
the DC bias routing should be designed along the direction perpendicular to the
polarization of the incident wave. When hundreds of lines are stacked along this direction,
it is equivalent to seeing a polarizer for the incident wave, so its blocking effect can be

minimized.

3.1.2 Rule 2 — Avoid the Strong Field Area (The Modal Deterioration)

The FSS-based designs are able to perform multi-layer coupling to transmit EM
wave signals. However, for the FSS-based designs without polarizer layers, their DC bias
routing on the RTA surface may cover resonant apertures. Therefore, fractions of DC bias

routing on each unit cell of RTA should be considered as part of the unit cell antenna.

Transmitarray Transmitarray
(a) (b)

Fig. 3.2. Sketch of (a) original mode and (b) deteriorated mode.

Whether the DC bias routing is used as the transmitting surface or receiving surface,
the EM wave needs to pass through the additional DC bias routing structure before
forming the resonance inside the original aperture. There are usually one or more resonant
modes within the operating band, and these modes generate stronger fields at certain
coupling locations on the unit cells. When DC bias routing passes through these resonance
regions, the modal deterioration is more likely to occur, as illustrated in Fig. 3.2.
Intuitively speaking, the design of DC bias routing should try to avoid passing through

these modal resonance locations.
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3.1.3 Rule 3 — Minimize the DC Bias Routing Area

In addition to the above two types of problems, since the DC bias routing is an
additional structure, the simpler and more direct the design, the smaller the DC bias
routing area, the better. Taking an 8x8 RTA as an example, a direct and simple DC bias
routing design is shown in Fig. 3.3 (a). It can be seen that all lines extend to the right-
hand side of the RTA, and the longest line length is 8 units. In Fig. 3.3 (b), under the same
design logic, half of the lines are extended to the left of the RTA, and the other half is
extended to the right of the RTA. In this way, the length of the longest line is halved to 4
units. In addition, in the application of beam steering, the incident wave of RTA is a
relatively short-distance spherical wave, and the unit cells in the middle of the RTA have
a greater impact on the overall performance than the unit cells at the edge of the RTA. A
balanced design can not only halve the length of the DC bias routing but also minimize
the DC bias routing area in the middle of RTA. Furthermore, it can make the radiation

pattern more symmetrical.

(a) (b)
Fig. 3.3. The 8x8 RTA with (a) all DC bias routing extend to the right-hand side, and with

(b) DC bias routing extend to both sides evenly.
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3.2 DC Bias Routing Design Strategies

In the proposed unit cell structure, the DC bias routing layer is located under the
bottom layer. Here, for the convenience of observation, the diagram is rotated upside
down. In this section, different DC bias routing designs and the design logic behind them

are discussed.

3.2.1 Following the Basic Rules — Case 1 and Case 2

Bottom
polarization

Routing
orientation

Fig. 3.4. Indication for routing orientation.

Case 1 and Case 2 follow the basic rules. First, the bottom layer is polarized along
the y-axis, so the DC bias routing should run towards the x-axis, as shown in Fig. 3.4.
Second, the proposed unit cell has three resonant modes, whose electric field distribution
at the bottom layer is shown in Fig. 3.5, including (a) 0° phase shift and (b) 180° phase
shift. If the 1-bit unit cell pairs are considered together, the electric field is mainly
distributed symmetrically at the cut slotted ring, and it is distributed toward the center of
the unit cell when higher modes occur. As discussed in subsection 2.2.2, the mutual

coupling starts from the edge of the central slots. Therefore, regardless of modes, the
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electric field strength at the center of the central slot, four corners, and the middle area of

the unit cell are relatively low, so the DC bias routing should be placed on these areas.

15t Mode 2" Mode 3" Mode

E Field [Vim]
Max. 55316.811
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Y (b)
Fig. 3.5. Electric fields distribution of three resonant modes on the bottom layer of (a) 0°

phase shift unit cell, and (b) 180° phase shift unit cell.

Since the distribution of the field is center-symmetric in the proposed unit cell, the
DC bias routing should be evenly distributed on both sides of the unit cell to maintain a
symmetrical radiation pattern. Besides, as shown in Fig. 3.6, for DC bias routing in the
same length (e.g. 8 units), the DC bias routing placed (a) at the same side of the unit cell
is much close to the center of the unit cell than that placed (b) at both sides of the unit

cell, which will limit the array size.
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v
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(a) (b)
Fig. 3.6. The edge unit cell in the 16x16 RTA with 8-unit long DC bias routing placed at

(a) the same side of the unit cell, or (b) both sides of the unit cell evenly.

The DC bias routing design of Case 1 is shown in Fig. 3.7 (a), where the DC bias
routing is started from the center of the central slot and evenly distributed along the edges
on both sides of the unit cell. The DC bias routing area is reduced by a straight-line design.
On the other hand, the DC bias routing design of Case 2 is shown in Fig. 3.7 (b). Its DC
bias routing is evenly distributed along both sides of the center of the unit cell. Because
the DC bias via is at the middle, although Case 2 is mainly a straight-line design, it is

necessary to add an arc when passing through the center to avoid the DC bias via of other

°* o

Q_k/u

(b)

Fig. 3.7. Basic DC bias routing designs. (a) Case 1. (b) Case 2.
26
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3.2.2 Minimizing and Dispersing the Modal Deterioration Area of Each

Mode — Case 3 and Case 4

It can be known that even if the DC bias routing extends along the weaker field area
when the RTA gradually expands, the unit cells near the edge of RTA will still be affected
by the increase in the number of stacked DC bias routing. Since the proposed unit cell is
a wideband design, there are three resonant modes, and there are relatively many areas
where resonance occurs on the unit cell, so piles of DC bias routing will inevitably affect
at least one mode, then cause the modal deterioration problem. For example, as shown in
Fig. 3.8 (a)(b), the DC bias routing design of Case 1 is mainly in the area on both sides
of the unit cell. When the RTA becomes larger (e.g. 16x16), the main resonance area of
lower modes will be covered. Similarly, the DC bias routing design of Case 2 is mainly
in the middle of the unit cell, and when the RTA becomes larger, higher modes across the

central area will start to be affected, as shown in Fig. 3.8 (c)(d).
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8x8 RTA 16x16 RTA

Case 1

\

(a) (b)

Case 2

.
&

(c) (d)
Fig. 3.8. Edge unit cell with Case 1 design in (a) the 8x8 RTA and (b) the 16x16 RTA,

and with Case 2 design in (c) the 8x8 RTA and (d) the 16x16 RTA.

The modal deterioration happens on every covered unit cell of the RTA. As shown in
Fig. 3.9 and Fig. 3.10, the blue area is the area where the lower modes are affected, and
the red area is the area where the higher modes are affected. For Case 1 and Case 2, when
the RTA expands, the transmission of some modes will be blocked, because the affected
area covers almost the entire RTA. On the other hand, since we don’t consider the usage
of discrete components for isolation of DC and RF signals, the modal deterioration
problem has a high possibility to lead the RF signal leakage along DC bias routing. The
isolation between DC and RF signals will be terrible when almost the entire DC bias

routing is coupled with RF signals.
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(a) (b)
Fig. 3.9. The affected area of (a) lower modes (colored in blue) and (b) higher modes

(colored in red) in the 8x8 RTA with Case 1 DC bias routing design.

(a) (b)

Fig. 3.10. The affected area of (a) lower modes (colored in blue) and (b) higher modes

(colored in red) in the 8x8 RTA with Case 2 DC bias routing design.

In order to solve the transmission blockage problem caused by the coverage of DC
bias routing on a large, multi-mode RTA, we propose an advanced DC bias routing rule
of "Minimizing and dispersing the modal deterioration area of each mode". The concept
is to prevent the modal deterioration areas from being too concentrated by dispersing the
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affected areas into small pieces. When these affected small areas are distributed in chaos

on the RTA, the transmission blockage problem can be alleviated.

— A O

(a)

T e

(b)

Fig. 3.11. Advanced DC bias routing designs. (a) Case 3. (b) Case 4.

According to the proposed advanced rule, Case 1 and Case 2 are mixed to get the
novel designs, as shown in Fig. 3.11, Case 3 is the two cases mixed in the same order on
both sides of the unit cell, and Case 4 is the two cases mixed in the opposite order on both
sides of the unit. The affected area of each mode are shown in Fig. 3.12 and Fig. 3.13.
Case 3 reduces the maximum affected area of each mode to a column size equivalently
and separates them by modes. Whereas Case 4 further reduces the maximum affected area
to almost half a unit cell, which is equivalent to a grid for both lower modes and higher
modes. In this way, the large united affected area on the RTA becomes small and dispersed,
which can improve the isolation issue and the transmission blockage when the size of the

RTA increases.
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(b)
Fig. 3.12. The affected area of (a) lower modes (colored in blue) and (b) higher modes

(colored in red) in the 8x8 RTA with Case 3 DC bias routing design.

(b)
Fig. 3.13. The affected area of (a) lower modes (colored in blue) and (b) higher modes

(colored in red) in the 8x8 RTA with Case 4 DC bias routing design.

3.3 Methods to Estimate DC Bias Routing Impact

In the design process of RTAs, people usually use the periodic boundary condition
(PBC) to design their antenna unit cells, and then add DC bias routing when expanding

into an RTA. As discussed before, DC bias routing will induce some problems, such as
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modal deterioration, terrible isolation, and transmission blockage. In order to understand
the transmission quality of RTA using different DC bias routing designs, the following

methods are used to initially estimate the impact of the DC bias routing.

3.3.1 Scattered Fields Simulation

RTAs can be used to receive plane wave signals from far away. In HFSS, "Incident
wave excitation" can be used to add plane wave excitation. The plane wave generated by
using this setting has an infinite range. It is usually used in HFSS to simulate the scattered
fields problem of finite-sized metal structures. In HFSS, the observation of scattered
fields can be specified. Unlike the free space wave method, the resulting scattered fields
will include the diffracted fields because of the infinite range of the excited plane wave.
So it is difficult to resolve the radiated fields in the scattered fields. Benefiting from the
concept of polarization rotation, the polarization direction of the diffracted fields and the
radiated fields are orthogonal in this work, as shown in Fig. 3.14. Therefore, as long as
the polarization direction corresponding to the radiated fields is selected, the radiated

fields can be preliminarily resolved from the entire scattered fields.

! %
117 117’
Incident field Scattered field
(Uniform infinite plane wave) (Reflected field + Diffracted field + Radiated field)

Fig. 3.14. Sketch of the scattered fields simulation.

Considering hardware resources, an 8x8 RTA is simulated. As shown in Fig. 3.15,

the length of the DC bias routing is 4 units, and the corresponding polarized plane waves
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are excited on both sides of the RTA. Each unit cell on the RTA is excited with the same

magnitude and phase, so each unit cell contributes the same proportion to the RTA.

Radiated field
. i} W e TN
Incident field \mﬁ\\; i JQ\
: s -
N e :
Ed,\‘ \%S’ Incident field
’“\1 & L &l
Radiated field

“

Fig. 3.15. Setup of the scattered fields simulation with an 8x8 RTA.

As the incident plane wave is assigned at different sides of the RTA, the DC bias
routing will become receiving side or transmitting side. The results are compared with
the RTA without routing. For a good DC bias routing design, the simulation results should
be as consistent as possible with the case without routing. Since the simulated structure
is a finite-size RTA, the resonant frequencies are not matched the S-parameters of the
proposed unit cell. Two frequencies near these modes are selected, which are 11 GHz for

lower modes and 12 GHz for higher modes.
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Fig. 3.16. Radiation patterns while the DC bias routing is at the receiving side. (a)(b) On

the cut plane perpendicular to the DC bias routing. (c)(d) On the cut plane parallel to the

DC bias routing.

First, the DC bias routing is at the receiving side. The radiation patterns on the cut
plane perpendicular to DC bias routing are shown in Fig. 3.16 (a)(b). The orange curves
are the benchmark. On this cut plane, the variation of the DC bias routing is like a
polarizer, so almost all cases fit the benchmark. On the other hand, the radiation patterns
on the cut plane parallel to the DC bias routing are drawn in Fig. 3.16 (c)(d). The results

imply that Case 1, which is the edge design, has the most impact on the lower modes,
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while Case 2, which is the center design, has the most impact on the higher modes. This

phenomenon meets the prediction in subsection 3.2.2.

Without routing Case 1 (Edge) Case 3 (Hybrid, Same order)
Case 2 (Center) Case 4 (Hybrid, Opposite order)
- Lower modes (11 GHz) 20 Higher modes (12 GHz)
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Fig. 3.17. Radiation patterns while the DC bias routing is at the transmitting side. (a)(b)

On the cut plane perpendicular to the DC bias routing. (c)(d) On the cut plane parallel to

the DC bias routing.

Second, the DC bias routing is at the transmitting side. Similarly, the radiation
patterns are shown in Fig. 3.17. The trend is similar to the previous discussion. It is worth
noting that for both advanced hybrid designs, the routing impact is relatively small than

that of those basic designs. Hence, the advanced hybrid designs perform better and reduce
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the routing impact of basic designs.

3.3.2 1-D Subarray Simulation

The aforementioned simulation method is greatly limited by hardware resources, so
the length of its DC bias routing is limited to 4 units. It is also known from the results that
in the scattered fields simulation, due to the short length, there is little difference between
the designs. In [6], [8], and [17], the unit cells in the middle of the RTA and the unit cells
on the edge of the RTA are put into PBC for simulation, and roughly estimate the influence
of the number of DC bias routing on the RTA. However, the equivalent simulated
structure is an infinite RTA, which does not contain the real DC bias routing. Besides,
their DC bias routing designs are all simple straight lines. However, the DC bias routing
design based on the proposed advanced rule will not be a simple straight line, which is
hard to be preliminarily simulated inside the PBC using 1x1 unit cell.

We want to validate the proposed advanced rule in various ways. Therefore, we take
advantage of the repeatability of the DC bias routing on the array scale and consider the
RTA to be composed of many 1-D subarrays containing the same DC bias routing. In this
way, we can reduce the consumption of hardware resources by placing this 1-D subarray
in PBC compared with the scattered field simulation, and it can also include a real DC
bias routing design. Here, an infinite array composed of such 1-D subarrays is
equivalently simulated in PBC, and all elements are excited with the same magnitude.
The incident wave is set to be normally incident because the oblique incident wave setting
on the PBC of the 1-D subarray is in conflict with the real condition. For a good DC bias
routing design, the simulation results obtained from the 1-D subarray simulation will be
quite close to the results obtained from the unit cell design, because both of these are

infinite arrays composed of the same unit cell, the difference is only the presence or
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absence of the DC bias routing. Since the DC bias routing is an additional structure, a

good DC bias routing design should make the incident wave feel as invisible as possible.

Port 2 Port 2
(As receiving side)/ (As receiving side)

l = "‘;K}i l
l/\«‘ “==/(As transmitting side) f- / (As transmitting side)
(a) (b)

Fig. 3.18. Setup of the 1-D subarray simulation. (a) 1x4 subarray. (b) 1x8 subarray.

The simulation setups are shown in Fig. 3.18. Since the DC bias routing is reduced
in half by using both sides of the RTA, the 1x4 subarray is simulated for the 8x8 RTA.
Usually, as the RTA becomes larger and larger, the routing impact is also getting serious.
Benefiting from the less required computational resources of the 1-D subarray simulation,
a larger 1-D subarray can be simulated to estimate the routing impact on a larger RTA.
Therefore, the 1x8 subarray is also simulated to estimate the routing impact on the 16x16
RTA, as shown in Fig. 3.18 (b). However, the Floquet ports on the elongated rectangular
boundary contain lots of high-order modes. As a preliminary estimation, considering the
hardware resources and the computational time, not all higher modes of Floquet ports are
included. For the 1x4 subarray, 6 modes are included, while 14 modes are included in the
1x8 subarray. Also, because the actual RTA is not infinite, the simulation results cannot
fully represent the real situation. Therefore, there are some numerical errors in the 1-D

subarray simulation. Here only the main trend of curves is considered.
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Port 1 and Port 2 are set as same as the unit cell simulation in Chapter 2. Here, these
ports have additional meanings, which is the DC bias routing being the receiving side or
the transmitting side. The simulation results of the 1-D subarray are shown in Fig. 3.19,

where the orange curves are the S-parameters of the 1x1 unit cell without routing.
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Case 4 (Hybrid, Opposite order)
s 1x8 subarray

S 1x4 subarray

ISulwB)
Sul (4B)

10 I 12 3 14 9 10 % 12 13
Frequency (GHz) Frequency (GHz)
(a) (b)

IS,,/ (dB)
IS,,/ (dB)

10 I 12 13 49 10 T 2
Frequency (GHz) Frequency (GHz)
(c) (d)

IS/ (@B)
S5 (dB)

10 1 12 3 TR 10 I 12 13
Frequency (GHz) Frequency (GHz)
(e) (H)
Fig. 3.19. The S-parameters of all DC bias routing cases obtained from the 1-D subarray
simulation, where (a)(c)(e) are from the 1x4 subarray and (b)(d)(f) are from the 1x8

subarray.
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First, there are many numerical errors in the results of the 1x4 subarray, which
implies that the 1-D subarray simulation may have some convergence problems. Based
on these results, all cases keep the overall shape of Si1 and Sz, but it is hard to analyze
the difference between them resulting from the design way or the numerical errors.

Second, as the size gets larger, the numerical errors greatly increase in the results of
the 1x8 subarray. The overall shape of Si1 and S are heavily affected. Similarly, it is
almost impossible to find the reasons that result in the difference, especially in a longer
1-D subarray. However, with carefully observation, Case 4 is rather stable regardless of
the array size among all cases.

In conclusion, although the correctness of the results in the 1-D subarray simulation
is still needed to be verified, the advanced rule has a high possibility to improve the DC
bias routing design and eliminate the routing impact according to both simulation

methods in section 3.3.
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Chapter 4 Experimental Setup and Measurement

Results

4.1 Enlarged Single Cell Verification Using Waveguide

Measurement Technique

4.1.1 Setup of Waveguide Measurement Technique

In [7], [8], [10], and [19], a single unit cell is placed inside waveguides, where
waveguides are used to model the PBC. The measured results can be compared with the
simulated results of using the PBC in HFSS. The waveguides in use are WR-90 X-band

waveguides.

Fig. 4.1. The rectangular-to-square waveguide transition with tape for insulation.

Because the shape of the unit cell is square, a rectangular-to-square, 5-mm thick
aluminum waveguide transition is built to transform the aperture. However, the size of
the unit cell is too small, causing the cutoff frequency of such a square aperture is higher
than the operating band. Thus, the lattice size of the unit cell and the square aperture of
the waveguide transition is set to be 15 mm x 15 mm, as shown in Fig. 4.1. The metallic
waveguide transition and WR-90 X-band waveguide may cause additional DC leakage,
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so tapes are added outside the aperture of waveguide transition for insulation.

Wave port
Floquet port (WR-90 X-Band waveguide)

Periodic boundary Radiation boundary

(2) (b)

Fig. 4.2. The simulation setup of (a) the HFSS PBC, and (b) the HFSS WG.

The measured results are compared with two kinds of simulation in HFSS, which
are shown in Fig. 4.2. The first one is (a) the enlarged single cell inside the PBC. The
second one is (b) the waveguide (WG) simulation which contains the waveguide
transitions and uses wave ports. There is a via wall that surrounds outside the aperture to

keep the waveguide continuous.
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Fig. 4.3. (a) The top view and bottom view of three substrates of AUT. (b) The

combination of three substrates with a plastic screw.

The top view and the bottom view of the enlarged single unit cell prototype are
shown in Fig. 4.3 (a). As mentioned in Chapter 2, there are three substrates being
fabricated respectively. To control PIN diodes, a simple DC bias line is connected to the

center via, which is also the screw hole. The combination of these substrates is shown in
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Fig. 4.3 (b).

(b)

Fig. 4.4. Connection of PIN diodes (a) in layout and (b) after fabrication.

Before measurement, we observed some fabrication errors. In the unit cell design,
the dimension of the pad for PIN diodes soldering was designed as same as the dimension
of PIN diodes’ mounting pads, which is the ideal case. While drawing the layout, the pad
size and location were suggested in the MA4AGP907 datasheet [22]. However, the
distance between pads was miscalculated in the Altium component library, which didn’t
be found before fabrication, as shown in Fig. 4.4 (a). Besides, since the size of PIN diodes
is too small, the PIN diodes were placed by hand. Therefore, the bare-copper pads caused
the PIN diodes to be rotated counterclockwise. Here, we consider the wrong pad location
in the pre-simulation and suppose all PIN diodes are rotated 45° in the post-simulation,
as shown in Fig. 4.4 (b). Although the S-parameters will be affected, the measurement

can still help us to verify the correctness of the simulation.
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WR-90 X-Band Waveguide

——— ._4

Fig. 4.5. The measurement setup of the waveguide measurement technique.

The measurement setup is shown in Fig. 4.5. Since the measurement includes the
DC bias, the DC blocks are added to protect the VNA. The two waveguides are placed
orthogonally to measure the correct polarization of the unit cell. The opposite polarity of

the DC bias is given to generate two phase shifts of the 1-bit phase quantization.

4.1.2 Measurement Results

The measured frequency range is from 9.25 GHz to 11.25 GHz for two reasons. First,
the operating frequency of the WR-90 X-band waveguide is from 8.2 GHz to 12.4 GHz.
Second, the resonant frequency of the enlarged single cell is not as wideband as before,
so we measure the first resonant mode only. But the setting in HFSS is up to 12.4 GHz in

the both simulations.
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Fig. 4.6. The simulated and measured (a) Si1, (b) S22 and (c) Sz1.

The S-parameters are shown in Fig. 4.6. The green curves and the orange curves

represent the 0° phase shift unit cell and the 180° phase shift unit cell, respectively. The

red curves and the blue curves represent the HFSS PBC simulation and the HFSS WG

simulation. The S-parameters of the enlarged single cell are deteriorated, but there are

still multiple resonant modes. The post-simulated results are more fitting to the measured

results. The curves of both phase shifts unit cells are close to each other and have the

same trend as the HFSS PBC simulation and HFSS WG simulation.
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Fig. 4.7. A closer look of PIN diodes soldering.

There is still a frequency mismatch. As shown in Fig. 4.7, the hand-placed PIN

diodes have different amounts of tin and different tilt angles. These factors are hard to be

modeled in the post-simulation. It should be the reason why the post-simulated results

didn’t perfectly match the measured results, and why the results of 1-bit unit cell pairs

have slight differences.
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Fig. 4.8. The measured transmission phase of the 1-bit unit cell pairs.
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Fig. 4.9. The Sz of the 0° phase shift unit cell under different PIN diode current (Ipv).

On the other hand, the phase difference of the 1-bit unit cell pairs is shown in Fig.
4.8. It keeps near 180° in the entire frequency range. Moreover, the measured S»; of
different current values that flow across PIN diodes (Ipiv) is shown in Fig. 4.9. It reveals
that for our proposed unit cell, the current value when PIN diodes are turned on will not
affect the RF transmission performance. The result verifies the reconfigurability of the
proposed unit cell and the RLC model of PIN diodes in HFSS. In conclusion, excludes
the complicated effect due to mounting by hand, the measured results fit the simulated
results, and the proposed 1-bit unit cell pairs have similar transmission characteristics and

180° phase difference controlled by opposite DC bias polarity.
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4.2 Beam Steering Experiment at 11.5 GHz

4.2.1 Setup of the Prototype RTA with Microcontroller (MCU)

Fig. 4.10. The setup of the beam steering measurement.

An RTA based on the proposed unit cell and the DC bias routing design is fabricated
to verify the beam-steering capability. The measurement setup is shown in Fig. 4.10. The
measurement has been established in the anechoic chamber and performed at the center
frequency, which is 11.5 GHz. There are three components in the setup, the RTA based
on the proposed unit cell and the DC bias routing design, the phase control circuit, and

the holder with the feed source.
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Fig. 4.11. The (a) top view and the (b) bottom view of the 8x8 RTA.

First is the RTA based on the proposed unit cell and the DC bias routing design.
Limited by the fabrication cost, an 8x8 size is chosen as a small prototype, which is also
for simulation convenience as discussed in subsection 3.3.1. Therefore, the fabricated
RTA in this section is used only for the validation of beam-steering capability. A total of
256 PIN diodes and 64 plastic screws are used, as shown in Fig. 4.11 (a). At this time, we

have fixed the pad location problem in subsection 4.1.1, but the PIN diodes were still
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placed by hand. At the middle layer, two GND pins are added to provide the DC ground
in case. The PCB size is larger than the RTA to leave space for DC pins. In section 3.2,
four DC bias routing designs are proposed in which Case 3 and Case 4 are based on our
advanced DC bias routing rule. Here, we fabricate Case 4 based on its good simulated
results in section 3.3. Outside the RTA, the DC bias routing is extended as a straight line,
which follows the basic DC bias routing rules. At the end of each DC bias routing path, a
total of 64 current-limiting resistors are added because the DC source is provided by MCU,

where the total current is limited. Also, 64 DC pins are added for the wire connection, as

shown in Fig. 4.11 (b).

o
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<
7]

ANALDG TN/ 3y

(b)
Fig. 4.12. Components of the phase control circuit. (a) Arduino Uno. (b) Centipede shield

V2.

The second part is the phase control circuit, as shown in Fig. 4.12. To control the
small prototype 8x8 RTA, an Arduino Uno is chosen to be the MCU. However, the I/O
ports are not enough to control all unit cells. Therefore, a Centipede shield V2 [23] is
added to provide additional 64 1/O ports. These ports are connected with the RTA through
Dupont wires. To control the DC bias of each unit cell, the MCU should provide a positive
bias and a negative bias with respect to the GND pin. But the Arduino Uno can only

control its output pins to be 5 V (HIGH) or 0 V (LOW).
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Fig. 4.13. The DC equivalent circuit model of (a) the proposed unit cell and (b) the 8x8

RTA.

The DC equivalent circuit model of the proposed unit cell is shown in Fig. 4.13 (a).
Referring to Fig. 2.3 (c), two PIN diode pairs are placed in opposite orientations. When
the DC pin gets a positive bias, the blue pair will be turned ON and the red pair will be
turned OFF at the same time. Similarly, when the DC pin gets a negative bias, the blue
pair will be turned OFF and the red pair will be turned ON at the same time. The
equivalent circuit of the 8x8 RTA is shown in Fig. 4.13 (b). The unit cells in the same
group are shunted together and all unit cells are connected to the same GND. When blue
PIN diode pairs are turned ON, it will force the voltage across to be near 1.5V, then the
voltage across all red PIN diode pairs is still positive. Thus, unless all unit cells are
assigned to have the same phase shift, the GND can be floated, then the MCU is used to

assign each unit cell to be in the HIGH group or in the LOW group.

Itotal = N Igign = (64 — N) - I ow 4.1)
(IHIGH + ILOW) - R = (5 - 2 " 15) V (42)
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To determine the resistance of the limiting current resistors, suppose there are N unit
cells in the HIGH group and 64 — N unit cells in the LOW group, the KCL and the KVL
are as (4.1) and (4.2). The current flowing into the unit cell in the HIGH group (Iuign)

and the current flowing into the unit cell in the LOW group (ILow) can be solved as (4.3).

64 — N
Ihicgh = —455—=2" IPIN,HIGH
32R (4.3)

ILow = 32R = 2 IpiNLow
When performing beam steering, the number of unit cells in the HIGH group and LOW
group are different, which makes Ipiv, miga # Ipmv, Low. In subsection 4.1.2, the measured
results reveal that the current value of PIN diodes doesn’t influence the RF transmission
performance. Therefore, considering the power capability of the MCU, we choose the
resistance R to be 25 Q, which limits the current to under 20 mA. In addition, two 4.2 V

batteries are series to provide the DC power.

AN\
- |

! l\’

Fig. 4.14. The focal length and the diameter of the RTA.

The last part is the holder with a feed source. The holder is made of acrylic board.

The feed source is a pyramidal X-band horn antenna (Ainfoinc LB-90-10-A [24]), whose
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beam pattern can be modeled as cos%(0) with q = 10. The RTA size D is equal to 76.8 mm,
which is limited by the fabrication cost. The f'is chosen to make sure the receiving power
from the horn antenna at the edge of the RTA is -10 dB, thus the {/D ratio is 0.755, as

shown in Fig. 4.14. The oblique incident angle is around 33.5° at the edge of the RTA.

4.2.2 Phase Distribution Optimization

At such a distance, the incident wave will be a spherical wave but not a plane wave.
The phase distribution for beam steering is needed. The quantized phase distribution is
calculated by (1.1) and (1.2). In [13], an optimized phase distribution for the broadside
main beam can be calculated. Besides, the optimized broadside phase distributions in the
entire operating band are all the same because the prototype RTA is too small to provide

enough phase variation.

(a) (b) () (d)

Fig. 4.15. The optimized phase distribution of the 8x8 RTA for 0 = (a) 30°, (b) 40°, and

(c) 50°, and (d) the non-optimized phase distribution of the 8x8 RTA for 6 = 40°.

As for the phase distribution optimization in each steering angle, the formula in [13]
i1s no more applicable in our small prototype RTA. For example, the optimized phase
distribution for 40° will cause the main beam point to 30°, while the optimized phase
distribution for 50° will make the main beam point to 40°. As shown in Fig. 4.15, the
optimized phase distribution for 50° is quite similar to the non-optimized phase

distribution for 40°, which has much phase variation compared with the optimized one.
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4.2.3 Measurement Results in Anechoic Chamber

After the phase distribution optimization, the feasibility of the beam steering and the
correctness of the simulation are validated in this subsection. Here, we didn’t compare
the difference between all DC bias routing cases in the simulation. The reason is that the
routing impact is affected by the array size. Due to the small size of the 8x8 RTA, the
distance between the RTA and the horn antenna is only 2.23Ac, so the coupling between
the horn antenna and the DC bias routing cannot be ignored. Therefore, it is hard to
analyze and extract the routing impact caused by different designs in this small prototype

RTA measurement.
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Fig. 4.16. The broadside gain plot of the 8x8 RTA.

The simulated and measured broadside gain are shown in Fig. 4.16. The measured
broadside gain is 9.1 dBi at 11.5 GHz, with the 3-dB gain bandwidth of 25% and the
related aperture efficiency of 7.5%. On the other hand, the radiation patterns of different

beam steering angles at both principal planes at 11.5 GHz are shown from Fig. 4.17 to
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Fig. 4.21. The steering angle is from 6 = 0° to 40°, which is limited by the array size and
the resolution of quantized phase distribution. Also, the sidelobe levels of all steering

angles at both principal planes are summarized in Table 4.1.
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Fig. 4.17. Radiation pattern of the 8x8 RTA with steering angle 6 = 0° at (a) the E plane

and at (b) the H plane.
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Fig. 4.18. Radiation pattern of the 8x8 RTA with steering angle 6 = 10° at (a) the E

plane and at (b) the H plane.
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Fig. 4.19. Radiation pattern of the 8x8 RTA with steering angle 6 = 20° at (a) the E

plane and at (b) the H plane.
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Fig. 4.20. Radiation pattern of the 8x8 RTA with steering angle 6 = 30° at (a) the E

plane and at (b) the H plane.
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Fig. 4.21. Radiation pattern of the 8x8 RTA with steering angle 6 = 40° at (a) the E

plane and at (b) the H plane.

Table 4.1. The sidelobe levels of all steering angles at both principal planes.

Steering angle 0 0° 10° 20° 30° 40°
SLL at E plane (dB) | 13.2 11.9 7.6 9.5 1.2
SLL at H plane (dB) | 15.1 3.6 3.7 4.8 2.2

The measured maximum steering gain losses of the E plane and H plane are 2.3 dB
and 3.3 dB, respectively. It is apparent that the measured peak gain and the simulated
peak gain have at least a 5 dB difference within the operating band and even in every
steering angle. Also, the measured radiation patterns do not exactly align with the
simulated radiation patterns where the error is more severe at a large steering angle. The
following are the possible reasons.

First, as discussed in section 2.4, the oblique incidence will increase the insertion
loss near 11.5 GHz. Not all unit cells on the RTA has a large oblique incident angle,
therefore, the average insertion loss is approximately 0.5 dB.

Second, as mentioned in subsection 4.2.1, the PIN diodes were still placed by hand.
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Each PIN diode has its unique tilt angle. Similar to the post-simulation in subsection4.1.1,
aunit cell with all PIN diodes rotated 45° is simulated. As shown in Fig. 4.22, the insertion

loss at 11.5 GHz increases by near 2.3 dB.

—— The ideal unit cell
— The unit cell with tilt PIN diodes

8,11 (dB)

-45
9

10 T 2 3 14
Frequency (GHz)

Fig. 4.22. The Sz of unit cells in the post simulation.

Third, some unit cells are “dead” either due to soldering failure of PIN diodes or PIN
diodes damage when assembling three substrates using screws. It is hard to check which
PIN diode is broken because all PIN diodes are shunt pairs by pairs. The confirmed broken
PIN diode pairs are shown in Fig. 4.23. Although these unit cells are actually “half-dead”,
the phase quantization error can be minimized by carefully assigning the phase

distribution.
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Fig. 4.23. The confirmed broken PIN diode pairs marked by red lines on the 8x8 RTA.

The last error factor is the additional structures, such as the acrylic holder and the
Dupont wires around the RTA and the feed source. These additional structures are not
included in the simulation. Besides, lots of ripples exist in the measured radiation pattern
indicate that the additional structures need to be considered as part of the antenna aperture,
especially when the main beam steers to a larger angle. All the error factors are
summarized in Table 4.2.

Table 4.2. Gain loss factors analysis.

Loss factors analysis Approximate loss (dB)
Oblique incidence error 0.5
Fabrication error 2.3
Distribution error 1
Additional structures 0.5

4.2.4 Comparison with Other Works

Table 4.3 compares the important parameters of the RTA with other related works.
As a small prototype RTA, whose {/D ratio is not optimized, its gain and aperture
efficiency are worse than all other works. Also, the measured Ipiv is near 5 mA, which is

limited by the current-limiting resistors, the Arduino Uno, and the Centipede shield. Thus
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the total DC power consumption of the RTA itself is approximate 0.96 W.

On the other hand, the 3-dB gain bandwidth achieves 25% and the steering loss is

less than 3.3 dB. The wideband characteristic of the proposed unit cell is verified by the

small prototype RTA. The bandwidth is better than most of works except of [18]. The

reason is that [18] is twice as thick as our work and is designed at lower frequency.

Although there are some fabrication consideration that degrade the results and limit the

performance, the reconfigurability of the wideband 8x8 prototype RTA is verified and the

steering angle is up to 40° at both principal planes.

Table 4.3. Comparison with other RTAs.

DC . 3-dB (1-dB) .
Ref Freq. 3-D size in e | power Gain Ca gain BW Steering angle/loss
" | (GH ¢ dBi) | (°
(GHz) W) (dBi) | (%) ) E (dB) x H (dB)
[6] | 128 | 5.2x52x0.14 | N/A | 184 | 202 | 9.4 (N/A) | 50° (4.2) x 40° (3.4)
[11] | 10 10x10x0.1 | 48 | 227 | 16 | 15.8(N/A) | 40° (2.8) x 70° (7.6)
[12] | 122 | 8x8x0.19 | N/A | 22.1 | 21.2 | 12.3 (N/A) | 60° (4.8) x 60° (3.3)
[17] | 10 5%5%0.14 14 | 191 | 258 | 159 (N/A) | 50° (2.8) x 50° (3.4)
[18] 5 | 47x4.7x0.16 | N/A | 168 | 184 | 45(17) | 40° (2.3) x 40° (2.3)
Thi
wor‘; 115 | 2.9x2.9x0.07 | 0.96 | 9.1 | 7.5 | 25(14.7) | 40° (2.3) x 40° (3.3)
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Chapter 5 Conclusion and Future Work

5.1 Conclusion

In this thesis, a wideband 1-bit reconfigurable unit cell for beam-steering
transmitarray is proposed. Four PIN diodes are added and can be controlled by using only
one DC bias line. The proposed unit cell generates opposite polarization by performing
polarization rotation without using any polarizer layers and air layers. The simple
structure is easy to be fabricated and has a wide operating band at the same time. The
reconfigurability of the proposed unit cell has been verified by using the waveguide
measurement technique. The 3-dB insertion loss bandwidth is 23.8% and the minimum
insertion loss is 0.798 dB.

Besides, four designs of the DC bias routing without using RF chokes are proposed
according to the routing analysis. Case 1 and Case 2 are based on the basic DC bias
routing rules, while Case 3 and Case 4 are based on the proposed advanced DC bias
routing rule. That is, the DC bias routing design of a wideband, multi-modes FSS-based
unit cell without polarizer layers should minimize and fragment the mode destruction area
of different modes. In addition, two simulation methods for estimating the impact of the
DC bias routing are proposed in this work.

Limited by the fabrication cost, a prototype 8x8 RTA consisting of the proposed
unit cell and the DC bias routing design is fabricated and tested. The measured broadside
gain is 9.1 dBi and the related aperture efficiency is 7.5%. The analysis of gain loss factors
has been done. The RTA has a 3-dB gain bandwidth of 25% and achieves a beam steering

angular range of 40° with a steering loss of less than 3.3 dB at both principal planes.
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5.2 Future work

In Chapter 2, the proposed unit cell needs a plastic screw to fix three substrates,
which made it difficult to assemble a large RTA. On the other hand, PIN diodes were
placed by hand, which caused PIN diodes to be sometimes flaked during combination.
Also, only a small prototype RTA using less than 100 elements is fabricated in this work,
whose performance is not good enough due to its limited size. The fabrication cost of
components in the RTA is listed in Table 5.1. In the future, we will keep finding a suitable
manufactory to make our unit cell much robust and fabricate a larger RTA in a low-cost
way for beam-steering applications.

Table 5.1. The fabrication cost of components in the RTA.

Components in the 8x8 RTA Cost (NTD)
PCB fabrication 75000
PIN diodes 53000
Acrylic holder 3000
Phase control circuit 1000
Total 132000

On the other hand, in section 3.3, the preliminary simulation methods for estimating
the routing impact are assuming that the incident wave is a uniform plane wave so that
we can compare the difference only caused by routing designs. These methods are suitable
for a large-size RTA. As for a small-size RTA, there are a lot of factors to consider, such
as phase distribution, spherical incident wave, and coupling with the feed source. In the
future, we will keep studying to find a simple way to estimate the routing impact for
small-size RTA despite that it is quite time-consuming and corresponds to a very

complicated mechanism.
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