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This research focuses on developing uniform circular antenna arrays (UCAs) for the generation
and application of orbital angular momentum (OAM) modes at millimeter-wave (mm-wave).
Uniform circular arrays offer the potential of implementing a planar compact solution for
emulating a twisted wave. In theory, multiple twisted waves can be multiplexed on one channel
to increase communication capacity. In this dissertation, four main efforts have been undertaken
to advance OAM designs for radio waves. First, an OAM-UCA factor using the cylindrical
coordinate system has been derived and simulated in MATLAB, which can give the correct
radiation pattern and phase distribution results in seconds, compared to time-consuming
electromagnetic (EM) simulation. The OAM-UCA factor has been verified using the simulated
and measured results, which shows its correctness. Secondly, based on the OAM-UCA factor
and the intrinsic properties of OAM, a quantitative method to verify the OAM mode purity
generated by the UCA has been developed. This capability can provide insight to optimize
OAM-UCAs without lengthy design efforts. Thirdly, dipole UCAs have been realized for

generating OAM mode 1 and 3 at lower E-band (71 to 76 GHz) by using 0.127 mm thickness

Vi



FR408 substrate. To improve the radiation gain, patch UCAs on a different packaging material
have been realized for generating OAM modes 1, 2 and -3. Finally, 8-patch OAM-UCAs have

been fabricated for the demonstration of the OAM radio link at the WiFi band (2.4 GHz).
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The explosive growth in the number of wireless devices and the demand for portable
information content has led to the need for modern wireless systems with higher and higher
communication capacity, and this trend will keep increasing as 5G comes [1]. Based on
Shannon’s theory, one direct method to increase communication capacity is to increase the
bandwidth, which is one of the reasons to move to higher frequency bands, where more
bandwidth can be occupied. The Federal Communications Commission (FCC) has granted the
use of the higher frequency spectrum for future wireless systems such as 28 GHz and 39 GHz
[2]. Based on Nokia, using 32 GHz, the link capacity can be 5 Gbps and the latency would be 50
us [3], if utilizing V-band or E-band, the link capacity can achieve 20 Gbps with only 10 ps
latency. However, all of these achievements are based on more bandwidth with the higher carrier
frequency, therefore it is important to develop new methods to increase channel capacity for
applications including 5G mm-wave wireless systems. One promising approach to increase
capacity that has been explored in optics and radio frequency (RF) is the use of orbital angular
momentum (OAM) [4], [5] [32], which is based on the OAM modes orthogonality. Other than
frequency division multiplexing (FDM), time division multiplexing (TDM), polarization division
multiplexing (PDM) and code division multiplexing (CDM), OAM provides a new dimension —
OAM mode division multiplexing (MDM) to increase communication capacity. In 2012, the
researchers in [6] successfully conducted the first OAM multiplexing based radio

communication experiment at 2.4 GHz. In 2018, Nippon Telegraph and Telephone (NTT)



Corporation successfully demonstrated a 100 Gbps wireless transmission system using orbital
angular momentum (OAM) multiplexing at 28 GHz [7], [8]. In [9], the researchers claimed that

the combination of OAM and mm-wave or even THz will be applied in 6G.

1.2 Orbital angular momentum concept

In theory, OAM can be generated from the Laguerre-Gaussian (LG) modes, which are the
solutions of the paraxial Helmholtz equation under the cylindrical coordinate system [10], where

the expression of the LG mode - u(r, ¢, z) is given in 1.1:

Il

u(r,g,2) = S (3

w(z) \w(z)

—r2 2r? . 2 . . .
exp (Wzr(z)) Llél (Wzr(z)) exp <—Lk 2;(2) —ikz + u,b(z)) exp(—ilp)

(1.1)

In equation 1.1, the last term - exp(—ilep) is the OAM term, where [ is the OAM mode

order which can be any integer, and it indicates that the OAM beam has a helical phase front
with a 2ml phase twist. When [ = 0, it is a plane wave, which means the phase distribution at a
plane perpendicular to the transmission direction is unique. When ! # 0, the phase distribution at
that plane will change with the azimuth angle ¢, and the wavefront will be vortex-like, and the
polarity of [ will contribute to the phase changing direction with respect to ¢. Figure 1.1 shows

the properties of the LG beams carrying different OAM modes.

1.3 Orbital angular momentum radio beam generation

The first and most important step for OAM based radio communication is how to

generate a radio wave carrying OAM. One way to do so is by passing a plane wave through a



spiral phase plate (SPP) [11]-[12]. The SPP introduces a specific phase delay to generate an

OAM mode by its thickness, which varies azimuthally based on 1.2:

Intensity Phase Wavefront
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- B @

Figure 1.1. Intensity and phase of LG

=

odes of different orders [10].

S=1/(n—1) (1.2)

Where S is the step height, n is the refractive index of the phase plate material, and [ is

the OAM mode that the SPP generated [11].

However, the SPP is usually too large to realize a light-weight and miniaturized system,
which will limit its applications. In [13], the SPP radius realized by the authors is 15 cm for an E

band communication system, and Figure 1.2 shows the SPP structure realized in [13].

A time-switched array (TSA) or time modulated circular antenna array (TMCA) can also
be a solution to generate OAM radio beams [14], [15]. In [14], the authors’ theoretical simulation
results verified that a circular TSA can be configured to generate OAM radiation modes at the
frequencies of f, + [ - f;, where f, is the fundamental frequency, [ is the OAM mode order, and

fs 1s the overall switching frequency, which equals 1/Ts, and Ty is the overall sequence switch



period (the time to sequentially switch all the array elements). The perfect OAM mode can only
be generated at a single frequency point, and if a wideband signal is transmitted, it will be
distributed over different OAM modes, which will be a challenge for the receiver. Increasing f;
can avoid this, but high-speed RF switches are required. This dilemma will limit its application

in the millimeter-wave domain.

P

(a)

(c)
Figure 1.2. The SPP structure realized in [11].

(b)

Several researchers utilized a horn antenna to generate OAM radio beams [16]-[20]. In
[16], the authors integrated the conventional horn antenna with a single-layer perforated planar
dielectric lens by covering its aperture to generate OAM mode 1 at 50 GHz. One can treat this as
a special case of SPP application for OAM radio wave generation. In [17], [18], the authors
proposed a novel method to generate higher-order OAM modes based on a conical horn antenna.
This method utilizes the two orthogonal polarization degenerate TE,,, modes in a circular
waveguide through a mode-transformation section. Based on their theoretical analysis, the design

can achieve OAM mode m at r and ¢ direction and mode m — 1 at x — and y —direction. In



[19], [20], the authors realized higher-order OAM modes generation by combining the different

TE,,,, modes in a horn antenna with SPP.

Generating OAM radio waves using uniform circular arrays (UCA) is an attractive
method, since it is compact and easy to fabricate. [21] illustrated the requirements for a N-
element UCA to generate OAM mode [, which indicates that the power fed to each element
should be equal and have a 2ml/N phase shift between adjacent elements, and the minimum N

should be 21| + 1.

Initially, some researchers took the concept of OAM as the angular momentum (AM).
Based on [10], AM is a measure to describe the amount of dynamical rotation that exists in the
electromagnetic (EM) field. Besides transmitting in a straight line, an EM beam can also be
“rotating” around its own axis, and this “rotating” contains two parts: “spinning” and “twisting”.
Therefore, AM is the combination of spin angular momentum (SAM) and orbital angular
momentum (OAM), where SAM controls the polarization, and OAM controls the twisted
wavefront. In [21]-[23], the authors built circular antenna arrays to generate “OAM” radio
waves, however, the antenna elements in the array were all not in the same polarization, and their
observation in the simulation and measurement were the properties of AM not OAM. This was
already verified by [24], where one should extract the OAM mode from the AM mode by
involving the SAM. The simplest method to extract the OAM mode is by making the SAM = 0,
corresponding to linear polarization (LP). The array in [25] is the first reported linearly polarized
circular patch array to generate OAM mode -1 at 10 GHz, where the array was realized on a 1.6

mm thickness FR4 substrate with an overall diameter of 60 mm.



1.4 OAM beams for RF communication state of the art

The theoretical foundation that using OAM can increase communication capacity is
based on the fact that different order OAM modes are orthogonal to each other. This
orthogonality feature allows for multiplexing and de-multiplexing different OAM modes
carrying independent data, as a result, the total channel capacity and spectral efficiency can be
increased [5]. In [6], the first experimental OAM-based radio communication link was built and
demonstrated by involving two radio beams over a distance of 442 meters at 2.4 GHz. The
authors have experimentally transmitted two data beams at the same frequency channel but
encoded two different OAM modes. An untwisted radio beam with OAM mode 0 and the twisted
one with OAM mode +1 were transmitted in parallel using a Yagi-Uda antenna and a helicoidal
parabolic antenna at 2.4 GHz. The two beams were differentiated by the differential output of a

pair of antennas at the received side over a distance of 442 meters.

In [5], the authors demonstrated a high-capacity millimeter-wave link at a carrier
frequency of 28 GHz using four independent OAM beams with 2 polarizations in a laboratory
environment, increasing the data rate by a factor of 8, thereby achieving 32 Gbps (1 Gbaud x 4
bit/symbol x 4 OAM beams x 2 polarizations). Eight multiplexed OAM beams were generated
using SPPs and transmitted along the same spatial axis through 2.5 meters. They were
sequentially recovered using the appropriate SPP, which can untwist an OAM beam back to an

approximate Gaussian beam and be efficiently coupled into the receiver antenna.

In [26], the anthors presented a short-range experimental OAM based 60 GHz
communication link using patch antenna arrays. The propagation distance, in that case, was 15

centimeters. The authors stacked a four-element patch array for generating OAM mode -1 with



an eight-element patch array for generating OAM mode +2 to multiplex two OAM beams at the
transmitter. At the receiver, the team used an SPP to demultiplex desired OAMs independently.
Thereby 8 Gbps (2 Gbaud x 2 bit/symbol x 2 OAM beams) mm-wave wireless communication

link was achieved.

The most recent work by Nippon Telegraph and Telephone (NTT) corporation
successfully demonstrated a 100 Gbps OAM based wireless transmission system at 28 GHz,
where they achieved bit error rate (BER) free transmission over a distance of 10 meters by using
OAM mode -2, -1, 0, +1, and +2, and the transceiver designed was based on two 16-element

antenna arrays and one single antenna [7], [8], [27].

1.5 Dissertation Outline

The dissertation is organized with the following structure: Chapter 2 gives the concept of
the uniform circular antenna array (UCA) factor for orbital angular moment (OAM) mode
generation, and introduces a simple method to check OAM mode purity. Chapter 3 illustrates the
study of OAM generating at lower E-band (71-76 GHz) using dipole UCAs. Chapter 4 presents
the patch OAM-UCA at 67 GHz. Chapter 5 provides the experiments using 2.4 GHz patch UCAs
for an OAM wireless communication demonstration. The conclusion and future work are

detailed in Chapter 6.



CHAPTER 2

OAM-UCA FACTOR IN THE CYLINDRICAL COORDINATE SYSTEM

2.1 Introduction

As illustrated in Chapter 1, orbital angular moment (OAM) is supported by Laguerre-
Gaussian (LG) modes, where the LG modes are the solutions of the paraxial Helmholtz equation
under the cylindrical coordinate system [10]. The uniform circular array (UCA) can be used to
generate a radio beam carrying LG modes, which is a radio beam with OAM. As mentioned in
Chapter 1, besides the antenna type, the OAM-UCA radiation performance is determined by the
number of elements (N) and the radius (a) of the array. The traditional OAM-UCA design
process based on EM simulation tools is shown in Figure 2.1, the criterion to verify whether an
OAM-UCA is good or not is to check its radiation pattern and phase distribution results, and also
the feasibility of realizing the feed network in practical terms. To optimize an OAM-UCA’s
radius and the number of elements for a given OAM mode [, the optimization process in the EM
simulation tools like ANSYS HEFSS, can take hours or even days. The initial motivation to
develop the OAM-UCA factor design method is to get rid of the time-consuming EM simulation
process, with the method one is able to determine the radiation pattern and phase distribution

results quickly for the UCA formed by ideal radiators.

Bad
le a'}]. | —
Simulation results Good
Good
OAM | Nya, —- (radiation pattern, , Feednetwork — BT
mode ! phase distribution) realization
Ny ay Bad

Figure 2.1. The traditional OAM-UCA design process based on EM simulation tools.



The radio beams generated by the traditional antenna and its array are usually analyzed in
the spherical coordinate system [28]. However, for the radio beams carrying non-zero OAM
modes, the spherical coordinate is not suitable, because of the requirement to utilize the phase
distribution information on a plane which is perpendicular to the radio beam propagation
direction. Based on the orthogonality property among different OAM modes, the phase
information can be used to do the multiplexing and de-multiplexing. In the spherical coordinate
system, expressing the radiation phase result on a plane is not convenient, while the cylindrical
coordinate system will provide a straightforward result. This is the intrinsic motivation to use the
cylindrical coordinate system rather than the spherical one to express OAM radio beams
generated by UCAs.

This chapter focuses on the OAM-UCA factor application in the design process based on
MATLAB simulation. The OAM-UCA factor in cylindrical coordinates has been programmed
with MATLAB, and used to optimize the radiation performance and sidelobe level. This
information can be used in advance to predict the number of elements and the radius of the
OAM-UCA, instead of running lengthy EM simulation in the traditional design process. The
measured results of a 73 GHz 8-patch UCA sample matches the simulation results, and verifies

the correctness of the OAM-UCA factor and MATLAB code.

2.2 OAM-UCA factor in the cylindrical coordinate system

Figure 2.2 depicts a N-element UCA and the corresponding parameters in the cylindrical

coordinate system, its accumulated E-field distribution at field point (7, ¢, z) can be written as:

—ikRp,

E(r,¢,2) = ¥no1 O = exp[=i(l* @n’ + ¢on)] @1
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Figure 2.2. Illustration of OAM-UCA in the cylindrical coordinates.

Here, R,, stands for the distance from the array element (source point) to the field point,
a, is the amplitude of each element. For an ideal UCA, the elements are all the same and the
amplitude can be normalized to 1. [ stands for the OAM mode order, and - @, + @, is the
OAM-added phase for each element, where ¢,,' = 2mn/N, and @, is the intrinsic phase of each
element. For an ideal UCA, the intrinsic phase of each element should be the same, and for
simplicity, it could be set to zero. The prime notation here is to differentiate the OAM-added
phase to the element’s physical position phase term (¢, = 2nn/N), k is the wave number,
which is 2 /A. a is the OAM-UCA radius, which is a measure of the UCA size. One should
notice that in 2.1, the isotropic radiator is used to represent the individual element in the UCA,
which gives the term, e "*Fn /R, .

Based on the Cosine theorem, R,, can be expressed in 2.2:

R, =+/a? + D? — 2aDcos®,, (2.2)

Where,
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D=vVz2+r? (2.3)
Where r is the field plane radius.
For cos®,, it can be expressed as a dot product of the unit vectors:
cos@,, = a, - dap (2.4)

Where @, is the unit vector of the UCA radius a, and in Cartesian coordinates system, it

can be expressed as:
dq = AxCosQy + a4y sing, (2.5)

And @pis the unit vector of D, which is the distance between UCA center point O to the

field point. In the Cartesian coordinates system, it can also be expressed as:
dp = aysinfcosg + a,sinbsing + d,cosd (2.6)
So the dot product of 2.5 and 2.6 will be:

T cos(@—@y) 2.7)

d, - ap = sinb cos(p — @,) = NprrTe

Substituting 2.3 and 2.7 into 2.2, R,, can be expressed as 2.8:

R, =+a% + z% + r2 — 2ar cos(p — ¢,) (2.8)

In the far-field range, there will be z? + % > a?, and use the approximation V1 + x ~

1+ x/2 (when x < 1), R,, could be simplified as:

(¢—pn)
Ry ~ Vz7 ¥ 77 — s pn) (2.9)
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As shown in 2.1, R,, exists in both phase and amplitude of the radiated field, in the far-
field range, for the phase term, equation 2.9 is used, and for amplitude, R,, could be simplified as
R, ~ D =+2z2 +r2.

Then the E-field distribution will be (after arrangement):

ik 212 i
e~z ex [1karcos(<p—<pn)

E(r,¢,2) =~ Xn=1 = exp[=ill-9)] (210)

In 2.10, the second term after the summation notation contributes to OAM twisted phase
distribution, and the first term is the contribution from the UCA elements’ positions.

The UCA element position phase (¢,) and OAM-added phase (¢y,) both equal to 2rn/

N, so ¢, in 2.10 can be replaced with ¢,,. And a new term, ¢,, is defined, which stands for the

result of ¢ — ¢y, therefore, ¢, = ¢ — ¢,, then 2.10 can be expressed as:

" : o—ikVzZ+72 ilo) sz: [ikar cos(c].’)n)] (ile,)
r,9,z) = ———- exp(—i expl——=——=1exp(
@ [7Z + 12 p @ ] P Vz2 + 12 P "

(2.11)
Here, the term - exp(—il¢) is shown, which is the OAM phase distribution term.
When UCA elements number - N gets bigger and bigger, the summation operator will

become an integral. To realize it, a term, Ag,,, needs to be added here:

Apn=n—bn1 =@ = Pn— (@ = Pn-) = Pn1—Pn = —>  (212)
then 2.12 can be expressed as:
E(r,p,z) = LW exp(—ilp) —. S exp M]em(ild)n)-mbn
V2t 72 My L P T
(2.13)
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When N = oo, A¢g,, will be close to 0, and the summation operator turns into an integral,

and changes ¢, to ¢, Ap,, to d¢, therefore:

E( ) e—ik\/zz+r2 ( ’ ) j-Zn IikaTCOS(¢) (ld))dd)
r,Q,z) =—————exp(—ilp) "—- exp [———| - exp(i
v Varrrz )y P e |
(2.14)
From the Bessel’s first integral:
1 21 . .
Ja () = — Jy exp(ix - cos@) - exp(inf)dé (2.15)
So
.’»ZE [ikar cos(qb)] (i) dep = 2mil -] ( kar )
exp[————-"] - exp(i =2’ i | —
o TPz P Vi
(2.16)
Then the accumulated E field distribution at field point (7, ¢, z) can be written as:
E( ) N exp(—ikVz? + r?) il )]( kar )
r,g,z)=—N-i"" - exp(=ily) || | —
¢ Vz2 +1r? PR Vz? +1r?
(2.17)

In 2.17, the term - exp(—ilp) is the OAM phase term, which contributes to the twisted
phase distribution along the transmission direction. Until here, the OAM-UCA factor derivation
under the cylindrical coordinate system is finished. 2.17 is the integral form OAM-UCA factor
since it is achieved from the integral equation (2.16), and 2.1 is summation form OAM-UCA

factor. One should notice that 2.17 is the ideal case, and it cannot be realized using the UCA
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technique. It is only used as the reference to evaluate the performance of a finite element OAM-
UCA.

Here, the UCA’s radiation pattern is proportional to |E (7, ¢, z)|?, so for the OAM mode
l # 0, the first kind Bessel function, J; (kar /Nz? + rz), generates the center null in the

radiation pattern, and the higher the [, the larger the center null. Figure 2.3 illustrates the curves

of the first kind Bessel function with different orders.

1
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0.4}
0.2}

0

-0.2r

The 1st kind Bessel function

0.4f 1

-0.6

0 1 2 3 4 5 6 7 8 9 10
X
Figure 2.3. Illustration of the first kind Bessel function of different orders.

In Figure 2.3, for the first kind Bessel function with a fixed order, the peak position
depends on its index, x. In 2.17, x = kar /vz? + r?. By taking the definition of the elevation (or
azimuth) angle of the planar coordinates, a new index is defined — the divergent angle (8) for the

OAM-UCA factor, where 8 = sin~(r/Vz2 + r2), and 2.17 can be rewritten as:

E(r,p,z) = —N-i! EXP(%;ZHZ) exp(—ilp) - J;(k - a - sinf) (2.18)
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In 2.18, for the non-zero OAM modes, the smaller UCA radius will give the larger
divergent angle, which is consistent with the HFSS simulation and experiment measurement
results.

Based on 2.1 and 2.17, a MATLAB code was developed, which can be used as the
reference in designing an optimized UCA for OAM mode generation, the code is given in

Appendix A.

2.3 MATLAB based OAM-UCA factor application

A. UCA element number for ripple-free OAM modes

As illustrated in Chapter 1, the minimum number of elements (N) of an OAM-UCA to
generate OAM mode [ should be satisfied as N > 2 |[| + 1. For example, the minimum N for
OAM mode 1 generation is 3, and in the MATLAB code, different N values were used to verify
the phase distribution. Figure 2.4 shows the results of a fixed radius 1.5 A radius UCA with 3, 4,
6 and 8 elements for OAM mode 1 generation at 73 GHz, where A is the wavelength in the
vacuum of 73 GHz. The phase response indicates that the OAM mode 1 is generated in the
center area for all cases.

In [29], the authors illustrated that even the number of elements (N) satisfies the
minimum requirement, and if N is not big enough, there will be ripples in the radiation pattern.
Figure 2.5 shows the normalized radiation patterns of the same number of elements as in Figure
2.4. For N = 3 and 4, the radiation peak ring is not formed, and for N = 6, ripples exist in the
peak ring and high sidelobes are still shown. When N = 8, there are no observed ripples on the

peak ring, which has the same shape of the ideal case (co-element UCA), and appears as the
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minimum requirement for OAM mode 1 ripple-free radiation. The meaning for the ripple-free

radiation is related to OAM mode purity, which will be discussed in the next section.
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Figure 2.4. The electric field phase distribution of 1.5 A radius UCA for OAM 1 generation with
3,4, 6 and 8 clements.
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Based on 2.1, the ripple-free radiation is a strong function of N, but has a weak
dependence on the UCA radius, unless the UCA radius is at the same level with the observation
distance, while that is the extreme case and will not be analyzed in this work.

The same simulations for OAM modes 2, 3, 4 and 5 were performed to determine the
minimum N needed to achieve ripple-free results, which is shown in Figure 2.6. The UCA
element number requirements for peak radiation ripple-free is: N = 12 for OAM mode 2, N =

14 for OAM 3, N = 16 for OAM mode 4 is 16, and N = 18 for OAM mode 5.
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Figure 2.6. The normalized radiation pattern of 1.5 A radius UCA for OAM 1 generation with 3,
4, 6, 8 and o elements.

Y (mm)

B. UCA radius effect
An 8-element UCA was used to check the radius effect, and the results are shown in

Figure 2.7. The smallest UCA radius (0.54) has no sidelobes in the observing range, and the
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corresponding divergent angle is about 30°. As the UCA radius increases, the divergent angle
becomes smaller. However, after the radius is greater than 1.25A, the divergent angle does not
change too much, while one more sidelobe appears and the level of the first sidelobe becomes
higher. An a = 1.254 could be a good stopping point for OAM mode 1 radius optimization,

which will give about 13° divergent angle.
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Figure 2.7. The normalized radiation pattern generated by an 8-element UCA for OAM mode 1
with the different radii.

Following the same procedure of OAM mode 1, the UCA radius was optimized for OAM
modes 2 to 5. The standard for selecting the optimal radius is that the size only creates 1 sidelobe
but with a relatively smaller divergent angle (standard #1). Figure 2.8 gives the results of the
optimal radius vs. all the OAM modes, which is labeled as standard #1. The optimal UCA radius
is roughly in a linear relationship with the corresponding OAM mode, which can be expressed as

below:

a(l) = 1.09 + 0.16 x I (2.19)
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In Figure 2.8, the divergent angle has been fixed to 13° for all the OAM modes (standard

#2), and the optimal radius determined using the MATLAB code. The linear relationship

between the UCA radius and OAM mode still holds in standard #2, which can be expressed as

2.20, but the slope is 6.4 times higher than standard #1.

a(1) = 0.225 + 1.225 x | (2.20)
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Figure 2.8. The OAM UCA optimal radius vs. all the OAM mode for standard #1 and #2 (13°

divergent angle).
C. Verification of MATLAB with HFSS simulation and measurement
To verify the OAM-UCA radius and the number of elements effect, 4 and 8 elements
UCA with different radii were utilized to generate OAM mode 1 at 73 GHz. Figure 2.9 shows
the top view of the 3-D radiation pattern generated by MATLAB and ANSYS HFSS, and the
MATLAB based OAM-UCA factor simulation results show good agreement with the ANSYS
HFSS results. Both OAM-UCA and ANSYS HFSS simulation results verify the effect of the

number of elements and radius of a UCA: with the same number of elements of the UCA, the
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larger the UCA radius is, the smaller peak radiation divergent angle and more sidelobes will be.
And with the same radius for a fixed OAM mode order, the more elements of a UCA, the less
variation on the peak radiation ring and lower level sidelobes will be. The ANSYS HFSS
simulation setup is given in Appendix B.

The key point is that running the OAM-UCA based MATLAB simulation takes seconds
compared to ANSYS HFSS, which will take at least minutes or even hours to draw the structure,
configure the simulation setup and then provide the results. During the OAM-UCA design
process, this is important and can help one quickly decide the UCA radius and the number of
elements for generating the desired OAM mode.

An 8-patch UCA for OAM mode 1 at 73 GHz was fabricated in the UT Dallas cleanroom
and measured in a spherical chamber to verify the OAM-UCA factor [30]. The substrate used is
a 0.127 mm thick FR408 (&, = 3.75, tand = 0.018 at E-band) with 0.012 mm copper-clad
thickness. The simulation is based on ANSYS HFSS to design the patch size to make it resonate
at 73 GHz and achieve a 75 Q input impedance. An 8-patch UCA for OAM mode 1 was realized
with the in-plane feed network. Figure 2.10 shows the structure of the single patch and the UCA
with a radius of 1.254 at 73 GHz, which is the optimal value as shown in Figure 2.8. 75 Q
microstrip lines are used here to form the UCA’s in-plane feed network, which is optimized to
provide uniform power distribution for the individual patch and 45-degree phase shift between

adjacent elements, so that the OAM mode 1 will be generated.
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Figure 2.9. The results comparison between the OAM-UCA factor-based MATLAB simulation
and ANSYS HFSS simulation. (a) 4-element UCA for OAM mode 1 @ 73 GHz; (b) 8-element
UCA for OAM mode 1 @ 73 GHz.
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Figure 2.10. The 8-patch UCA for OAM mode 1 at 73 GHz verification: (a) single patch size; (b)
8-element patch UCA size.
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Figure 2.11. Phase distribution at 73 GHz of the §8-patch UCA for OAM mode 1: (a) MATLAB
simulation based on OAM-UCA factor; (b) Chamber measurement.

Figure 2.11 shows the phase distribution of the §8-element patch UCA, and OAM mode 1
is generated in both simulation and measurement. The variation in the measured phase is
influenced by the AUT stand and other measurement equipment in the chamber.

Figure 2.12 shows the 3D radiation pattern of the 8-patch UCA for OAM mode 1 for the

HFSS simulation results and spherical chamber measurement results. Where the sample includes
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the in-plane feed network with the 8 patches. The MATLAB coded OAM-UCA factor cannot

simulate the feed network effect and is shown in Figure 2.10 (b) for the 1.254 radius case.

(a) (b)
Figure 2.12. 3D radiation pattern at 73 GHz of the 8-patch UCA for OAM mode 1 on FR408
substrate: (a) HFSS simulation; (b) Chamber measurement.

To compare the radiation pattern in detail, Figure 2.13 shows the results of the OAM-
UCA factor simulation, ANSYS HFSS simulation, and chamber measurement together. For the
main lobes, the divergent angle appears at 13-degree and has the same beamwidth for all cases,
which indicates OAM-UCA factor based MATLAB simulation is in good agreement with
ANSYS HFSS simulation and chamber measurement. Regarding the first sidelobes, the positions
are roughly at 43-degree for all, while the HFSS simulation and measurement show a narrower
beamwidth and lower level compared to the MATLAB response. The reason is that the
MATLAB simulation is only equation-based, which assumes the UCA elements are isotropic
radiators and perfectly fed, while in HFSS and measurement, the patch antenna is used to build
the UCA, which does not radiate isotropically. In addition, the microstrip feed network will

impact the radiation pattern.
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Figure 2.13. Normalized radiation pattern at 73 GHz of the 8-patch UCA for OAM mode 1.

2.4 OAM-UCA mode purity

Although the OAM mode can be generated by the UCA method or other methods, there
always a question about the OAM mode purity. This section introduces a MATLAB-based OAM
mode purity verification method.

The idea to check the OAM mode purity is based on the orthogonality property among
different OAM modes. Like the Fourier series, the phase distribution at the observation plane of
any method generated OAM mode can be written as below [31]:

P(p) = XiZ-wA; * exp(—ily) (2.21)
A= [T W(p) xexp(ilp) do (222)
Where, W(¢) in 2.21 describes the total phase distribution result along the observation

plane, [ is the OAM mode number, A; is the amplitude of the corresponding OAM mode.
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Although 2.17 indicates that the OAM mode phase distribution also has a r-dependent term, to
check the OAM mode purity, one only needs to take the integral along the phi-plane. The r-
dependent term will not affect the result, which can be merged into A; and make it into a
complex number, where the magnitude of the A; can be used as the measure to verify the purity
of OAM mode [. The mode purity check method can be illustrated in Figure 2.14, the phase
mask for OAM mode [ is the term - exp(ilep) in 2.22. Based on this idea, a MATLAB code was

developed to verify the OAM mode purity, and the code detail is shown in Appendix C.
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Figure 2.14. The illustration of the OAM mode purity verification method.

The OAM modes generated by equation 2.17 were verified, which is the integral form
OAM-UCA factor and should generate the perfect OAM mode in theory. Figure 2.15 shows 3
examples of the phase distribution results of the generated OAM modes and the verification
results using this method. In the mode purity plots in Figure 2.15, the X-axis is the OAM mode
order and Y-axis is the mode purity percentage, the generated modes have 100% purity, which is

expected.
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Figure 2.15. The generated OAM modes and the verification results: (a). OAM mode = -10; (b)
OAM mode = -5; (c). OAM mode = + 4.

The purity of the OAM modes generated by the UCAs with the different number of
elements were verified, the corresponding mode is generated using equation 2.1. Two concepts
are introduced here: the spurious OAM mode and the minimum number of elements of an OAM-
UCA for generating the pure mode. They are demonstrated using OAM mode 1 at 73 GHz as an
example. The OAM-UCA radius is set as a =1.254, where A is the wavelength of 73 GHz in the
vacuum. The distance from the observation plane to the UCA plane is set as z = 30 A, which
meets the far-field condition. The observation plane radius 7 = 50 mm, and this is also the phase
mask radius for checking the OAM mode purity. The number of elements (N) of the UCA is
varied to check the mode purity. Results of N =2, 3, 4, 6 and 8 are shown in Figure 2.16.

For N = 2, the correct mode is not generated, in the mode purity plots, it not only

contains the mode 1, but also generates modes at -5, -3, -1, +3 and +5, named those undesired
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modes as ‘spurious’ modes. Among them, mode -1 has the highest level, and then +3 modes,
and then £5. The spurious mode (l5) will be generated at
Is=1+ mxN (2.23)
Where [ is the desired OAM mode, N is the number of elements in the OAM-UCA, m
can be any integer.
The highest spurious mode will be:

l _(l+ N, whenl <0
S_highest = || _ N, whenl >0

(2.24)
For N = 3, which is the minimum requirement for OAM mode 1 generation, one can tell
from the phase distribution result, the correct mode is generated. However, it only contains
68.92% correct mode, 21.51% mode -2, 4.54% mode +4, 1.68% mode -5. The results satisfy
2.23.
For N =4, it contains 82.36% correct mode, 12.15% mode -3, 1.96% mode +5.

For N = 6, it contains 92.89% correct mode, 2.24% mode -5.

For N =8, it contains 94.86% correct mode, other modes are below 1%.
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By increasing the number of elements beyond 8 will not improve the mode purity too
much, and in the real design case, too many elements will make OAM-UCA design unrealistic,
especially for the feed network design.

By keeping the same observation distance (304), the observation plane radius (the purity-
checking mask size), and combining with section 2.3, the OAM mode purity of the OAM-UCAs,
which with the peak ripple-free number of elements requirement (Figure 2.6) and 13-degree peak
radiation divergent angle (Standard #2 of Figure 2.8) for OAM mode 2, 3, 4 and 5 were verified.
The divergent angle fixed for different modes so that the purity-checking mask size is fixed and
the purity checking results are fair for all the modes.

Table 2.1 lists the results. Based on this configuration, the mode purity for all the OAM-
UCAs are all about 95%, and all the other spurious OAM modes are suppressed at the level
lower than 1%. A mode with at least 95% purity is considered as the ‘pure’ OAM mode. Besides,
the mode purity here refers to the magnitude of the electric field, if changing it to the power, then
the 95% purity in the magnitude of the electric field means over 99.7% purity in the power.
Thirdly, the definition of the ripple-free radiation in section 2.3 means the pure OAM mode. To
my knowledge, this is the first time one has illustrated the relationship between ripple-free
radiation and OAM mode purity.

The spurious modes are caused by a 180-degree phase ambiguity [10], and less phase
difference between adjacent elements can ease the phase ambiguity effect. This is the reason

more elements are required in an OAM-UCA to generate pure OAM mode.
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Table 2.1. OAM mode purity verification results

OAM mode The number of Radius / 1 @ Mode
elements in the UCA 73 GHz purity

1 8 1.25 94.86 %

2 12 2.05 94.64 %

3 14 2.80 94.76 %

4 16 3.60 94.85 %

5 18 4.50 95.04 %

Table 2.2. Phase mask radius vs. the purity of the OAM mode 2 generated by 8-element UCA
with 2.05 A radius at 73GHz

The phase mask | OAM mode 2
radius (mm) purity
100 74.44 %
50 82.09 %
40 90.30 %
30 93.11 %
20 94.61 %

The observation area or the phase mask size effect on the OAM mode purity is verified as
the reference for selecting the receiver size of the OAM-multiplexing based wireless
communication system. As an example, Figure 2.16 shows an 8-element UCA to generate OAM
mode 2 at 73 GHz is selected, where the radius is 2.054, the observation distance is kept as 30 A.
Based on the results in Figure 2.6, an UCA with only 8 elements cannot generate the pure OAM
mode 2, however, by decreasing the phase mask size, the mode purity checking result will be
better, which means the ‘pure’ mode is limited in the radiation center area. Table 2.2 summarizes
the relationship between the phase mask size and OAM mode 2 purity based on this setup. Due
to the intrinsic property of the non-zero OAM mode, the center area of the radiation pattern has
lower power, even though the mode is purer there, which is the trade-off to select receiver size.
One standard that can be used in selecting the receiver size is to make it roughly the same size

with the peak radiation angle, which can balance the power and the mode purity. For instance, in
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Figure 2.17, a mask radius between 30 mm and 40 mm, which can capture more power and keep

the mode purity over 90%.
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Figure 2.17. The generated OAM modes and the verification results using 8-element UCA for
OAM mode 2 generation.
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2.5 Conclusion

In this chapter, the OAM-UCA factor was developed under the cylindrical coordinate
system, and coded in MATLAB. Compared to the lengthy ANSYS HFSS simulation, the OAM-
UCA factor-based MATLAB simulation takes only seconds and gives the same results, which
can accelerate OAM-UCA design. Based on the OAM-UCA factor, in the second section, The
results of UCA elements number requirement for generating a ripple-free radiation pattern was
given. The radius effect on the radiation pattern was verified and optimized for OAM mode up to
5. A 73 GHz 8-clement patch UCA realized on FR408 substrate was used to verify the
MATLAB code, where both the measured radiation pattern and the phase distribution match the
simulated one. In the last section, a simple method to check the OAM mode purity was
introduced, where the ripple-free radiation introduced in section 2.3 is proved that the OAM
mode is pure, this is the first time to describe a relationship between OAM mode purity and the
corresponding UCA’s radiation pattern. In the end, the checking mask size effect on OAM mode
purity was verified, which provides an idea for the OAM multiplexing based OAM
communication system, which is limiting the receiver or aperture size to be about the same as the
peak radiation ring. This would be a good choice, which can balance the OAM mode purity and

the receiving power.
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CHAPTER 3

DIPOLE UCA FOR OAM MODE GENERATION

3.1 Introduction

The patch antenna is used at first to realize an UCA for OAM generation [25], however,
the patch has narrow bandwidth intrinsically, which will limit its application in wideband
millimeter-wave (mm-wave) communication. The patch antenna would also suffer more loss
from the substrate loss tangent, which will decrease the radiation efficiency [33]. The free space
path loss is in proportion to 1/f2, where f is the frequency, so the mm-wave wireless
communication will suffer more path loss than traditional centimeter-wave (cm-wave) [34].
Therefore, the antenna radiation efficiency is more important in mm-wave wireless
communication, and the higher radiation efficiency, the more coverage area. Due to these
reasons, dipole antennas are utilized as the UCA element to generate OAM modes. Figure 3.1
compares the results of the single dipole and patch antenna both centered at the 73 GHz and
designed on the same substrate, which indicates the dipole occupies less area, has wider
bandwidth and higher radiation efficiency than the patch.

LEGIEL
RN

Isola® FR408
0.012 mm copper clad

1.60 mm
Dipole 011 27.0% 88.5%
0.127 mm ? S WL T
1.28 mm
42% 60.8 %
& ~ 3.75 @ E band Patch X 0.99mm

losstan = 0.018 @ E band
Figure 3.1.The comparison results of the single dipole and patch antenna designed on FR408
substrate and centered at 73 GHz.
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3.2 Dipole antenna theory [35]

Dipole antenna theory is well studied, especially for the half-wavelength dipole, and in
this chapter, all the dipole UCAs are realized using the half-wavelength dipole. Figure 3.2 shows
the half-wavelength dipole structure in the spherical coordinate system. The total length of the
dipole is I, which is /1/ 2. To obtain the dipole antenna radiation pattern at the far-field range, the
analysis starts from current distribution along the dipole, and takes the dipole as a tiny thin one,
which makes it only have length-dependent current distribution. The dipole is fed from its center
with a differential and balanced current signal, and the current distribution on the half-
wavelength dipole can be written as 3.1, which describes the current distribution on half-

wavelength dipole has sinusoidal form with nulls at the endpoints, where k is the wavenumber.

z P(r,0,¢)
dz' [ -
_ J_ i
1
1
1/2 3 !
1
‘u\ LY
1/2 S~ :
/ N '
i I ~ o 1
= ."-.I
x -

Figure 3.2. Dipole geometry.

a,l, sin [k (é - Z’)], where 0 <z' <1/2

I(x'=0,y'=0,2) = (3.1)

d,l, sin [k (é + Z’)], where —1/2<2' <0
Using a far-field assumption, the radiation only has Ey and Hy components, where Ey is

the electric field in 6 direction, and Hy is the magnetic field in ¢ direction. The equation is
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shown in 3.2, and they are in-phase. Eg is Z,, times of Hy, where Zj, is the free space impedance,

which is 120w Q.

o[ (kL N
. e—Jkr | cos|=cosO |—cos(=)

Eg =JjZoly 2nmr (2 sin)e ; (3.22)
. e Jkr _cos(ﬂcose)—cos(ﬂ)_

H¢ - ]IO 2nr - sinf : (3'2b)

Then the average Poynting vector can be written as:
ki INK
1 . 1 N [Io|? cos(—cose)—cos(—)
Way = ERe[E X H'] = ara |E9|2 = a,Zy 871027‘2[ : sinb - (3.3)

To calculate the total radiated power, one needs to integrate the average Poynting vector

over a sphere with the radius of r, which is given in 3.4.

2T T
Proa = # Wg,-dS = j do J a,W,, - a,r*sindé
0 0

kl kl
1,2 fﬂ [cos (7 cosB) — cos(7)]2
0

= Zo 4 sin@ do
(3.4)
For the half-wavelength dipole case, the total radiated power would be:
- 2
Praa = Zo%fo"%de (3.5)

Taking the general power concept, Prqq = 0.5|I|?Ryqq, One can define the radiation
resistance of a half-wavelength dipole using 3.6. The integration function is on 6, and over the
range from 0 to mr, which gives the value of 1.2188, therefore the radiation resistance of a half-

wavelength dipole is about 73 Q.
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2
Zcosh
Royy=2 wlcosGeost)] 4o — 60 x 12188 = 73.128 0 (3.6)

2w Y0 sinf

Besides the radiation resistance, due to the wire resistance of the dipole arms, ohmic loss
resistance also exists in a dipole, and together with the radiation resistance determine the dipole

radiation efficiency. The ohmic loss resistance can be expressed as 3.7.

l
Ronmic = |21 3.7)

o 2ma
Where f is the dipole resonating frequency, u is the magnetic permeability, o is the
conductivity of the metal, [ is the dipole length in total, a is dipole arm radius.
The radiation efficiency - 7, is defined as 3.8. Usually, in the low-frequency range (<1
GHz), the ohmic loss of the have-wavelength dipole is only 2-3 ohms, therefore its radiation

efficiency can be over 95%.

Rra
U e — (3.8)

Rrad*+Rohrmic

One important parameter of the antenna is the directivity, as it is a measure to evaluate
the directional radiation of the antenna. It is defined as the ratio of the real antenna’s maximum
radiation intensity over the ideal isotropic antenna radiation intensity. The radiation intensity is
defined as the radiated power out of the unit spherical angle. For the half-wavelength dipole
antenna, its radiation intensity can be defined as 3.9, which only has a theta dependency, and
would show uniform distribution along the phi direction. Plotting the normalized result of 3.9
along theta, one can obtain the normalized 2D radiation pattern of the half-wavelength dipole,
which is shown in Figure 3.3. It shows the maximum radiation intensity is at theta = 90-degree,

and the 3-dB beamwidth is 78°. The 3D radiation pattern is shown in Figure 3.4.
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Figure 3.3. The half-wavelength dipole 2D radiation pattern.
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Figure 3.4. The half-wavelength dipole 3D radiation pattern [35].

The directivity can be defined as 3.10, the half-wavelength dipole has a directivity of

2.15 dBi, where dBi means dB value refers to the isotropic radiator.

— Umax _ 47U — % _ 120 _ _ .
D= P = g lo=000 = == 720 = 1.641 = 2.15 dB (3.10)



3.3 Dipole and the feed line realization on FR408

Antenna input impedance:
Zin=f(L,W,Lgy)

L: Dipole arm length.

W: Dipole arm width.

L, Dipole two arm overlap length.

Figure 3.5. The realized 73 GHz dipole antenna structure.

For the 73 GHz dipole antenna design in this dissertation, Isola® FR408 is used as the
substrate for fabrication, Figure 3.1 shows the substrate properties, and the realized dipole
structure is shown in Figure 3.5. One dipole arm is placed on the top layer and the other arm on
the bottom layer of the copper (Cu)-clad laminate. Two arms have an overlap area, which
determines the dipole antenna input impedance together with the dipole arm width and length.
Here, the dipole arm length, L = 0.85 mm, the width, W = 0.12 mm, and the overlap area, Ly, =
0.12 mm, which will make the input impedance, Z;,, = 105 Q [33], this was determined using
ANSYS HFSS.

Unlike the patch antenna, the dipole needs a differential and balanced feeding, and
double-sided parallel strip-line (DSPSL) is utilized to realize it. The structure and field
distribution are shown in Figure 3.6. The DSPSL is formed by two vertical parallel strip-lines
with equal width. Since the DSPSL transmits a differential signal, the center plane between the

top and bottom lines can be treated as a virtual ground (0V), its characteristic impedance is twice
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that of the microstrip line with the same line width and half of the substrate thickness. The width
is kept as 0.12 mm to make the characteristic impedance of the DSPSL equal to the dipole

antenna input impedance, which is 105 Q.

Lo =2X7Z,
Figure 3.6. The structure of double-sided parallel strip line(DSPSL) and illustration of the field
distribution and characteristic impedance.

The DSPSL structure cannot be fed directly, and to be able to use the GSG probe to
excite the antenna, a transition structure from conductor-backed coplanar waveguide (CBCPW)
to microstrip (MS) line and to DSPSL is designed. The top view of the transition and the
corresponding sizes are shown in Figure 3.7, whose structure can be divided into 4 parts: (1)
CBCPW for probe access, (2) CPW to MS transition, (3) MS and (4) MS to DSPSL transition.
Based on the work in [36], a 50 0 CBCPW line, the center signal line width W;= 0.088 mm, gap
width § = 0.025 mm, the top ground width Wy, = 0.40 mm, and the top ground length is Ly;. The
CBCPW to MS transition area length L = 0.10 mm, the bottom layer rectangular ground length
Ly, = Lgq + L mm, the bottom layer rectangular ground width Wy, = 2.00 mm. The MS signal
line width W, = 0.26 mm and trapezoidal ground length Lg3 = 1.70 mm, which is chosen based
on ANSYS HFSS simulation, and results in the characteristic impedance of MS line to be 50 ()
and DSPSL to be 63 (). The field conversion illustration in each transmission line is shown in
Figure 3.8, where the whole transition structure from CBCPW to DSPSL is a balun, which

converts the unbalanced field distribution in CBCPW to be balanced in DSPSL with low
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reflection and wide bandwidth. To verify the transition structure performance, a back-to-back
(B2B) CBCPW to DSPSL transition structure was realized, where the center DSPSL length is

1.58 mm. The top ground length, Lgq is varied from 0.60 mm, 0.80 mm and 0.90 mm, and

Figure 3.9 shows the B2B transition structure and the corresponding GSG probe with 0.10 mm

pitch, which utilized to feed the signal.

", | oosamm |

S 0.025 mm

W,  0.40mm
0.90 mm

L 0.10 mm
W,  20mm

1.0 mm

W, 0.26 mm

1.70 mm

(1)
CBCPW
Figure 3.7. The structure of CBCPW to DSPSL transition [36].

(2) CPW to MS transition L

vy Ty o — - .
~. A ,‘/ AR \\ "’ w “I
R=7AN —_— AN _— ’."" P
CBCPW MS line DSPSL

Figure 3.8. The field conversion in the transition structure.

(a) (b)
Figure 3.9. (a) The illustration of the GSG probe with 0.1 um pitch; (b) Top view of the B2B
structure of the CBCPW to DSPSL transition.
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Figure 3.10. The simulated insertion and return loss of the B2B CBCPW to DSPSL transition
structure.

Figure. 3.10 shows the simulated |[S21| and [S11| curves of the B2B structure in Figure 3.9
with different Lgq. There is a band-stop frequency range on the [S21] curve, and it looks like a
“valley”. As Lg; increases, the corresponding frequency of the “valley” moves down. For Ly, =
0.90 mm, the “valley” frequency is 88.2 GHz, for Lg;= 0.80 mm, the “valley” frequency moves
to 100.5 GHz, and for Ly, = 0.60 mm, the “valley” frequency is expected to be higher than 110
GHz. The estimated frequency range of the transition using Lg; = 0.60 mm is from 24 GHz to

105 GHz and has a relatively flat and low insertion loss, which is suitable for the 73 GHz
application. The reason behind the band-stop range is the patch antenna mode excitation on
CBCPW top floating ground pad, which is verified using ANSYS HFSS and shown in Figure

3.11, where Lg;= 0.90 mm as an example. To simulate the situation where the GSG probe

launches on the CBCPW pads, a special excitation setup is developed (Figure 3.11 (b)), where a
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50 Q lumped port excites the center signal line of the CPCPW, and its width, W;= 0.06 mm, and
the height, H;= 0.01 mm. The two top floating ground pads are connected using the PEC
boundary, as illustrated in Figure 3.11 (b), the height, H,= 0.07 mm, the width, W,= 0.06 mm,
and the total width, W3= 0.32 mm, which is for the simulation of 0.10 mm GSG probe pitch. The
lumped port integration line is in the vertical direction and points from the CBCPW center signal
line surface to the PEC boundary.

From Figure 3.11 (a), the patch antenna mode is excited on the rectangular top floating
ground pad at 80 GHz, because 0.9 mm is nearly half wavelength of 80 GHz on 0.127 mm
FR408 material, therefore the signal around 80 GHz will be radiated out through the CBCPW top
floating ground pad, and cause the band-stop range on the |[S21| curve. Figure 3.12 shows the
ANSYS HFSS simulation and measurement results of the structure in Figure 3.11. The simulated
and measured curves are matched in general. One method to avoid the patch antenna mode
excitation on the top ground pad is by adding vias and making a connection with the bottom
ground. However, due to the process limitation, adding vias is not available. The other simple
and convenient solution is changing the size of the top ground pad, which can help the CBCPW

to DSPSL transition structure move the band-stop range from the working frequency range.

l Ws
— 1
PEC
% Boundary
2 W, 0.06 mm
W 50 Q Lumped
[ 2 H]I |W1 port W3 0.32mm
-+ H; 0.01 mm
H, 0.07mm
(a) (b)

Figure 3.11. Illustration of the patch antenna mode excitation in the CBCPW to DSPSL
transition: (a) The patch antenna mode on the CBCPW top ground pad; (b) The excitation port
setup in ANSYS HFSS.
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Figure 3.12. The simulated and measured insertion and return loss of the B2B CBCPW to
DSPSL transition structure, with Lg;= 0.90 mm.

Dipole = ) =~ | CPWtoDSPSL

2.80 tra ;/

Figure 3.13. The structure of the dipole antenna with the CBCPW to DSPSL transition structure.

In order to utilize the transition structure in the dipole antenna, a quarter-wavelength
transformer was added between the transition structure and the dipole, to transform the 63 Q
characteristic impedance of DSPSL to the 105 Q dipole input impedance. Figure 3.14 shows the
simulated and measured input return loss results of the single dipole antenna. The resonance
frequency for the measurement result shifts by 7 GHz from 74 GHz to 67 GHz, and the
bandwidth expands at the low-frequency end. This is caused by substrate permittivity variation
or over-etching in fabrication. In order to measure the antenna on the Cascade probe station, the

sample was placed on a 6.25 mm thick Rohacell® foam material with ,=1.093, loss tangent =

43



0.0155 at 26.5 GHz. However, the actual 10 dB bandwidth is still from 56 to 79 GHz, which can

cover the frequency range desired for antenna measurements.
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Figure 3.14. A single dipole antenna input return loss results.

3.4 Dipole OAM-UCA design

3.4.1 Generating OAM mode 1 and 3 using dipole UCAs [33]:

One 8 - element dipole array is designed to generate an OAM mode 1 radio beam, which
is shown in Figure 3.15 (a). The dipole arm length and width are 0.85 mm and 0.10 mm,
respectively. A modification to the dipole dimensions achieves the impedance match to
approximately 63 Q. Three T-junction networks are used to properly divide the signals. A strong
effort was made to achieve symmetry in the structure. Each element is spaced approximately 4/2
away from one another and this amounts to a radius from the center feed structure of 0.8 1,. A
45° phase difference between elements is achieved by orienting the dipole to point in opposite

directions and adding different lengths of feed lines.
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A second 12 - element dipole array was designed to realize an OAM mode -3 radio beam,
which is shown in Figure 3.15 (b). The dipole arm length is 0.85 mm, and the width is 0.12 mm,
the feed linewidth is 0.12 mm with an input impedance for this kind of dipole of 105 Q. A 90°
phase difference between elements is realized using the same method in the 8 — element dipole

array above.

The transition structure shown in Figure 3.7 is also used here to feed the two UCAs. One
should note that the -1 and -3 OAM mode can be easily obtained by mirroring the structure of the

+1 and +3 OAM mode antenna arrays.

The UCAs were fabricated in the UT Dallas cleanroom where photolithography steps
have been used to etch 0.012 mm of Cu to define the dipoles. Backside alignment is performed
to etch the second half of the dipole metallization.

The antenna arrays’ input return loss was simulated using AWR AXIEM and the
radiation patterns were simulated using ANSYS HFSS. Agilent’s PNA (E8361A) and Oleson
Microwave Labs’ OML module extenders were used to measure the input return loss up to 110
GHz. The antenna array was placed inside an anechoic chamber and a far-field scan was taken to

capture the normalized radiation pattern, where normalized radiation patterns were taken.
A. Input Return Loss

The input return loss was measured on a Cascade® probe station using a load-reflect-
reflect-match (LRRM) calibration to bring the reference plane to the probe tips. A 100 um pitch
GSG probe was used to feed the array. The measurement results are shown in Figure 3.16, where

the array was mounted on a 6.25 mm dense Rohacell® foam block. The presence of the ground
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plane and the additional feed line length required to separate the probe feed increased the loss in
the networks along with the 6-9 dB due to the T-junction splitters. The 8 — element UCA input
return loss is approximately 7 dB at 73.5 GHz and the 12 — element UCA input return loss is
about 10 dB at 73.5 GHz, which is reasonable for antenna measurements. It was determined that

the CBCPW to MS line transition was sensitive to CPW length and deteriorated the [S11| curve.

7.50 mm

I._____..'..:'..'g_.-:_.»

(b)
Figure 3.15. The 2 realized dipole UCA with feed network: (a) 8-dipole UCA for OAM mode 1;
(b) 12-dipole UCA for OAM mode -3.
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B. Radiation Pattern and Phase Distribution

Antenna arrays were mounted onto the antenna under test (AUT) probe platform, which
is built using 10 layers of Rohacell® foam material (thickness = 62.5 mm in total). The same
GSG probe for [S11| measurement was used to feed the array. Figure 3.17 shows the HFSS
simulation and measurement results of radiation pattern cuts (¢ = 0° and 90°) for each array, and
Figure 3.18 shows the chamber measurement setup for radiation pattern measurement. One of
the features of the higher-order OAM mode is the expansion of the center null in the radiation
pattern. The simulation and measurement radiation patterns are in good agreement, except for a
few differences due to variations in fabrication and the presence of the AUT stand. The
measurement center null is — 10 dB for the 8 — dipole UCA and — 8 dB for the 12 — element

UCA.
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The measured results of the designed antenna arrays can generate OAM mode 1 and 3.
The OAM modes are defined by a null in the amplitude at the center of the beam (Figure 3.17)
and a helical phase front. The null associated with mode 3 is larger than that of mode 1, although
the additional elements for mode 3 distort the overall radiation pattern. Figure 3.19 shows the
ANSYS HFSS simulated results for the phase distribution for each array. The phase of mode 3
is described by three rotational spins while mode 1 has one rotational spin. Figure 3.20 shows the
chamber set up for phase distribution measurement using a Southwest Microwave® connector

for easier setup.
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Figure 3.16. Simulation and measurement input return loss for the two dipole arrays: (a) 8 —
element array for OAM mode 1; (b) 12 — element array for OAM mode 3.
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Figure 3.17. Dipole array radiation cuts (¢p = 0° and 90°): (a) Simulated 8-dipole OAM mode 1;
(b) Simulated 12-dipole OAM mode 3; (c) Measured 8-dipole OAM mode 1 (¢p = 0°); (d)
Measurement result of 12-dipole for OAM mode 3 radiation cut (¢ = 0°).

A far field scan is enough, and finishes in minutes
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Figure 3.0.18. Dipole array radiation cuts (¢p = 0° and 90°) chamber measurement setup.
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(a) (b)
Figure 3.19. Two dipole array phase distribution results: (a) 8-dipole for OAM mode 1; (b) 12-
dipole for OAM mode 3.

Phase information can only
be captured in the near
field scan, will take hours.

. Note:

| This setup cannot measure
the backward radiation of
the dipole UCA.

' Scan probe
¢ (25 dBiHorn)

Sample surface

AUT holder: 10 layers of Rohacell® foam material (&, facing +7 direction
=1.093, tan & = 0.0155 at 26.5 GHz, t = 6.25 mm).

Figure 3.0.20. Dipole UCA phase distribution chamber measurement setup.

C. Summary

73.5 GHz half-wavelength dipole antenna arrays have been used to realize two OAM
modes on a flexible FR408 substrate. The mode is captured due to the null measured at the center
of the antenna array. Array sizes are reduced when using dipoles although the elements interact

with each other due to their close proximity. This impacts the overall radiation pattern. Unlike
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patch antennas demonstrated in the literature [25], the dipole will resonate in both the upper and

lower hemisphere.

3.4.2 Generating OAM mode 1 using UCA with series and corporate feed [37]:
A. The corporate feed UCA

Based on the dipole antenna structure in Figure 3.5, a corporate feed UCA is generated
using 4 dipoles, as shown in Figure 3.15 (a). The UCA’s radius is 2.5 mm, which is
approximately 0.64, at 73 GHz. The spacing between each antenna element is 3.5 mm, which is
roughly 0.94, at 73 GHz. To be excited by a single source, a feed network with T-junction
dividers has been designed. The phase shift is achieved using different lengths of the DSPSL and
by rotating the orientation of the dipoles’ arms accordingly. In Figure 3.21 (a), element 2 has a
90° phase shift from element 1. This is realized by the longer feed line of element 2, while
elements 1 and 3 are fed using the same length feed line, but with dipole arms on opposite layers,
generating a 180° phase shift. The array size is optimized using ANSYS HFSS to balance the
amplitude and phase along with the radiation pattern of the array structure. Two T-junction

networks are used to properly divide the input power.
B. The series feed UCA

The series feed UCA with a smaller radius as shown in Figure 3.21 (b). The radius of the
array is 2.1 mm, and the spacing between each element is 3.0 mm (not considering the feed),
which is roughly 0.75A, at 73 GHz. The width of the DSPSL feed line is still kept as 0.12 mm,
and quarter-wave transformers are used at each branch with one single T-junction to realize the

impedance match.
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The benefits of using a series feed network include a smaller array area, less power
dissipation, and lower interaction between the feed network and antenna elements, since there is
no feed network in the center of the array. However, the trade-off is that it is harder to realize
two series antenna elements that will have the same amplitude compared with the corporate

array. Here, one should note that the -1 OAM mode can be easily obtained by mirroring the

structure of the +1 OAM mode antenna arrays.
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(b)
Figure 3.21. 4-dipole UCA for OAM mode generation: (a). The corporate feed UCA; (b). The
series feed UCA
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C. Input match

The arrays were mounted on a 10-layer stack Rohacell® foam material. The simulated
and measured results are shown in Figure 3.22 from 70 to 90 GHz. At 73 GHz, the corporate
feed array input return loss is approximately 11 dB and the series feed array is also 11 dB. By
modifying the relative permittivity to 3.5 and including the foam mount, the simulation agrees
with the measurement. The corporate feed array’s resonance is dampened and shifted by 4 GHz.

This may be due to the influence of the feed lines and over-etching of Cu in fabrication.
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Figure 3.22. The simulated and measured input return loss for the two dipole UCAs.

D. Radiation pattern and phase distribution

The same GSG probe used for measuring |S11| was used to measure the two arrays’
radiation performance. Figure 3.23 shows the HFSS simulation and measurement results of the
radiation pattern cuts (¢p = 0° and 90°) for each array. The simulated and measured radiation

patterns are in good agreement, except for a few differences due to variations in fabrication and

53



the presence of the antenna under test (AUT) stand. The 4-dipole corporate feed array measured
a center null of approximately — 15 dB in the ¢ = 0° and 90° cuts. The 4-dipole series feed array
has a — 10 dB center null in the ¢ = 0° and 90° cuts, and the null locations agree well. The
corporate feed array exhibits more ripples, which may be due to feedline interaction with the
dipoles, and because of the larger array size. Figure 3.24 shows the simulated results for the
phase distribution of each array, the results are taken from a plane 5 mm away from the array.

The designed antenna UCAs can generate OAM mode of 1.
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Figure 3.23. The simulation and measurement radiation cuts of the two arrays: (a) 4-dipole
corporate feed UCA; (b) 4-dipole series feed UCA.
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E. Summary

Two types of 73 GHz 4-dipole antenna arrays have been used to realize OAM modes +1
at 73 GHz to demonstrate corporate and series feed networks. The mode is generated as
evidenced by the null in the measured radiation patterns and the helical phase distributions. It is
believed that using a series feed will reduce interactions between the antennas and distribution

network without the need for a two-layer board.

l 180° D -
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-180°
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Figure 3.24. The simulated phase distribution of the two arrays: (a) Corporate feed array; (b)
Series feed array.

3.5 Dipole OAM-UCA backward radiation elimination [38], [39]

As illustrated in the previous sections, the dipole has a large bandwidth and high
radiation efficiency, which makes it suitable for wideband mm-wave communication such as E-
band systems (71-76 GHz and 81-86 GHz). However, planar dipole UCAs will radiate in both
the forward and backward directions, which will reduce the gain and power efficiency in the
forward direction. The unwanted backward radiation may also cause electromagnetic

compatibility (EMC) issues in the entire RF system. OAM based wireless communication mainly
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works for the point to point (P2P) and line of sight (LOS) scenario, and hence only the forward

radiation is typically utilized.

This section highlights a simple solution of adding a planar metallic reflector at the
backside of the dipole OAM-UCA to remove the backward radiation and enhance the array gain
in the forward direction. Starting from the OAM-UCA factor, and combining with image theory
and MATLAB simulation, the correct OAM mode can be achieved in the UCA. To improve the
performance of the dipole UCA, the principle of the dipole OAM-UCA with a planar reflector
was included. The 8-dipole OAM-UCA used here is the one in Figure 3.15 (a), the planar
reflector is realized by removing the top metal of a double-sided Rogers RT/duroid 5880 board
with relative permittivity of 2.2 and loss tangent of 0.0009. Figure 3.25 shows the structure of the

8-dipole UCA with the planar reflector.
A. The design theory

The OAM mode generated by a dipole UCA radiates in both hemispheres and produces
forward and backward radiation in the opposite directions. As an example, the 8-element dipole
UCA produces a clockwise or OAM mode +1, for the forward radiation in simulation, and the
backward radiation produces a counter-clockwise or OAM mode -1 (Figure 3.26). [40, 41]
indicated that the reflected radio beam will be the opposite OAM mode to the incident wave, and
by adding a reflector at the backside of the dipole UCA, can convert the backward OAM -1
mode to +1 and reflect it back to the forward direction. Based on image theory, a single element
gain can be increased by placing a reflector 0.254 away from the antenna [42]. Another
consideration for planar antenna reflector design is the reflector material should not possess a

relatively high permittivity, otherwise, the electromagnetic field will be held between the planar
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antenna and ground and will not radiate. Based on these two considerations, RT/duroid 5880 was
chosen as the reflector board, since it has relatively low and stable permittivity. The dielectric
thickness should be 0.64 mm, which is approximately 0.254 at 73 GHz. Taking the bottom
copper (Cu) clad thickness into consideration, the whole thickness should be 0.64 + 0.017 =
0.657 mm.

The 0.64 mm thickness RT/duroid 5880 reflector was fabricated using the LPFK®
ProtoMat S62 milling machine. Standard RT/duroid 5880 board thickness is 0.8 mm with 0.017
mm top and bottom cladded copper. The substrate height was reduced to 0.64 mm by carefully
adjusting an end mill depth to remove the top metal in addition to 0.147 mm of the dielectric.
The entire structure of the dipole array with reflector is illustrated in Figure 3.27. The antenna

array is attached to the reflector using double-sided tape.

8-dipole array for OAM1 Unit: mm
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Figure 3.25. Isometric view and cross-section of proposed dipole array with reflector.
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Figure 3.26. The forward and backward phase distribution of the 8-element dipole array without

the reflector.

B. Input return loss

The antenna arrays’ input return loss (RL) and radiation patterns were simulated using
ANSYS HFSS. Figure 3.28 shows the simulated return loss result for an individual patch, dipole
and the arrays with and without the reflector. The single element simulation shows that the
dipole has a wider bandwidth than the patch, where the RL of the array at 73 GHz is 30 dB. Over
the frequency band, the RL is better than 15 dB for the arrays, but this is due to the loss tangent
of the FR4 and the feed line length (20 mm). The feed line length is used to acquire phase
information during the near-field scan, but contributes to the loss, and hence the UCA gain
would be reduced. The ANSYS HFSS simulation with no loss tangent and no reflector indicates
that the RL is 13 dB at 73 GHz. The reflector does shift the resonance of the single dipole lower,

which should be considered when designing the UCA.
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Figure 3.27. The fabricated dipole array with the attached reflector and end launch connector.
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Figure 3.28. The simulated input return loss results of the single dipole, 8-element dipole array
with and without the reflector.
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C. Radiation pattern

The radiation patterns of the UCA with and without the reflector were taken over
multiple frequencies from 68 to 75 GHz. Figure 3.29 shows the HFSS simulation and
measurement results of the radiation pattern cuts (¢=0°) for each array at 73 GHz. One of the
features of the higher-order OAM mode (+£l) is the center null in the radiation pattern. The
simulation and measurement radiation patterns are in good agreement, except for a few
differences due to variations in fabrication and the presence of the AUT stand. The measurement
center null is -10 dB for the UCAs with and without reflector, while the simulation results show
the center null is better than -20 dB for both of the UCAs. The backside radiation is significantly

reduced by adding the reflector.

Figure 3.30 shows the measured radiation pattern of the UCA with and without the
reflector at 68 GHz and 75 GHz, respectively. The center nulls exist in both UCAs, which is a
key property of non-zero OAM mode. The measured nulls for both arrays are not exactly in the
center, which may be due to the sample surface not being parallel to the receiver horn of the
scanner and the thickness variations of the reflector. This also may be due to not placing the

sample directly in the center of the sphere for radiation pattern characterization.

At 73 GHz, the simulated UCAs in ANSYS HFSS have a gain of 5.2 dB for the UCA
without the reflector, and 7.4 dB gain for the UCA with reflector, and the simulated efficiency is
73.3 % and 68.5 %, respectively. An additional 2.2 dB gain is achieved by adding the reflector,
however, ideally, one would expect an extra 3 dB gain. This is mainly caused by the reflected
power not only going to the forward direction to enhance the main lobe radiation, but also going

to increase sidelobes. In Figure 3.29 (b), the simulated radiation pattern shows some radiation in
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+/- 90° range. The chamber measured gain at 73 GHz is 1.62 dB for the UCA without the
reflector, and 4.48 dB for the UCA with reflector. Compared to the simulated gain, the measured
one was reduced by 2.9 — 3.6 dB, this is mainly caused by the existence of the 20 mm feedline in
the sample for the gain measurement, which cannot be avoided and will introduce an extra 3 dB

loss in power fed into the UCA, and hence the decrease in the measured gain is observed.
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Figure 3.29. 73 GHz simulated and measured radiation pattern cut at Phi = 0 degree: (a) Array
without reflector. (b) Array with reflector.
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Figure 3.30. The measured radiation pattern comparison results between the array with and
without reflector at Phi = 0 degree: (a) 68 GHz; (b) 75 GHz.
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Figure 3.31. 73 GHz simulated and measured phase distribution: (a) Array without reflector. (b)
Array with reflector.

D. Phase Distribution

The phase distribution is achieved by measuring the antenna with a 20 mm feed line as
shown in Figure 3.20, the probe antenna should face in the direction of the AUT radiation plane
in order to obtain the OAM twisted phase distribution. Figure 3.31 shows the simulated and
measured results for the phase distribution of each UCA, where the results are taken from a plane
5 mm away from the array in simulation. In measurement, it is based on the fixed distance of the
AUT with respect to the phi arm of the system. Both results with the reflector can generate OAM

mode 1, as verified by the theory in section A. The reflector does not affect the OAM mode
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phase. Figure 3.32 shows the measured phase distribution of the UCA with the reflector over a 6

GHz band.
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Figure 3.32. The measured phase distribution of the UCA with the reflector from 70 to 76 GHz.
E. Summary

A reflector has been included with an 8-element dipole UCA for generating OAM mode

1 at 73 GHz to increase the dipole array gain and remove the backside radiation. This method

adds approximately 2.20 dB of gain to the OAM beam in simulation, and 2.86 dB in

measurement, while not perturbing the phase distribution. The null in the radiation pattern has a

shift in position. This is the first time that a backside reflector has been used in an OAM planar

dipole UCA. The measured radiation patterns and phase distributions indicate the structure with

dipole array and reflector can generate OAM mode 1 successfully in the upper E band (71 GHz

to 76 GHz). The OAM mode will not be affected by the reflector although there is a shift in

center frequency, efficiency and radiation pattern, which can be optimized in simulation. The
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additional gain is critical for mm-wave designs where the free space path loss will impact the
system budget. The measured gain of the UCA was achieved using the gain comparison method
where the reference antenna was a standard horn antenna with a 10 dB gain. At 73 GHz, the

measured gain with and without reflector are 1.62 dB and 4.48 dB.

3.6 OAM mode purity

To check the purity of the OAM mode 1 generated by the 8-dipole UCA, the OAM mode
purity verification method, which is illustrated in chapter 2, is applied to the samples of the 8-
dipole UCA with and without the planar reflector respectively. Figure 3.33 shows the simulation
setup, simulation results and the purity verification result of the 8-dipole UCA without the planar
reflector, the field plane (checking area) is 40 mm % 40 mm plane at 27 mm away from the UCA
surface. The 27 mm spacing between the UCA plane to the field plane is making it satisfy the
electromagnetically long antennas far-field condition [45], which is shown in 3.11, where D is
the largest dimension of the UCA, which is 7.5 mm, and A is the wavelength, which is 4.1 mm of

73 GHz, therefore it is about 27 mm.

dp = 2= (3.11)

The electrical field magnitude and phase information in that field plane were used here to
verify the mode purity, as shown in Figure 3.33, 8-dipole UCA without the reflector gives a
60.45% mode purity, while the same sample with the planar reflector will give 65.63% mode
purity, which is shown in Figure 3.34. Besides the gain enhancement, a 5% increase in OAM

mode purity is also achieved by adding the planar reflector to the 8-dipole UCA.

64



E_magnitude

OAM mode purity

X: -1
Y: 0.6045

40 mm

o
23

o
=

o
w

E magnitude percentage

o
(X}

-5 -4 -3 2 4 0 1 2 3 4 5
OAM mode order

N 60.45% purity.

Figure 3.33. The simulated 8-dipole UCA without the reflector for OAM mode 1 purity checking
result.
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3.7 Summary

In this chapter, the dipole antenna theory was studied, and a new planar dipole antenna
structure was proposed to realize the OAM-UCAs. The first section explained the purpose to use
the dipole antenna to build the OAM-UCAs, and illustrated the substrate material used. The
second section gave the theory of dipole radiation, which starts from the current distribution
along the dipole arm, and to the far-field radiation pattern derivation. Section 3 gave the structure
of the dipole antenna, the feed with transition structure and the different types of OAM-UCAs,
the measured and simulated input return loss, radiation patterns and phase distribution were
given, which illustrated that the correct OAM modes are generated by those UCAs. The fourth
section gave a simple method to eliminate the dipole backward radiation by adding a planar
reflector, which would make the UCA gain higher and keep the same OAM mode in the forward
direction. The OAM mode purity verification method was applied to the ANSYS HFSS
simulation results in the far-field condition, which showed a 5% mode purity increase by adding

the reflector to the 8-dipole UCA.
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CHAPTER 4

PATCH UCA FOR OAM MODE GENERATION

4.1 Introduction

As illustrated in the third chapter, the patch antenna performance suffers due to the
substrate loss tangent, but it radiates in one direction and has higher gain than the dipole. The
patch also is a good option for millimeter-wave (mm-wave) point-to-point communication. The
cleanroom fabrication process for the microstrip patch UCA is also much simpler than that of the
dipole. As indicated in Appendix D, compared with the dipole fabrication process, there is no
backside alignment required or first layer protection for the patch, and only one mask is needed,
therefore, the fabrication accuracy can be well-controlled. On the other hand, the improvement in
substrate material properties enables us to have a stable and low loss option, which would
mitigate the decrease in radiation efficiency of the patch caused by loss tangent. Figure 4.1
shows the properties of TerraGreen® substrate provided by Isola Group over frequency and
temperature [43]. At room temperature, the loss tangent is 0.0055 at 60 GHz, 77 GHz, and 81

GHz, compared to FR408 (loss tangent = 0.018 @ E-band), this value is three times smaller.

TerraGreen® — Temperature Dependent Material Characteristics

Frequency €, tan(d) g, tan(3) €, tan(8) g, tan(3)
@ 25°C @ 75°C @ 125°C @ 150°C

24 GHz 3.71 /0.0060 3.71 / 0.0075 3.71 /0.0085 3.71 /0.0094
60 GHz 3.59 / 0.0055 3.59 / 0.0065 3.59/0.0070 3.59 / 0.0085
77 GHz 3.64 / 0.0055 3.58 / 0.0060 3.62 / 0.0070 3.72 /0.0095
81 GHz 3.62 / 0.0055 3.62 / 0.0060 3.67 / 0.0085 3.62 /0.0095
125 GHz 3.67 / 0.0030 3.68 / 0.0045 3.70/ 0.0060 3.70 / 0.0060

Figure 4.1. TerraGreen® substrate material temperature-dependent characteristics [43].
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4.2 Microstrip patch antenna design theory

Microstrip patch antenna theory has been well studied, especially for the rectangular
patch, and in this chapter, all of the patch OAM-UCAs are realized using it. Figure 4.2 illustrates
the structure and field distribution. To analyze the patch antenna, there are two classical
methods: transmission-line model and cavity model, where both are relatively accurate for the
electrically thin substrate, which is also the most general case for the patch antenna design.
Between them, the transmission-line model is simpler and can give good physical insight, but it
is less accurate. However, the cavity model is more accurate but also more complex at the same

time [28]. The analysis below uses the transmission-line model.

First of all, the dominant mode of a patch antenna is TMoio, which has the field
distribution illustrated in Figure 4.2. The microstrip patch length (L) determines the resonating
frequency, however, since the field is not only concentrated exactly under the area of the patch,
fringing fields at the edges will extend the length of the patch. The extended length is denoted as

AL, which is a function of the substrate material effective permittivity &.5f, the patch width W

and the substrate height h, as described by 4.1.

o r+0.3)(L+0.264
AL = 0412 - f - EL/HO0DGH0264)

4.1)

(eff—0.258)(7+0.8)
For W > h, which is the most general case in the patch design, the &,r equation is

shown in 4.2.

€opr = 0.5 (6, +1) + 0.5+ (e, + 1)+ (1 + 12 h/W) (4.2)
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Feed line

+V

Bottom metal (the reference ground)
Figure 4.2. The rectangular patch antenna and the corresponding voltage, current, and field
distribution.

Herein, the effective length of a patch L.r could be defined as 4.3:

So the resonating frequency of a patch f,., will be a function of L.ff and &,f¢, which is

given in 4.4:

fr 4.4)

1
~ 2lepp/Eerf oo
Where, € and p are the vacuum permittivity and permeability.

For the radiation efficiency consideration, the width of a patch can be defined as shown
in 4.5. In the real case, W will affect the radiation beamwidth, and a wider W will give narrower

beamwidth, and slightly higher radiation gain at the same time [28].
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2
er+1

W =051 (4.5)

Where A, is the wavelength of the resonating frequency in the vacuum.

The patch design process is based on 4.5, deciding the patch width at first, then one can
determine .5 based on 4.2, and finally, by combining 4.1, 4.3 and 4.4, one can calculate the
physical length of the patch. This design process is the simplest one, and the substrate loss
tangent effect is not taken into consideration, but its result would provide us the initial design

parameters when doing the optimization using EM simulation tools, such as ANSYS HFSS.

)|
Ay

CeRA
-
/|
[\

Two non-radiation
edges

Two radiation edges_
Figure 4.3. The rectangular patch and its equivalent circuit model.

The patch antenna impedance can also be analyzed using the transmission line model,
which considers the patch as two radiation slots, where Figure 4.3 shows the equivalent circuit of
a patch. The patch can be modeled as if it has edge-slot radiation. As shown in Figure 4.3, the
edge which is perpendicular to the input transmission line is the radiating slot (blue dash circle),
and correspondingly, the edge that is in parallel with the transmission line is the non-radiating
slot (green dash circle). Each radiating slot is modeled as an admittance, which contains a
conductance G and susceptance B. Since the slots of the patch have the same shape, so G, = G4

and B, = B;. And for the single slot radiation, its conductance is given in 4.6:
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2Pyq
G = Wzd (4.6)

Where, P,,q4 is the radiated power from the slot, and V, is the voltage across it. The

radiated power of the slot is determined by 4.7:

Vol? (7 [sin(0.5ko-W-cos@)]1% .
rad = 5o |, [ sin30 do (4.7)
So the slot conductance would be:
1 7 [sin(0.5kyW-cosB) 2 3
G=—= [ f? sin36 do (4.8)

The two radiating slots are separated by the patch length, L, therefore, except for the slot

intrinsic conductance, there exists mutual conductance, which is defined as G,:

G = ——Re §f E; X Hj - d3 (4.9)

[Vol?

Where E; is the electric field radiated by slot 1, H, is the magnetic field radiated by slot

2, by applying the field equation into 4.9, the mutual conductance can be determined by 4.10:

i W 2
Gy = 12(1m2 f: [sm(O.Séc;,sl;V cos@)] JoCko " L - Sin9)sin39 do (4.10)
At the resonating frequency, there should be B, = —B;, which means that the resonating

input admittance only has the real part, which is denoted as R;,. Figure 4.4 shows the typical

input impedance vs. frequency curve of a rectangular patch antenna.

1

R, ——1
m 2(G1+G12)

4.11)

Usually, the patch input resistance at the edge is between 150 to 300 ohms, which makes

it difficult to realize impedance matching with the low characteristic impedance feed line, such
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as the standard 50 Q line. However, noticing the voltage and current distribution in Figure 4.2,
the impedance is zero in the patch center intrinsically, which means the input impedance
between the patch radiating edge and the center is varying. This impedance variation allows one
to use the inset-feed method to realize impedance matching. Figure 4.5 illustrates the outlook of
the patch antenna with inset feed and the impedance variation over the inset feed depth (y,), and

the impedance variation equation is given in 4.12.

Real(Z,)
200
—— Imag(Z)
-g.: 1
@ 100
Q
<
S
S
Q
Q
£
0
100 Jr
Frequency / Hz

Figure 4.4. A typical rectangular patch antenna input impedance variation over frequency.

Rin(y = ¥0) = Rin(y = 0)cos® (7 ¥,) (4.12)
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Figure 4.5. The illustration of the patch antenna with the inset-feed: (a) The structure; (b)
impedance variation over the inset-feed depth (y,).
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There are other matching techniques that are usually used in impedance matching a patch
antenna, like the backside direct feed using a connector, aperture feed, the A1/4 line, etc.
However, they all have some limits in mm-wave design. For the backside direct feed with a
connector, it should be the ideal case and usually used in low-frequency design, but it is
impossible to utilize in the scenario with the electrically thin substrate and mm-wave designs,
since the antenna size is tiny. The aperture feed method requires multilayer substrates, which is
difficult to fabricate and align the different layers. For the 1/4 line, it would occupy more area.
Therefore, in this chapter, all the 67 GHz patch antenna and its arrays are realized using the in-

set feed technique.

Figure 4.6 shows the patch geometry and its typical radiation pattern. In (a), along with
the patch length direction, the E-plane indicates the major E field radiation plane.
Correspondingly, in parallel with the patch width, the H-plane, indicates the H field radiation
direction. By observing the radiation in the E-plane and H-plane, one can evaluate the radiation
performance. Ideally, the E-field of this type of patch antenna only radiates in ¢ direction, and in

the E-plane, where it can be written as 4.13, and the H-plane can be expressed using 4.14.

In 4.14, the last term is a ‘sinc’ function of the product of the patch width and the cosine
value of @ angle. As the patch width increases, the function’s value will decrease faster with 6
angle, which is the reason why the width of the patch controls the beamwidth. The maximum

radiation is in 8 = 90°, and the directivity of a patch antenna can achieve § dB ideally.
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The reference ground

(a) (b)
Figure 4.6. Patch geometry and radiation pattern: (a) patch geometry illustration; (b) The
ANSYS HFSS simulated normalized radiation pattern.

_ . koWVge ko™ (sin(0.5-koh-cos¢) ] i

Epp=+j = { 05 kol cosd }cos(O.S koLesy - sing) (4.13)
_ .kOWVOe_ikor{ . _sin(0.5-koh-sind) sin(0.5-koW-cose)}

E¢—H =1 st 0.5-kgh-sinf 0.5-kgW-cos6 (4'14)

4.3 The patch and its UCAs realization on TerraGreen®

A. The substrate material

TerraGreen® substrate material from Isola Group is chosen to realize my designs. As
shown in Figure 4.7, the material thickness is 0.127 mm, and the copper-clad thickness is 0.017
mm with 2-um very low profile (VLP-2) foil treatment, which can make the surface roughness

smaller than 2.5 um [43].

The main reason that TerraGreen® was chosen is because the substrate has a low loss
tangent, which is only 0.0055 at 60, 77 and 81 GHz. Based on [44], for microstrip lines, the

attenuation factor caused by dielectric loss tangent can be expressed as 4.15:
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__ koer(eepr—1)tané

a = 2 [eerf(er—1) Np/m (4.15)
17 um copper clad with
VLP-2 foil treatment
A
& = 3.61 i 127 pm
tand = 0.0055 i TerraGreen

¥ Substrate
Figure 4.7. The illustration of the TerraGreen® substrate material from Isola Group.
Equation 4.15 indicates the dielectric loss is in a linear relationship with the frequency,
and as the frequency increases, the loss will also be higher. In the mm-wave range, dielectric loss
is the dominant loss in the microstrip line. Based on transmission line measurements, which are
shown in Appendix E, the 50 QQ microstrip line on TerraGreen® has a loss of 0.082 dB/mm @ 67

GHz.
B. 67 GHz patch antenna and OAM-UCA:s.

The single 67 GHz patch was studied at first, and then the three UCAs with 4, 8 and 16
patches to generate OAM mode 1, 2 and -3 respectively. Simulation and measurement results
will be given. Table 4.1 lists comparison results between the theoretical minimum requirement
for the correct mode. The work presented herein on the UCA element number (N) and phase

difference (Ag) between adjacent elements is also included.

Table 4.1. The comparison results of minimum requirement and my work for OAM modes
generation based on UCAs
OAM Minimum This work
mode | N Ag N Ag
+1 3 120° 4 90°
+2 5 144° 8 90°
+3 7 154° 16 | 67.5°

75



1). 67 GHz patch antenna

Figure 4.8 illustrates the structure of the 67 GHz patch antenna on the TerraGreen®
substrate. To make it resonate at 67 GHz, the length, L; = 1.11 mm and the width, W; = 1.50
mm. To make the impedance match, the in-set feed is used here, and the in-set feed depth, L, =
0.33 mm, and the gap width W, = 0.15 mm, so that the input impedance of the patch equals to 75
). The width W, of the microstrip feed line is set as 0.12 mm, which would make its

characteristic impedance equal to 75 2 too.

W, {
Structure | Size / mm
W, 1.50
L, L, 1.11
W, 0.15
L 0.33
W, 0.12

Figure 4.8. The proposed structure of 67 GHz patch antenna and its size.

The reason for using the 75 Q microstrip line to feed the patch and its UCAs is from the
consideration of the UCA feed network realization. If using the 50 Q microstrip feed line, the
width should be 0.27 mm, which will be difficult to make for a compact feed network for the

arrays.
2). 4-patch UCA for OAM mode 1 generation

Based on the patch structure in section 1), the OAM mode 1 UCA is realized using 4

patches, where the structure is shown in Figure 4.9. The array size is 6.0 mm X% 5.6 mm, with 3.0
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mm radius, which is approximately 0.671, at 67 GHz, and the spacing between each antenna
element is 3.0 mm too. To be excited by a single source, a feed network with T-junction dividers
has been designed. A quarter wavelength transformer is used in each T-junction to realize

impedance match.

The phase shift is achieved using different lengths of the 75 Q microstrip line and by
rotating the orientation of the patches accordingly. In Figure 4.9, element 2 has a 90° phase shift
from element 1. This is realized by the longer feed line of element 2, while elements 1 and 3 are
fed using the same length feed line, but with the patches facing on the opposite directions, a 180°
phase shift between them. To excite the individual element, the input power needs to pass

through two T-junctions for this array.

6.0 mm

(b)
Figure 4.9. OAM +1 4-patch circular phased array: (a). Element number and phase illustration;
(b). Sample size illustration.

3). 8-patch UCA for OAM mode 2 generation

Based on part 2), an 8-patch UCA for OAM 2 generation is realized, as shown in Figure

4.10. The size of the UCA is 11.8 mmx12.5 mm, with a radius of 5.6 mm, which is
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approximately 1.254, at 67 GHz. The phase difference between adjacent elements is 90°. For the
lower part of Figure 4.10, the 90° phase shift is realized by longer 75 Q microstrip lines for each
element, while the upper part can be simply achieved by copying and rotating the lower part,
with an extra 180° phase shift, which is realized by a longer feedline too. To excite the individual

element, the input power needs to pass through three T-junctions for this UCA.
4). 16-patch UCA for OAM mode -3 generation

For OAM mode negative 3 (-3) generation, a 16-patch UCA was selected, which makes
the phase shift between adjacent elements 67.5°. By using the same technique in parts 2) and 3),
the structure realized is shown in Figure 4.11. Its size is 19.2 mm x 20.0 mm, with 9.0 mm
radius, which is 2.04, at 67 GHz. To excite the individual element, the input power needs to pass

through four T-junctions for this array.

All the UCASs’ sizes were optimized using ANSYS HFSS to balance the amplitude and
phase along with the radiation pattern of the arrays structures. The UCAs were fabricated in the
UT Dallas clean room where photolithography steps are used to etch 17 pm of Cu to define the

patches, and the cleanroom fabrication process is given in Appendix D.
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Figure 4.10. OAM +2 §-patch circular phased array: (a). Element number and phase illustration;
(b). Sample size illustration.
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Figure 4.11. OAM -3 16-patch circular phased array: (a). Element number and phase illustration;
(b). Sample size illustration.

C. Input return loss

A 1.85 mm end launch connector (1892-04A-6, from Southwest Microwave Inc.) is used
here to measure the return loss from 0 to 67 GHz, due to the VNA and connector limitation. The

simulated data goes to 70 GHz.



1). Single Patch Antenna

Since the patch antenna was designed with a 75 Q feed line, to use this 50 Q connector
for measurement, a quarter wavelength transformer is added here to realize the impedance
match, which has a width of 0.188 mm and the length of 0.670 mm. Figure 4.12 (a) shows the
structure of the 67 GHz patch with the quarter wavelength transformer, the feed length is 9 mm
in total. Figure 4.12 (b) shows the simulated and measured results, the simulated and measured
return loss are both greater than 20 dB at 67 GHz, and the 10 dB bandwidth is from 65.9 GHz to

68.2 GHz, with 3.4% fractional bandwidth.

| 9.0 mm |
|

1S11| (dB)

-4~ Measurement
~£3- Simulation

0 10 20 30 40 50 60 70
Frequency (GHz)

(b)
Figure 4.12. OAM -3 16-patch circular phased array: (a). Element number and phase illustration;
(b). Sample size illustration.

In Figure 4.12, there exists a gap between the simulation and the measurement results,
especially at the higher frequency range. This is caused by the end launch connector insertion
loss, which was not included in the simulation. For example, at 60 GHz, the measured return loss
is 4.26 dB, while the simulated result is 1.74 dB, the difference is 2.52 dB, based on its datasheet

and the measurement result of the end-launch connector (Appendix E), the insertion loss is about
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1.0 dB at 60 GHz. If taking it into consideration, there will be a 2.0 dB decrease in the simulated

S11 curve, which will mitigate the gap between the simulation and measurement.
2). OAM-UCAs

As shown in Figure 4.13, each array’s 50 Q main feed line was extended to 24.0 mm
(refer to the edge of the UCA) so that they can be bent to enable the phase measurement in the
spherical chamber. Figure 4.13 also shows the simulated and measured return loss of the

samples.
(1). Generally, the simulation and measurement results are in good agreement.

(2). Compared to the single patch antenna, the UCAs’10 dB bandwidths were extended.

This is due to the extra loss from the 24.0 mm 50 Q main feed line and the connector.

(3). The more elements in the array, the more variation on the S11 curve, this is caused
by the reflection from individual patch and T-junctions of the feed network. To excite each
element, the 4-patch UCA only needs two T-junctions, then three T-junction for the 8-patch
UCA, while for the 16-patch UCA, it needs four T-junctions. Using a two-layer board where the
feed line is on a lower level along with the dividers could eliminate this issue. In that case, the

patches could be fed using aperture coupling.
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Figure 4.13. The three Samples’ return loss simulation and measurement results:
(a). OAM +1 4-patch UCA; (b). OAM +2 8-patch UCA; (c). OAM -3 16-patch UCA.
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D. Radiation Pattern and Phase Distribution

For radiation measurement purposes, the connector used for measuring |S11| was used to
measure the three UCAs’ radiation performance, with a Keysight PNA (E8361A) and Oleson
Microwave Labs’ OML module extenders up to 110 GHz. The chamber setup was the same as
the one in Figure 3.20, and the near field scan was taken to capture the phase distribution and the

normalized radiation pattern.

One of the features of the higher-order OAM mode ([#0) is the center null existence in
the radiation pattern. Figure. 4.14 shows the HFSS simulation and measurement results of the

radiation pattern cuts (H and V cuts) for each of the UCAs.

(1). The simulation and measurement radiation patterns are in good agreement, except for
a few differences due to variations in fabrication and the presence of the AUT stand. The

beamwidth is narrower in measurement compared to simulation.

(2). The larger the array radius is, the more side lobes in the radiation pattern. This is
expected and cannot be avoided, since for generating higher OAM modes, more antenna

elements should be involved to form the UCA.

(3). Based on the OAM-UCA factor in Chapter 2, the term, J;(ka - sinf), determines the
radiation peak position. Figure 4.15 gives the first peak position of the first kind Bessel function
J;(x). Table 4.2 lists the comparison results of the radiation peak angle among the OAM-UCA
factor calculation results, ANSYS HFSS simulation results, and the measurement results. The

slight differences are caused by the existence of the feed network.
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Figure 4.14. The 3 Samples’ radiation pattern simulation and measurement results: (a). OAM +1
4-patch UCA; (b). OAM +2 8-patch UCA; (c). OAM -3 16-patch UCA.
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Figure 4.15. Illustration of the first 3 order of the first kind Bessel function curve peak positions,
J1(x)’s peak at x=1.84, J,(x)’s peak at x=3.05, and J5(x)’s peak at x=4.20.

Table 4.2. The comparison results of radiation peak positions of the three samples

OAM.- HFSS Measurement
Sample structure UCA factor H cut V cut H cut V cut
4-patch UCA 25.8° 30° 26° 26° 25°
8-patch UCA 22.7° 22° 20° 22° 20°
16-patch UCA 19.3° 18° 18° 18° 18°

Figure 4.16 shows the simulated and measured results for the phase distribution of each
UCA. The measurement results are taken from a plane 12 cm away from the UCA plane, which
is 271y at 67 GHz and is in the far-field range. Both simulation and measurement results show
that the designed OAM-UCA can generate OAM mode of +1, +2 and -3 correctly. The three

patch OAM-UCAs are all linearly polarized, as illustrated in Chapter 1, their SAM = 0, which
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makes their observed phase distributions are the property of the OAM rather than the AM [24].

By simply mirroring the -3 OAM UCA structure, the OAM +3 mode can be achieved.
E. Conclusion

The three 67 GHz patch UCAs with the fixed feed network are realized on the
TerraGreen® substrate material from Isola Group. The return loss simulation and measurement
results indicate the arrays are working at the designed frequency. The radiation pattern and phase
distribution are all simulated and measured. Due to the feed network effect, the measured
radiation peak positions are slightly different with theoretical calculations, but still matched in
general, and the phase distribution measurement results in the far-field indicate the three OAM-
UCA generate the correct OAM modes successfully. In future work, these arrays will be utilized

to conduct OAM based wireless communication experiment.

4.4 Summary

In this chapter, patch antennas were presented, and utilized with a high-performance mm-
wave substrate material to realize three OAM-UCAs. The first section explained the motivation
to use the patch antenna and the TerraGreen® substrate to build the OAM-UCAs. The second
section gave the theory of patch radiation, which starts from the classical transmission line model
and two-slot model, to the far-field radiation pattern derivation. Section 3 detailed the structure
of the patch, the feed structure of the three OAM-UCAs, the measured and simulated input return
loss. The measured radiation patterns and phase distributions were given, and compared with the

simulation, which illustrated that the correct OAM modes can be generated by those UCAs.
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Figure 4.15. The 3 samples’ phase distribution simulation and measurement results: (a). OAM
+1 4-patch UCA; (b). OAM +2 8-patch UCA; (c). OAM -3 16-patch UCA.
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CHAPTER 5

2.4 GHZ OAM-UCA BASED WIRELESS COMMUNICATION

5.1 Introduction

As illustrated in Chapter 1, the OAM wireless communication is based on orthogonality
among different OAM modes. In Chapter 3 and 4, generating OAM modes using UCAs for mm-
wave realization was introduced. At the mm-wave frequency, demonstrating communication
links is difficult and many issues arise. The antenna arrays are less than 30 mm % 30 mm, and it
is difficult to align the transmitter and receiver arrays over some distance. Besides, due to the
measurement instruments limitation, the received signal could not be accurately detected at 67 or
73 GHz. A down-conversion can be used but has the extra loss, which would make the
experiment results less accurate. To avoid this problem and to verify the OAM based wireless
communication at the same time, a communication system based on 2.46 GHz patch antenna
UCAs was designed. This chapter details the design, fabrication, and measurement of OAM-

UCAs that operate at 2.46 GHz.

5.2 OAM wireless communication based on 2.46 GHz patch UCAs

5.2.1 Patch UCA for OAM mode 1

A. Substrate material
For the 2.46 GHz patch antenna and its OAM-UCA designs, the traditional 0.5 oz

double-sided copper cladded FR4 board is used, which has 1.5 mm thickness, &, = 4.15, tand =
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0.012. The entire board size is 304.8 mm x 228.6 mm, which is suitable for the 4- and 8-patch

UCA designs.
B. 2.46 GHz patch antenna design

Following the patch antenna design steps in Chapter 4, the optimization of the arrays is
done using ANSYS HFSS. The patch resonates at 2.46 GHz. Figure 5.1 shows the patch size and
the simulation setup in ANSYS HFSS. The patch length is 28.6 mm, and the width is 40.0 mm,
to make the input impedance match with the 50 Q SMA connector (901-9892-RFX from
Amphenol Corporation), the backside feed position is 7.6 mm from the edge. Figure 5.2 shows
the simulated and measured input return loss, which indicates the patch resonates at 2.46 GHz,

and the 10 dB bandwidth is from 2.435 to 2.487 GHz.
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) Figure 5.1. Illustration of the 2.4 GHz patch size and simulation setup.

According to ANSYS HFSS, the simulated gain of the single patch is 4.86 dB. The
comparison method was utilized here to capture the single patch antenna gain [46], and the
reference antenna is a commercial whip antenna (W1059) from PULSE LARSEN
ANTENNAS® with 5 dB gain at 2.46 GHz [47]. Figure 5.3 shows the reference antenna size,

geometry and the gain vs. frequency result from its datasheet. In order to make its gain to be 5
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dB at 2.46 GHz, the bending setup was taken (the red line in Figure 5.3). Using the UTD planar
chamber to take the measurement, the scanner used is the NSI2000 planar scanner from NSI-MI
technologies, and the setup is shown in Figure 5.4. More details on the setup can be found in
Appendix F. To capture the radiated power from the antenna, an open-ended waveguide
(OEWQG) is used to serve as the receiver probe, and it is a WR340 structure, which works from
2.2 to 3.3 GHz. The planar chamber measured result indicates the gain of the single patch
antenna is 4.87 dB at 2.46 GHz, which is close to the simulated result.

Figure 5.5 shows the measured radiation pattern of the reference whip antenna at 2.46
GHz. The 3-dB beamwidth in the horizontal direction is about -40° to +40°, while in the vertical
direction is about -15° to +15°. The polarization isolation is larger than 17 dB, as shown by the
blue cross-pol plots. For comparison, Figure 5.6 shows the measured radiation pattern of the
patch antenna at 2.46 GHz, the 3-dB beamwidth in the horizontal and vertical direction are both

about -30° to +30°, and the polarization isolation is larger than 20 dB.
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Figure 5.2. The input return loss of the designed 2.4 GHz patch.
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Figure 5.3. The reference whip antenna size and gain result [47].

Open-ended

waveguide
(OEWG): WR 340

Antenna under
test (AUT)

Figure 5.4. NSI2000 planar chamber measurement setup.
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C. 8-patch OAM UCA design

An 8-patch UCA is utilized to generate OAM mode -1 and +1 using different feed
networks. Since the FR4 board used is 304.8 mm X 228.6 mm, the 8-patch UCA radius is kept as
88.5 mm, which is about 0.731,, at 2.46 GHz, and based on Chapter 2, the divergent angle for

OAM mode +1 and -1 would be 22°. Figure 5.7 illustrates the UCA size and geometry.
D. 8-patch OAM UCA feed network design

The feed network was designed for OAM mode +1 and -1 generation, and
correspondingly, the phase shift between the adjacent elements should be +45°, based on the
patch UCA element feed positions. Those feed networks are realized using the same board
material. Figure 5.8 shows the top view and the bottom view of the feed networks, where three
T-junctions are involved in the feed networks to provide the correct phase shift and equal power
distribution. The center connector (# 0 in Figure 5.8 (a)) is connected to an RF cable and then
connected to the RF sources. The same backside feed connector with the UCA board is used
here, and to connect with the UCA board, the adapter — ‘ADP-SMAM-SMAM male to male’
from Linx Technologies® is utilized. The feed network board and the 8-patch UCA board are
back-to-back (B2B) connected, and the OAM-UCA module is configured as shown in Figure

5.9, whose thickness 1s about 30 mm.

In Figure 5.8 (a), No. 0 is the center pin position, which should be connected with the RF
source. From the center pin to each feed point, the average length is about 140 mm, which will
introduce an extra 1- dB loss due to the feedline loss. Ideally, each feed point will have a power

level of 10 dB lower than the input power.
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Figure 5.7. The illustration of the 8-patch UCA: (a) Size and the top view; (b) The bottom view
and the 50 Q connector.

95



ADP-SMAM-SMAM-G
from Linx Technologies

|

|
901-9892-RFX from
Amphenol Corporation

(b)

(©)

Figure 5.8. The illustration of the 8-patch UCA feed network: (a) The top view of OAM mode
+1 feed network; (b) The top view of OAM mode -1 feed network; (c) The bottom view of the

feed network.
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Figure 5.10. The input return loss comparison between the single patch and the §8-patch OAM-
UCA module.

Figure 5.10 shows the input return loss comparison between the single patch and the
OAM-UCA module for mode 1 generation. At 2.46 GHz, the return loss is 14 dB, and the whole

S11 curve moves lower, which is mainly caused by the feed network loss. Figure 5.11 and 5.12

97



show the measured radiation pattern and phase distribution in the far-field range respectively,

which indicates the correct mode is generated, and the measured gain is 4.66 dB.
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Figure 5.11. The radiation pattern of the OAM-UCA module for mode 1 generation: (a) 3D
radiation pattern; (b) H-cut; (c) V-cut.
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Figure 5.12. The phase distribution of the OAM-UCA module for OAM mode +1 generation at
2.46 GHz.

5.2.2 Link setup and experiment results

Figure 5.13 is the sketch of the communication link setup, where the signal generator
works as the source, which has 10 dBm output power at 2.46 GHz. The spectrum analyzer works
as the receiver to check the received power level, and its resolution bandwidth (RBW) and the
video bandwidth (VBW) are both set at 10 kHz, and no attenuation is applied, which provides a -
90 dBm noise floor. Both TX and RX UCA are the 8-patch UCA modules for OAM mode +1 or
-1. Two isolations are checked here, one is the OAM mode isolation, which is verified by the
power level difference of the received signal when TX and RX UCAs are in the different OAM

modes but with the same polarization. The other is the polarization isolation, which is verified by
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the power level difference of the received signal when TX and RX UCAs are in the different
polarizations but with the same OAM modes. Figure 5.14 is a photo of the experimental link
demo manually realized in the lab. Table 5.1 lists the test conditions and results. Group #1 is the
ideal case, where the polarization is the same and mode is the same. Compared to group #2 and
#3, the polarization isolation can achieve 24 dB, the OAM mode isolation between +1 and -1 can
be 18 dB (1-m separation). As the TX-RX separation increases, there exists a multipath effect,
which will decrease the accuracy of the experiment, such as the 3-m separation case. This
multipath effect can be mitigated by using a larger UCA radius, which will make the divergent
angle smaller. In the NTT case [27], its 16-element UCA with a radius of 284, at 28 GHz can
give a smaller than 1-degree divergent angle, while this work is 22-degree in theory. In addition,
lots of other instruments and furniture surround the experiment link, which is affecting the

results, by placing the whole link in a chamber would lead to an improved result.

Except for the multipath effect, another reason decreasing the OAM mode isolation is
that the UCA module with the current feed network cannot distribute the equal power and
provide the exact phase shift to each element perfectly. This would make the wrong modes still
have some power left in the receiver. The third reason is the alignment, this experimental demo
is not using a professional alignment tool but the manual adjustment. At 2.46 GHz, using the
UCA with OAM modes +1, the divergent angle is 22-degree in theory, even in a 1-m separation,
the received power at the RX UCA is already over 15 dB lower than the peak radiation. In 1-m
separation, 1-cm center shift between TX and RX UCAs would cause the power imbalance in the

RX UCA’s elements, therefore the mode isolation would degrade.
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Using the wireless lab of Dr. Murat Torlak (UT Dallas, ECE department) and software-
defined radio (USRP 2901 from National Instruments®) to transmit and receive QPSK and 16
QAM signals produced similar issues mentioned previously. In that experiment, even using the
wrong OAM modes between TX and RX UCAs, the receiver could still decode the message
signal correctly with nearly the same bit error rate (BER). Since the receiver’s sensitivity is high,
even with 18 dB OAM mode isolation, the signal could still be decoded correctly. This indicates

leakage of the signal due to the poor mode isolation and better efforts to improve the demo setup.

The traditional antenna gain concept is not suitable for the of OAM-UCA based
communication link, since its radiation pattern has a center null. As the transition distance
increases, the TX UCA gain seen at the receiver side decreases. The gain is not a fixed number

as the traditional case, it is distance-dependent.

TX_RX separation (<= 3m)

ignal g atc — TX UCA » RXUCA "
! Free space loss i
. , 10 dB i 8patch UCA !
@ 2.46 GHz, 10 dBm ! patc 1 m: 40.26 dB. i
' 2 m: 46.28 dB. '
1.5 dB cable loss
3 m: 49.80 dB. 2.0 dB cable loss

Figure 5.13. OAM communication link demo at 2.46 GHz.

Table 5.1. The communication link configuration and results

Group X RX TX & RX The RX power at different
number | mode mode | polarization separation (dBm)

1l m 2 m 3m

#1 +1 +1 Same -31 -48 -38

#2 +1 +1 Different -55 -62 -52

#3 +1 -1 Same -49 -56 -49

#4 +1 -1 Different -53 -67 -55
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Figure 5.14. The realized experimental OAM communication link in our lab.

5.3 Summary

In this chapter, two 2.4 GHz OAM-UCAs were realized by using the traditional FR4
substrate material to generate the OAM mode +1 and -1. Both the simulation and measurement
results indicate the correct modes are generated. A communication link based on the OAM-UCA
modules was realized in the lab, which illustrated that OAM mode isolation is the key to
successfully communicate at 2.4 GHz. The multipath effect, the non-perfect UCA feed network
design, TX-RX alignment all affected OAM mode isolation, and degraded the performance of
the OAM based communication link. More work needs to be done for OAM to be utilized in this

lab-based wireless communication demonstration.

102



CHAPTER 6

SUMMARY AND FUTURE WORK

6.1 Summary

This dissertation has presented efforts on the generation of radio beams carrying non-zero
OAM modes using the UCA method. A dipole antenna was applied from 71 to 76 GHz to build
the OAM-UCA, and demonstrated the UCA’s performance with different OAM modes. Two
different types of feed networks, and a method to remove backside radiation of the dipole UCA
to improve gain were also demonstrated. Secondly, a 67 GHz patch has been used to realize the
OAM-UCAs for modes +1, +2, and -3, and the OAM-UCA factor has been used here to verify
its correctness. All the 73 GHz and 67 GHz samples were fabricated in the cleanroom of UT
Dallas, and Appendix G gives all the masks designed for this work. In chapter 5, A 2.4 GHz
patch was used to build an 8-patch UCAs to demonstrate the OAM radio communication link.

This research achieved the following results:

e Developed OAM-UCA factor under the cylindrical coordinate system, and based on
it, developed a method to verify the purity of the OAM mode generated by UCAs.

e Generated OAM modes 1 and 3 using 8- and 12-dipole UCA at the lower E-band (71-
76 GHz).

e Generated OAM mode 1 using 4-dipole UCA with series and corporate feed networks

at the lower E-band.
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e Without disturbing the OAM mode in the forward direction, developed a simple
method to remove the backside radiation of the 8-dipole UCA for OAM mode 1 and
enhance the radiation gain at the same time.

e Generated OAM mode +1, +2, and -3 at 67 GHz on TerraGreen® substrate using 4-,
8-, and 16-patch UCA respectively to reduce power division loss to the antennas.

e Demonstrated the OAM based radio communication link using 2.4 GHz 8-patch
UCAs. Developed a better understanding of the OAM mode isolation and the

obstacles of the OAM radio communication link.

6.2 Future work

The work presented herein shows the potential for verifying the OAM modes generated
using UCAs and characterizing the array gain. This is an important first step in estimating path
loss for a wireless communication system. Although not discussed in this dissertation the
challenges associated with OAM communication are being considered from the software and

modeling perspective [34].

In Chapter 5, 2.4 GHz patches were used to build the OAM-UCA and performed the
demo for OAM radio communication verification. However, due to the fact that the frequency is
2.46 GHz, and correspondingly, the UCA radius to the wavelength ratio is only 0.734, at 2.46
GHz, the radiation divergent angle is large, which would cause serious multipath effects even in
a short distance. Secondly, the divergent angle is 22° in theory, but over 30° is observed in the
H-cut (Figure 5.11). This is probably caused by the 2.46 GHz patch size on FR4 board is

relatively large for the UCA radius (40 mm / 88.5 mm = 0.45). So the individual patch in the
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UCA cannot be taken as an ideal radiating point as the one in theory. Future work can include
shifting the demo to higher frequencies to reduce the patch size and provide a larger radius to

decrease patch size to the UCA radius ratio. The 5G WiFi band is a reasonable option.

Secondly, in Chapter 2, a method for the OAM mode purity verification was developed,
and some of the samples’ OAM mode purity were also measured using the method. The accuracy
is highly dependent on the resolution of the measurement phase and amplitude result exported
from the chamber. Also, the algorithm cannot locate the radiating center automatically, and for
now, the center has to be located manually. For example, Figure 6.1 shows the mode purity
verification results using the chamber measurement data for the 8-dipole UCA with the reflector.
The center is off from the field plane center, it needs manually locate the radiation center and
only gives 14.5% mode purity. Figure 6.2 shows the OAM mode purity verification result by
using the chamber measurement data for the 16-patch UCA for OAM mode -3. It also suffers
from the issue of locating the radiation center, and only gives 26.2% mode purity. Therefore, I
propose to develop a code that can locate the center automatically and be less dependent on the

resolution of the exported data. Then one can check all current samples for the OAM mode

purity.
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Figure 6.1. The OAM mode purity verification results using the chamber measurement data for
the 8-dipole UCA with the reflector.
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In summary, there are two major future works:

1. Design a 5.3 GHz or 5.6 GHz (WiFi 5G band) patch antenna on FR4 board, and build
the same radius OAM-UCA and the feed network with the 2.4 GHz one, which would provide us
the UCA radius to wavelength ratio of 1.65 and the patch size to UCA radius ratio of 0.19 @ 5.6
GHz. By doing that, the smaller divergent angle and less multipath effect can be expected, and

then verify the link performance again.

2. Update the OAM mode purity verification algorithm to automatically center the

measured phase and magnitude. Check the OAM mode purity of all the fabricated samples.
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APPENDIX A
THE MATLAB CODE FOR OAM-UCA FACTOR UNDER THE CYLINDRICAL

COORDINATE SYSTEM

A.1l. The summation form OAM-UCA factor

sfunction OAM UCA factor cylindrical sum form

% this is using the initial summation form factor to calculate E
field

clear all;

close all;

clc;

double all;

freg=67;% in GHz.

WL=300/freq; % vacuum wavelength in mm.

a=2.0*WL; % UCA radius.

N=16; % elements number.

z=15*WL; % distance between the UCA to the field plane.
k=2*pi/WL; % wave number, 2*pi / wavelength.
phi=[0:1:360]1*pi/180; % phi angle.

1=3; % OAM mode number;

r = linspace (0,40, length(phi)); % observation field plane
radius, in mm;

phi p=linspace(0,360-360/N,N); % element position angle
phi p=pi*phi p/180; % convert it to radian.

phi a=phi p; % additive phase of each element.

X=r'*cos (phi);

Y=r'*sin (phi);

E=0;

for i=1:1:N
R=sqgrt (a”2+z"2+(r."2) "*ones (1, length (phi))-2*a* (r'*cos (phi-
phi p(i))));
E=E+exp(lj*k*R)./R*exp(—lj*l*phi_a(i));
end
E=E/N; % to normalize the E field

figure; % plot phase

mesh (X, Y,angle (E) *180/pi) ;
xlabel ('X (mm) ") ;

ylabel ('Y (mm)");
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set (gca, 'FontSize',14);
colorbar;

EE=E.*conj (E) ;

figure; % plot the magnitude

mesh (X, Y,EE/max (max (EE) ), 'FaceAlpha',0.5);

xlabel ('X (mm)");

ylabel ('Y (mm)");

zlabel ('Normalized Amplitude of E field')

set (gca, 'FontSize',14);

colorbar;

figure; % plot the gain pattern
plot(r,10*1oglO(EE(:, floor (0.5*1length (phi))+1) /max (max (EE))), '1i
newidth', 2, 'color','b'");

ylim([-50 0]);

set (gca, 'FontSize',14);

xlabel ('Observation plane radius / mm');

ylabel ('Normalized Gain / dB'");

grid on;

figure; % plot the normalized gain over the theta angle.

Theta = asin(r./sqgrt(r.”2+z"2))*180/pi;

plot (Theta,10*10gl0 (EE(:, floor (0.5*1length (phi))+1)/max (max (EE)))
, 'linewidth', 2, 'coloxr', 'b");

hold on;

plot (-

Theta, 10*10ogl0(EE(:, floor (0.5*1length(phi))+1) /max (max(EE))), 'lin
ewidth',2, 'color', 'b'");

set (gca, 'FontSize',14);

xlabel ('Theta / degree');

ylabel ('Normalized Gain / dB'");

ylim([-50 0]);

grid on;

A.2. The integral form OAM-UCA factor

$function OAM UCA factor cylindrical integral form
clear all;

close all;

clc;

double all;

freg=73;% in GHz.
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WL=300/freq; % vacuum wavelength in mm.

a=0.8*WL; % UCA radius, for 8 elements UCA;

N=8; % elements number.

z=6.57*WL; $ far field range.

k=2*pi/WL; % wave number, 2*pi / wavelength.
phi=[0:1:359]1*pi/180; % phi angle.

1=1; % OAM mode number;

r = linspace (0,20, length(phi)); % observation field plane
radius, in mm;

% convert to X,Y coordinates

X=r'*cos (phi);

Y=r'*sin (phi);

D=sqrt (z"2+r."2);
E=-(13)"1*(exp(-1j*k*D) ./D.*besselj (l,k*a*r./D)) '*exp (-
1j*1*phi); % UCA array factor divide by N.

E=E/max (max (abs (E))); % normalize E field
figure; % plot phase

mesh (X, Y, angle (E) *180/pi) ;

xlabel ('X (mm)");

ylabel ('Y (mm)"');

set (gca, 'FontSize',14);

colorbar;

figure; % plot magnitude

mesh (X,Y,E.*conj (E) /max (max (E.*conj (E))));
xlabel ("X (mm) ") ;

ylabel ('Y (mm) ")

zlabel ('Normalized Amplitude of E field')
set (gca, "FontSize',14);
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APPENDIX B

THE ANSYS HFSS SIMULATION SETUP IN FIGURE 2.9

The 73 GHz patch antenna on 0.127 mm FR408 material is used to simulate the UCA
performance as the comparison of MATLAB UCA factor simulation. The patch is inset feed
with the input impedance of 75 Q, and a 75 Q lumped port is used to excite it. Figure B.1 shows
the single patch size, and Figure B.2 shows the patch UCA with the ideal feed setup for OAM

mode 1 generation.

L 1.24 mm N
Top view ——\- o
0.98 mm
2
Side view \ 75 Q lumped
- Top: 73 GHz Patch - port
i V4

Bottom: Reference GND
Figure B.1. The 73 GHz patch antenna size illustration on 0.127 mm FR408 substrate.
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(a) (b)
Figure B.2. The patch UCA with ideal feed setup for OAM mode 1 generation: (a) 4-patch UCA;
(b) 8-patch UCA.
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APPENDIX C

OAM MODE PURITY VERIFICATION MATLAB CODE

clear all;

close all;

clc;

double all;

freg=67;% in GHz.

WL=300/freq; % vacuum wavelength in mm.

a=2.0*WL; % UCA radius.

N=4; $ elements number.

z=15*WL; % distance between the UCA to the field plane.
k=2*pi/WL; % wave number, 2*pi / wavelength.
phi=[0:1:360]*pi/180; % phi angle.

1=1; % OAM mode number;

r = linspace (0,100, length(phi)); % observation field plane
radius, in mm;

phi p=linspace(0,360-360/N,N); % element position angle

phi p=pi*phi p/180; % convert it to radian.
phi a=phi p; % additive phase of each element.

% convert to X,Y coordinates
X=r'*cos (phi);
Y=r'*sin (phi);
E=0;

[e)

% verification ends
for i=1:1:N
R=sqgrt (a”2+z"2+(r.”2) '*ones (1, length (phi))-2*a* (r'*cos (phi-
phi p(i))));
E=E+exp(lj*k*R)./R*exp(—lj*l*phi_a(i));
end
E=E/N; % to normalize the E field

figure;% plot phase

mesh (X, Y, angle (E) *180/pi) ;
xlabel ('X (mm)");

ylabel ('Y (mm)");

set (gca, 'FontSize',14);
colorbar;
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EE=E.*conj (E) ;

figure;% plot the magnitude

mesh (X, Y,EE/max (max (EE) ), 'FaceAlpha',0.5);

xlabel ('X (mm)");

ylabel ('Y (mm)");

zlabel ('Normalized Amplitude of E field'")

set (gca, 'FontSize',14);

colorbar;

figure; % plot the gain pattern
plot(r,10*1oglO(EE(:, floor (0.5*1ength (phi))+1) /max (max (EE))), '11i
newidth', 2, 'color', 'b');

ylim([-50 01]);

set (gca, '"FontSize',14);

xlabel ('Observation plane radius / mm');

ylabel ('Normalized Gain / dB'");

grid on;

figure; % plot the normalized gain over theta angle.

Theta = asin(r./sqgrt(r.”2+z"2))*180/pi;

plot (Theta, 10*1ogl0(EE (:, floor (0.5*1length (phi))+1) /max (max (EE)))
, 'linewidth', 2, 'coloxr', 'b");

hold on;

plot (-

Theta, 10*10ogl0(EE(:, floor (0.5*1length(phi))+1) /max (max(EE))), 'lin
ewidth', 2, 'color', 'b'");

set (gca, 'FontSize',14);

xlabel ('Theta / degree');

ylabel ('Normalized Gain / dB');

ylim([-50 0]);

grid on;

$de-modulation or check the purity /Fourier transform to check
the purity.

ratio=[1];

OAM mode=[];

for i=-10:1:10

OAM L=1i;

Phase 2=ones (length(r),1)*0AM L*[-360:1:0]*pi/180; % the OAM
phase mask.

delta=E.*exp (+1j*Phase 2); % the whole E field pass the mask

o)

ratio l=abs(sum(sum(delta))); % calculate the ratio of the

% total E magnitude of field passing the mask over the total
E mag of
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o)

% original field.

OAM mode=[OAM mode 1i];

ratio=[ratio ratio 1];

end

ratio=ratio/sum(ratio); % normalize to the observation plane
raius, since the E mag is integral over phi plane, if not
normalize the each r value will have

¢}

s one E mag,

figure;

bar (OAM mode, ratio);

title ('OAM mode purity');

ylabel ('E magnitude percentage');
xlabel ('OAM mode order');

grid on;

set (gca, 'FontSize',14);
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APPENDIX D

UCA SAMPLE ETCHING PROCESS IN THE UTD CLEANROOM

D.1. Patch UCA fabrication process (Single side etching)

1. Clean the samples/substrates

a. Rinse with acetone and IPA and dry with N2 at the solvent hood or use the automated
program on the CPK Solvent Spinner.

b. Dehydrate bake @ 130 °C for 2 min.
2. HMDS-Place the samples in the HMDS oven to apply the HMDS which is utilized to improve
adhesion of photoresist to the sample.
3. Lithography

a. Spin S1813 photoresist on the backside ground to achieve a thickness of 1.5 um using
the open-hood spinner @ 3000 RPM with 3000 RPM/s for 60 sec.

b. Soft-bake on the hotplate at 115°C for 90 sec.

c. Place the sample on a carrier wafer such as glass or silicon using tape at the corners.

d. Spin S1813 photoresist on the topside ground to achieve a thickness of 1.5 pm using
the open-hood spinner @ 3000 RPM with 3000 RPM/s for 60 sec.

e. Soft-bake on the hotplate at 115 °C for 90 sec.

f. Expose the topside of the substrates using a chrome mask on the Karl Suss with a
dosage of 110mJ/cm?.

g. Remove the substrates from the carrier wafer.

h. Hand-develop the resist using MF319 developer for 65 sec.

1. RIE at 50 W,180m Torr,O> for 15 sec.
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j. Hard bake on the hotplate at 130°C for 60 sec.
4. Examine the samples under the microscope. The photoresist should be present wherever the
desired pattern is located. The lines should be sharp and the sample should be clean.
5. Etch the samples using MGC ferric chloride solution at room temperature in a beaker with
constant steady motion until copper is removed in unwanted areas. This process takes
approximately 5 min.
6. Rinse with DI water and N> dry.
7. Strip the PR using acetone or the automated spinner.
8. Rinse with DI water and N dry.
9. Dehydrate bake at 130 °C for 5 min.
10. Examine the samples under the microscope and measure dimensions. Desired

features/structures should be realized.

D.2. Dipole UCA fabrication process (Double-sided etching).

1. Clean the samples/substrates

a. Rinse with acetone and IPA and dry with N2 at the solvent hood or use the automated
program on the CPK Solvent Spinner.

b. Dehydrate bake @ 130 °C for 2 min.
2. HMDS-Place the samples in the HMDS oven to apply the HMDS which is utilized to improve
adhesion of photoresist to the sample.
3. Lithography

a. Spin S1813 photoresist on the backside ground to achieve a thickness of 1.5 pm using

the open-hood spinner (@ 3000 RPM with 3000 RPM/s for 60 sec.
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b. Soft-bake on the hotplate at 115°C for 90 sec.

c. Place the sample on a carrier wafer such as glass or silicon using tape at the corners.

d. Spin S1813 photoresist on the topside ground to achieve a thickness of 1.5 pm using
the open-hood spinner @ 3000 RPM with 3000 RPM/s for 60 sec.

e. Soft-bake on the hotplate at 115 °C for 90 sec.

f. Expose the topside of the substrates using a chrome mask on the Karl Suss with a
dosage of 110mJ/cm?.

g. Remove the substrates from the carrier wafer.

h. Hand-develop the resist using MF319 developer for 65 sec.

1. RIE at 50 W,180m Torr,O, for 15 sec.

j. Hard bake on the hotplate at 130 °C for 60 sec.
4. Examine the samples under the microscope. The photoresist should be present wherever the
desired pattern is located. The lines should be sharp and the sample should be clean.
5. Etch the samples using MGC ferric chloride solution at room temperature in a beaker with
constant steady motion until copper is removed in unwanted areas. This process takes
approximately 5 min.
6. Rinse with DI water and N> dry.
7. Strip the PR using acetone or the automated spinner.
8. Rinse with DI water and N dry.
9. Flip the sample, repeat step 3 and 4 again, but this time one needs to make sure the bottom
layer pattern should be aligned perfectly with the etched top layer, this can only be done by using

the Karl Suss exposure machine with the corresponding handling plate.
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10. Top layer (the etched layer) protection using Su8 photoresist

This step shall be done before etching.

a. Place the sample (the etched layer faces the top) on a carrier wafer such as glass or
silicon, make sure Su8 will not get into the bottom layer, use tape to tape at all the edges to the
carrier wafer.

b. Spin Su8-2075 on the etched top layer at 500 RPM for 10 seconds with the
acceleration of 100 RPM/s at first, then spin at 1800 RPM for 30 seconds with the acceleration of
300 RPM/s, this is for forming a 125 um thickness Su8 protection layer ( or spin Su8-2025 at
500 RPM for 10 seconds with the acceleration of 100 RPM/s at first, then spin at 3000 RPM for
30 seconds with the acceleration of 300 RPM/s, for forming a 25 um protection layer ).

c. Planarization for 1 hr.

d. Soft bake 5 minutes at 65 °C and then soft bake 30 minutes at 95 °C (For the thinner
protection layer, the bake time can be shortened to 5 minutes).

Note: baking is for hardening the Su8 protection layer, soft bake is enough, and it should
not be too long, otherwise, the Su8 protection layer would be fragile, easy to break during the
etching process.

e. Observe it using Microscope to check the bottom S1813 patter, make sure it is not
melted. This is another consideration to use a time-limited soft bake to harden the Su8 layer.

11. Repeat step 5, and then check it using microscope. If there is still copper left in the gap of
CPW structure (if one has), another 90 seconds are used to remove the metal there ( 30 s +30 s
+15 s +15 s), and the sample size is about 2.0 cm % 2.0 cm.

12. Rinse with DI water and N> dry.
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13. Strip the PR and Su8 protection layer using acetone or the automated spinner.

14. Rinse with DI water and N> dry.

15. Dehydrate bake at 130 °C for 5 min.

16. Examine the samples under the microscope and measure dimensions. Desired

features/structures should be realized.
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APPENDIX E
THE LOSS ANALYSIS OF 50-OHM MICROSTRIP LINE ON ISOLA TERRAGREEN®
SUBSTRATE AND 1890-04-6 END-LAUNCH CONNECTOR FROM SOUTHWEST

MICROWAVE INC.

To analyze the 50-ohm microstrip line loss on Isola TerraGreen® substrate, two 50-2
microstrip lines were fabricated in UT Dallas cleanroom, one is with a length of 36.5 mm, and
the other is 25.0 mm. Two end-launch connectors from Southwest Microwave Inc. (Model #:
1890-04-6) were utilized to take the measurement. Figure E.1 shows the two-port measurement
result of the 36.5 mm microstrip line, and the 25.0 mm microstrip line result is shown in Figure
E.2. With the two end-launch connectors, at 67 GHz, the insertion loss of the 36.5 mm microstrip
line is 5.718 dB, and the 25.0 mm one has 4.776 dB loss. Therefore, for the 11.5 mm microstrip
line, its loss is 0.942 dB, and correspondingly the unit length loss is 0.082 dB/mm at 67 GHz.
For the 1890-04-6 end-launch connector, based on the measured results, the loss would be 1.36

dB at 67 GHz.
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Figure E.1. The two-port measurement result of the 36.5 mm 50-ohm microstrip line on
TerraGreen® substrate.
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APPENDIX F

THE PLANAR CHAMBER MEASUREMENT SETUP

1. Open-Ended Wave Guide (OEWG) Selection:

The OEWG should be chosen based on the AUT working frequency. Here, in order to
measure the horn antenna working at 9.2 GHz, the OEWG whose working frequency range from

8.2 GHz to 12.4 GHz was chosen, and it is shown in Figure F.1.

Figure F.1. 8.2 GHz to 12.4 GHz OEWG.

2. Install the OEWG:

Use hands and wrench to install the OEWG onto the scanner firmly (Figure F.2), and put

the RF cable into the OEWG supporting structure, so that it will not touch the absorber’s cone, or
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it will cause unnecessary damage to the absorbers and the cable when the scanner moves up and

down (Figire F.3).

Figure F.3. Put the RF cable into the OEWG supporting structure.

3. Install OEWG absorber disc:

There are two absorber discs in our lab, choose the right disc based the OEWG size

(working frequency). For low frequency, the absorber has larger cones and center hole, for
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higher frequency, the cones and center hole are smaller. Figure F.4 shows the absorber disc

working for higher frequency.

Figure F.4. Absorber disc working for higher frequency.

4. Mount the AUT onto the tripod:

Figure F.5 shows how to set up the AUT onto the tripod: Use tapes to make sure the AUT

will ‘sit” on tripod perfectly, and connect it to the RF cable with less bent.

5. Adjust the AUT location:

1>. Make sure the antenna main radiation direction (antenna aperture) face to the OEWG

directly.
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2>, Make sure the antenna polarization is the same or perpendicular to the OEWG

polarization (Figure F.6).

3>. Make sure the initial height of the AUT is the same with OEWG (Figure F.6).

4>, Make sure the spacing between AUT and OEWG is 3 to 6 wavelengths (Figure F.7),

to satisfy near field measurement requirement.
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Figure F6Adjust the AUT height, polarization, and elevation agle.
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Figure F.7. Adjusting the spacing between OEWG and AUT, here is about 6 wavelength of 9.2
GHz.
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APPENDIX G

THE MASKS DESIGNED FOR THE CLEANROOM FABRICATION

The first mask was designed by Chris Miller, a previous master student of our lab. This
mask is realized in 2016, and the dipole antenna’s top and bottom layer were realized in the
center area with the alignment markers. This is mainly to verify the single 73 GHz dipole

antenna performance on FR408 substrate material.
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Figure G.1. The first mask for the single dipole antenna fabrication on FR408.
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The second mask is designed by myself, which is for the 73 GHz 8-dipole UCA for OAM
mode 1, and 12-dipole UCA for OAM mode 3. Two individual masks were utilized at that time:
one is the bottom mask, which is shown in Figure G.2, the other one is the top mask, which is
shown in Figure G.3. By horizontally flip the bottom mask, the two masks are aligned, and hence
the correct sample would be realized. In these two masks, 3 levels of compensation for solving
the over-etching issue were utilized, one is the 6 pm compensation, which is denoted as 0%. The
second one is 8 um compensation, which is denoted as 16 pum, and the last one is 12 pm

compensation, which is denoted as 10%.

@ T4
Figure G.2. The second mask (bottom) for the 73 GHz dipole UCA fabrication on FR408.
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FR408.

nd mask (top) for the 73 GHz dipole UCA fabrication on

Figure G.3. The seco
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The third mask was also designed by myself, which was realized in 2017. This mask is
for the verification of 73 GHz patch UCA on FR408 substrate. Secondly, the CBCPW top
ground pad length effect was also investigated. Thirdly, the feed structure loss was investigated

by using the back to back (B2B) structures.
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Figure G.4. The third mask for the 73 GHz patch UCA fabrication on FR408.
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The fourth mask was designed by myself and realized in 2017 too. This was mainly for
the 4-dipole UCA at 73 GHz with series and corporate feed network on FR408 substrate. Again,
a bottom and a top mask are utilized, and the CBCPW to DSPSL transition structures and 73

GHz patch UCA were also included in this mask.
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Figure G.5. The fourth mask (bottom) for the 73 GHz 4-dipole UCA fabrication on FR408.
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Figure G.6. The fourth mask (top) for the 73 GHz 4-dipole UCA fabrication on FR408.
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The fifth mask was also designed by myself and realized in 2018. This was for the 67
GHz patch UCA on TerraGreen® substrate. Since TerraGreen® has 17um copper clad, it needs

more etching compensation, here 10% compensation stands for 24 um compensation.

12um 50 wn Mg

.1 - mﬁl %0
Figure G.7. The fifth mask for the 67 GHz patch UCA fabrication on TerraGreen® substrate.
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