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ABSTRACT

In a highly integrated analog radio-over-fiber transceiver, seamless integration of the antenna-frontend is crucial as an antenna is generally
implemented on a high-k material, which is set to highly degrade the antenna’s performance. This work is concerned with the radiation
behavior improvement of a planar leaky-wave antenna with an inductive partially reflecting surface (PRS) on a high-k substrate for the
development of a highly directive antenna. To begin with, we show how a thin and single-mode resonance (SMR) inductive PRS on high-x
materijals in a planar leaky-wave antenna is set to provoke two resonance frequencies (i.e., PRS and cavity resonances) to converge, thereby
diminishing the antenna’s broadside directivity. By applying an equivalent circuit model, we explain how a multi-mode resonance (MMR)
PRS can adequately be applied to address the underlying challenges. Subsequently, the leaky-wave radiation behavior of an antenna with a
heterogeneous substrate is investigated and analytical equations are derived and verified with a full-wave simulation. The effects of material
permittivity and thickness in a heterogeneous-cavity antenna on leaky-wave performance are investigated using these approximate yet accu-
rate-enough equations. To justify the findings, two 9 x 9 planar leaky-wave antennas are prototyped on heterogeneous substrates based on
SMR and MMR PRS and the radiation performances are compared. Our investigations reveal that in the proposed scenario, an MMR PRS
can significantly enhance the antenna’s broadside directivity by over 4 dBi at the resonance frequency (27.5 GHz), which is also set to
improve radiation pattern compared to a SMR-based antenna. Finally, a single-fed dual-band aperture-shared antenna with a large fre-
quency ratio (S-band and Ka-band) is developed and fabricated on a high-« substrate based on the proposed MMR PRS.
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I. INTRODUCTION

The emerging demand for high-speed, efficient, and low-cost
millimeter (mmW) wireless communications is enticing for
antenna and RF circuit researchers and practitioners to design and
develop appealing technical solutions in terms of efficiency, cost,
and overall performance. The well-established analog
radio-over-fiber (ARoF) technology, which has been around since
1983,"” is a viable approach to establishing high-performance and
broadband wireless connectivity with low expenditure as well as
simplifying base station transceivers.’

Microwave photonics technology has empowered the develop-
ment of different ARoF architecture including low footprint and
efficient broadband or multiband fiber-wireless systems.””” In a
transceiver based on microwave photonics technology, RF signal
generation, filtering, mixing, and phase-shifting are all handled in a
highly efficient optical processor, which not only substantiates the
degree of integration but also dramatically reduces the complexity,
costs, and losses in the frontend. To preserve a high integration
level and also to eliminate parasitic effects and losses associated
with bonding wires, seamless integration of an antenna array with
a photodiode is essential. Since high permittivity materials, such as
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SiGe, InP, etc., are usually adopted to design a photodiode, the
antenna-frontend integration inevitably encounters major hurdles
for achieving broadband, highly efficient, and high-gain radiations.

Naturally, a highly directive and power efficient antenna array
is required in the transceiver to compensate for the overall propaga-
tion loss in an mmW fiber-wireless communication. In addition, a
dual-band antenna array with a high frequency ratio is necessary to
exploit the microwave (MW) and mmW spectrums’ potential
advantages in order to establish both a highly reliable (given by
MW signal) and broadband (offered by mmW signal) wireless
connectivity.*’

As suggested by the conceptual block diagram of a dual-band
AROF system based on microwave photonic in Fig. 1, a multi-
wavelength quantum dot laser diode (MW-QDLD) is adopted in a
central station to generate four high-resolution optical signals corre-
sponding to {4, A2, 13, A4}. Two RF signals are then modulated on
the optical signals through an optical modulator. Four optical signals
are set to beat on a photodiode at the access point to generate both
MW and mmW RF signals for dual-band communications.
Therefore, a dual-band antenna on a high-«k substrate is intended for
seamless integration with a photodiode in the transceiver.

In this work, we aim to develop a dual-band with a large fre-
quency ratio and high-gain antenna on a high-x material for a
dual-band ARoOF wireless system, as conceptually illustrated in
Fig. 1. Since this antenna is integrated with an MW-QDLD in an
optoelectronic integrated circuit (OEIC), it should generally fulfill
three major criteria, namely, (1) the antenna should have a highly
directive radiation beam while it occupies a small real estate and
has a low profile structure; (2) to facilitate antenna integration with
the MW-QDLD through the OEIC fabrication process, the antenna
should have a simple structure that also allows surface waves to be
effectively suppressed or diminished without adding excessive com-
plexity to the system; and (3) with reference to Fig. 1, for integra-
tion with an MW-QDL, the antenna should be able to operate on
both frequency bands through a single feed line (single-fed dual-
band antenna).

A review of recent publications indicates a growing
research interest in developing dual-band antennas having a large
frequency ratio. However, low permittivity substrates have been
used in those antenna structures as this common practice enables
an easy generation of high efficiency radiation while restricting the
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antenna arrays from seamlessly integrating with active circuits.
Considering the special requirement of high-k substrate integration
in this work, we will address both challenges, namely, (1) creating
an antenna on a high-k substrate with improved radiation perfor-
mances and (2) devising a single-fed, dual-band, and high-gain
antenna with a large frequency ratio suitable for seamless integra-
tion with an ARoF-based frontend.

For a variety of technical reasons, developing a conventional
antenna array on a high-x substrate is exceedingly challenging.
First, a coupling of antenna elements through surface waves within
a high-k substrate results in various disastrous consequences such
as excessive mutual coupling, poor radiation efficiency, and strong
wave diffraction from truncated substrate’s edges.'®™' Then, a sig-
nificant mismatch takes place between the antenna array aperture
and air, resulting in a narrowband operation and poor radiation.'®
In addition, instead of yielding an adequate radiation, a tightly
bound electromagnetic (EM) wave is formed in a high-x substrate,
degrading the antenna’s performance.

To address these concerns, various strategies were studied and
presented in the literature.'"**™** Although these solutions are
practical and adaptable, they may increase the cost, footprint, and
complexity of the antenna array in question, thus introducing a
new set of issues and problems for circuit-antenna integration.

Planar leaky-wave antenna, also known as a Fabry-Pérot
cavity antenna, is a suitable alternative for conventional array
antennas since a highly directive pencil beam can be easily realized
with a spartan structure.”*™*® This radiating structure, which is typ-
ically realized by two parallel metallic plates [ground plane and
partially reflecting surface (PRS)] positioned roughly a half-
wavelength apart, can be efficiently excited by a magnetic or electric
current (slot or dipole) etched on one surface or placed in between
two plates, respectively. In such antenna architecture, surface waves
are either suppressed or weakly excited on the antenna’s aperture
due to a boundary condition imposed by a metallic PRS, which
presents potentially an advantage for developing a high-gain
antenna on a high-« substrate.

Therefore, in this paper, we intend to deploy a planar leaky-
wave antenna with an inductive PRS’” as it enables us to effectively
reuse antenna aperture over two different frequency bands due to
the fact that the real estate is a crucial factor in an integrated
antenna design.

Dual-Band
antenna

©

Optical Optical
modulator Processor

RO

MW-QDLD

Central Station

Y

FIG. 1. General block diagram of a
typical dual-band ARoF system.

o |
B Ny
B .,
B ., .
' .
B s
B s
4 0
B .,
B .,
% .
: s
0 . .
’ f l

fMW .meW

Access Point

Jpd-auljuo™ L2051 20/L6005291/8229€L0°G/€901 0L /1op/spd-ajone/del/die/Bio-die'sqndy/:dny woy papeojumoq

J. Appl. Phys. 133, 074502 (2023); doi: 10.1063/5.0136228
Published under an exclusive license by AIP Publishing

133, 074502-2


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

To begin with, we investigate the issue regarding the use of a
conventional thin single-mode resonance (SMR) surface on a
high-« substrate by developing an equivalent circuit model (ECM).
As the relative permittivity of the cavity increases in an antenna
with an SMR PRS, the PRS becomes more transparent, resulting in
a gain loss for the antenna. Although increasing the susceptance of
the PRS (e.g., using a narrower slot in this work) could be a poten-
tial solution for some structures, it is not always a practical and fea-
sible solution due to fabrication process constraints and restrictions
for satisfying the cavity’s resonant condition. To address this funda-
mental issue and to propose a general methodology, we examine
the application of the multi-mode resonance (MMR) concept for
improving antenna radiation performances on a high- substrate.
We show that MMR PRS can not only fix this problem but also
improve antenna gain bandwidth.

Subsequently, a planar leaky-wave theory is applied to explore
and analyze a double-layered substrate integrated cavity realizing a
heterogeneous antenna-frontend integration.

Our investigations show that adding a layer with a lower rela-
tive permittivity over the primary substrate (feeding network layer
hosting active circuits) with a large permittivity brings up some
privileges in antenna design. This method not only makes it easier
to select a proper material for satisfying the cavity resonance at a
desired frequency but also provides more control over the phase
and attenuation constants of leaky waves.

Il. THEORY AND FUNDAMENTAL ISSUES

The magnitude of the reflection coefficient of PRS with
respect to the relative permittivity of a cavity, which is evaluated by
(1) and ECM, is described in Fig. 2 for certain values of the nor-
malized PRS susceptance |Bprst|. It shows the effect of a relative
dielectric permittivity inside a cavity on the magnitude of the PRS
reflection coefficient.

As depicted in Fig. 2, for a practical and high-gain antenna
with |Tpgs| > 0.85 2 corresponding to |Bprs| = |Bprsty| > 6, as
the permittivity of the dielectric inside the cavity is increased, the

1
g A
\%*.?t&zz.;‘;‘;t‘;”“””w” g
0o ) ~l - -)(-)(-')i-)(%*')(—x“x
) ‘e, . T PRS
& 08 '
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. : = 15 20 GND
€
@ ®

FIG. 2. (a) Variations of magnitude of PRS reflection coefficient, evaluated in
the air-PRS boundary, for some values of normalized PRS susceptance with
respect to relative permittivity of the material inside the cavity, and (b) ECM of
thin and SMR-based antennas.
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magnitude of the PRS reflection coefficient is diminished for each
value of |Bpgs|. This would result in a tangible gain loss in
radiation,”’ ™ particularly, for a lower value of |Bpgs7,|. To reach a
robust conclusion about radiation behavior, the resonance condi-
tion inside the cavity should be properly considered as the PRS’s
susceptance plays a significant role in the resonance conditions
inside the cavity at the desired frequency. A well-known ray-optic
approach is used to calculate the desired phase of the PRS reflection
coefficient (hereinafter referred to as “PRS phase” or “@"*S”) for
satisfying the resonance criteria inside the cavity for maximum
broadside radiation, as described in Eq. (2).33

In addition, the required height for satisfying the cavity reso-
nance conditions with an inductive PRS is evaluated by (3).%2
Substituting (3) in Eq. (2), the PRS phase can be obtained alterna-
tively by (4) for the fundamental resonance mode [corresponding
ton = 0in Eq. (2)] in the cavity. Equation (4) states the required
PRS phase for fulfilling the cavity resonance condition as a function
of the magnitude of normalized PRS susceptance |Bpgs| and relative
permittivity &,.

It is worth noting that in a planar leaky-wave antenna, two
resonant frequencies contribute to the operation, notably (1) cavity
resonance frequency, corresponding to a frequency at which
(2)-(4) are satisfied.””* In other words, the cavity starts to reso-
nate when @™ is set to satisfy (2) or (4) or the cavity height satis-
fies (3); (2) the PRS resonance frequency, corresponding to a
frequency at which ¢® vanishes and the magnitude of the reflec-
tion coefficient is also drastically decreased (ie., PRS becomes
transparent),

- \/5)2 + |Bprs|®
+ \/a)z + |BPRS‘2

(
(

1
|Tprs| = . (1)

h
¢PRS:47I;L—+(2n71)ﬂ n=0 +1, +2, ..., (2)

g

o1 V&

= (1-=¥", 3

lg 2 ( 7F|BPR5|> ( )
qDPRS —7— 2\/5 (4)

|Bers|

To understand the role of relative permittivity of a substrate in
the performance of a dielectric-filled planar leaky-wave antenna
with an inductive PRS, a 3D plot of (4) for a wide range of permit-
tivity (1 <g <50) and normalized PRS susceptance
(4 < |Bpgs| < 50) is provided in Fig. 3. Evidently, in a PRS (cons-
tant |Bprs| = |Bprs7y| planes), O@prs/de, < 0, the latter means
that the PRS phase (¢pgs) should decrease to maintain the reso-
nance condition [satisfying (4)] at the cavity’s resonant frequency
when the permittivity of the substrate inside the cavity increases.
Equivalently, as the relative permittivity is increased inside the
cavity, the PRS resonance frequency [corresponding to a frequency
at which @RS =0, cf. Fig. 4(d)] approaches the cavity resonance

res.
frequency. In this case, the magnitude of the reflection coefficient
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FIG. 3. 3D plot of gprg [mentioned in Eq. (4)] with respect to variations of rela-
tive permittivity and normalized PRS susceptance.

also decreases and the PRS becomes more transparent, which
results in a gain loss in the antenna.

Therefore, to avoid such a gain loss, the cavity resonance fre-
quency should be properly adjusted so as to stay far away from
the PRS resonance frequency. To validate the analytical results,
the Ansys HFSS is used to perform a full-wave analysis on a
typical thin and SMR PRS. Although this analysis is applicable to
a wide range of inductive PRS, a PRS with cross-slot unit cells [cf.
Fig. 4(a)] on Rogers RT/duroid 6006 with &, = 6.15 is used for
proof of concept in this work. As shown in Fig. 4(a), a port is
assigned at the bottom of a unit cell. Having de-embedded
the dielectric thickness, we calculated the normalized input
impedance along with the magnitude and phase of the reflection
coefficient of the PRS in the desired frequency range as shown in
Figs. 4(b)-4(d) in which PRS and cavity resonances are also
indicated.

According to Fig. 4(d) and the theory of planar leaky-wave
antenna, the cavity resonance is the point at which two curves get

coincided, namely, the curve obtained by (2) and the phase of

reflection coefficient obtained by HFSS. At this resonant frequency,

Radiation Boundary
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the normalized PRS susceptance is evaluated about |Bprs| = 5.5 by
HESS.

To investigate and validate the effects of relative permittivity
on the PRS performance, the normalized input impedance
and magnitude and phase of the reflection coefficient of the
PRS unit-cell are examined by HESS for three different relative per-
mittivity values, namely, &, 2.2, 6.15, and 10.2, as shown in
Figs. 5(a)-5(c). The cavity resonance is determined by (2) and (3)
with |Bpgs| = 5.5. The relative permittivity of the cavity is swept in
this case, while the PRS dimensions remain unchanged. Note that,
as the permittivity changes, the cavity height is adjusted in accor-
dance with (3) to maintain the cavity resonance at the desired
frequency (i.e., 27.5 GHz). As the substrate permittivity rises from
2.2 to 10.2, the PRS resonance frequency [indicated in Figs. 5(a)
and 5(c)] approaches the cavity resonance frequency (ie.,
27.5 GHz).

In this case, according to Fig. 5(c), the magnitude of the
reflection coefficient of PRS at cavity resonance is diminished;
therefore, PRS becomes gradually transparent at cavity resonance
frequency as the substrate permittivity is increased, which generally
agrees with the results shown in Fig. 2. At the same time, the phase
of the reflection coefficient in Fig. 5(a) at cavity resonance is
decreased, implying that the PRS resonance approaches the cavity
resonance, which results in low-gain radiation, as discussed earlier.

This is consistent with the theory elaborated by (2)-(4) in this
section along with Fig. 3, which introduces a fundamental chal-
lenge in the design of a high-gain planar leaky-wave antenna in a
high-k substrate.

Note that, as expected, the impedance bandwidth of PRS is
also decreased as the permittivity of substrate is increased. To cir-
cumvent this scenario, an MMR PRS is proposed and investigated
in Sec III.

lll. MULTI-MODE RESONANCE ANTENNA

The MMR concept was used in the antenna and filter design
to enhance their performance.”’ "’ In this section, an MMR PRS is
designed to address the fundamental issue of the SMR counterpart

Con{mon - 04 3] Toi=
eriodic b~ i
- 4.0 @ 1 N S~ ™
_~ Boundaries 3 2 5] 21—t \
—~ 5 PRS B _Le- Lo A
g 204 3 T 1 o =4dr— -7z
>< 4 8 resonance S 4l S
£ / £ -~ 2
= 00 . na § g ;7 ErAp i ........ F; R; 1
ﬁ 17 S 6 8 ] PRS ( @ ) ]
Port W, g 201 [ 2 - resonance ' /%5
— ‘g b % 8- . PRS 21
. o 40 Real part | @ 3
’ = Imaginary part % resonance -3
L, | 25 27 29 31 3 3 %5 27 29 31 3 3 25 27 20 31 33 3B
e Frequency (GHz) Frequency(GHz) Frequency (GHz)
1 ]
1
— @ ®) © @

FIG. 4. (a) Unit-cell and top view of a cross-slot SMR PRS (Ws=0.4 mm, Ls=3.6 mm, Lu=4.9mm, &, = 6.15), (b) normalized input impedance (normalized to air
impedance, ), (c) magnitude of reflection coefficient, and (d) phase of reflection coefficient of cross-slot SMR PRS.
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FIG. 6. (a) Unit-cell (Ls=3.6 mm, Ws=0.4mm, Lr=3.1mm, Wr=0.4 mm,
Ld=1.8mm, Wd=0.5mm, Lu=4.9 mm, €,=6.15), and (b) ECM of the pro-
posed MMR PRS, Ls=11.97pH, Cs=2.95 pFRs=374.62 Q,C.=0.55 pF,
L.=2933pH, R,=10 kQ,C, =1 pFL,=17.64 pH.

and to increase the directivity of a planar leaky-wave antenna on a
high-k substrate.

To construct an MMR PRS, a short cross-dipole inside a
square ring is printed on a dielectric slab (Rogers RT/duroid 6006
used in this work) and placed on the top of an SMR PRS, as illus-
trated in Fig. 6(a). The ECM of cross short dipoles and square ring
can be totally described by a parallel RLC circuit and the ECM of
the cross-slot in the bottom layer is also equivalent to a parallel
RLC circuit as illustrated in Fig. 6(b). A T-shaped equivalent
network between two resonant tank circuits models the EM mutual
coupling between two RLC circuits. Circuit component values are

Normalized input impedance (Z;,/ ,)

obtained with the help of Advanced Design System (ADS) software
and are mentioned in Fig. 6(b).
The S-parameters of the MMR PRS are evaluated by assigning
(b) two ports at the top and bottom of the unit-cell [cf. Fig. 6(a)] and
de-embedding the corresponding air and dielectric spaces at the
PRS +* Cavity top and bottom, respectively. Dimensions in both slot and ring-
resonz_lnce resonance
— :

27 28 29 30 31 32 33
Frequency (GHz)

25 26

dipole layers are then optimized to create multimode resonances
over the frequency band of interest. The normalized input imped-
ances evaluated by the full-wave simulation in HFSS and the circuit
model in ADS are depicted in Fig. 7(a), also the magnitude of both
reflection and transmission coefficients are plotted in Fig. 7(b).
With reference to Fig. 7(b), two PRS resonance frequencies
appear around 25.5 and 34 GHz corresponding to two nulls on the
curve of the reflection coefficient. Between these two frequencies,
the reflection coefficient is constant and remains around unity
realizing an opaque PRS. Looking into the impedance curve in
Fig. 7(a), the capacitive effect of the first resonance is offset by the
inductivity of the second resonance in the region between two PRS
: e : . J resonance frequencies and appropriately far away from them,
25 26 27 28 29 30 31 32 33 resulting in a frequency band with low resistance (R) and reactance
Frequency(GHz) (X) values with negligible variations over the frequency range.
(©) Therefore, PRS susceptance can be estimated as |Bprs| ~ [1/Xprs|-
Since Xpgs is very small between the two resonance frequencies, the

FIG. 5. (a) PRS phase evaluated by HFSS and (2), (b) normalized input imped- corresponding  realized = susceptance (Bpps) would be large.
ance (normalized to air impedance mg), and (c) magnitude of reflection coeffi- Simulation results show that the PRS susceptance is as large as

cient of SMR PRS for three different values of the relative permittivity (cavity |Bﬁ,§sﬂ| A 25.5 at 27.5 GHz, which is much larger than that of the

resonates at 27.5 GHz as indicated by a dashed line in these figures). SMR antenna with | BSMR| — 55
PRS | = 99
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FIG. 7. (a) Normalized input impedance (normalized to air impedance ng) eval-
uated by full wave simulation in HFSS and circuit model in ADS; (b) magnitude
of the reflection coefficient of the MMR antenna shown in Fig. 6.

In this context according to the theory of planar leaky-wave
antenna, a larger value of normalized PRS susceptance |Bpgs|
results in a higher antenna peak field value at broadside.”” As a
result, MMR PRS can enhance broadside radiation since it provides
a greater |Bpps| than SMR PRS. The cavity resonance frequency can
be set in the region between two PRS resonances by appropriately
adjusting the cavity height. In this case, according to Figs. 2 and 3,
due to the large value of |Bpgs|, the magnitude and phase of the
PRS reflection coefficient would experience minor changes as the
permittivity of the cavity increases. This characteristic makes the
MMR PRS suited for achieving high-gain leaky-wave radiation in
an antenna on a material with high relative permittivity.

Consequently, an MMR PRS provides (1) an opaque PRS with
a larger reflection coefficient than that of SMR PRS on a high-k
material, as shown in Fig. 7(b); therefore, realized leaky-wave atten-
uation constant (o) would be small (as studied in Sec. IV), and as a
result, broadside directivity (D oc 1/a*) and power density at broad-
side are increased according to (5) > and (2) a larger value of
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FIG. 8. Variations of normalized input impedance (normalized to air impedance
o), of MMR PRS with respect to “t.”

BMMR
|7PRS
|BISJ]\};[SR| = 5.5 on a high-k substrate; in this case, according to (6),

the broadside peak field value is also increased,’”

| =25.5 in comparison to the SMR counterpart with

4u.\/€ 1
Maximum broadside power density = %?, (5)
2|B
Normalized peak field value at broadside = M, (6)
VE

where &, and u, are relative permittivity and permeability of the
material inside the cavity and a = a/k, is the normalized leaky-
wave attenuation constant.

Parametric studies are performed to investigate MMR behav-
iors, as illustrated in Figs. 8 and 9. In Fig. 8, the outer edge of the

2.5 T T T
8 201 - ]
B 1.5
o 'V ]
: jam
£ 1.0+ ez ]
3 05- — .
£ S
T 0.04 —
N o5 Ls =2 mm y
g" il —-—--Ls=25mm t
S -1.0- Ls=3mm .
z is ~---Ls=3.6mm

24 26 28 30 32 34
Frequency (GHz)

FIG. 9. Variations of normalized input impedance (normalized to air impedance
no) of MMR PRS with respect to “Ls.”
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square ring is swept while the inner edge remains fixed. Therefore,
the width of the square ring at the top layer changes while the gap
between the square ring and cross-dipole is kept constant. In this
case, the inductivity of the square ring is changed while the cou-
pling capacitance between the cross-dipole and square ring remains
unchanged. As shown in the figure, the second resonance is
changed while the first resonance is almost fixed around 25.5 GHz.
The same results are observed by changing the inside edge of the
square ring, which are not discussed here for brevity. By altering
the length of the cross-slot in the bottom layer as shown in Fig. 9,
both resonances are swept along the frequency axis, signifying that
the coupling between two resonator circuits is changed by altering
the slot length.

IV. DESIGN PROCEDURE AND ANALYSIS

In this section, we aim to design two antennas with SMR and
MMR PRSs at 27.5 GHz and analyze them by equivalent transmis-
sion lines (TLs) model to illustrate and support the theory pre-
sented and discussed in the previous sections. In addition, this
model provides a general design methodology as well as a leaky-
wave analysis of the antenna with a heterogeneous cavity, and then
a full-wave simulation validates the results.

A. Antenna with heterogeneous cavity

Generally, a heterogeneous dielectric can be practically real-
ized by a stack of several dielectric layers having different properties
such as relative permittivity, permeability, and thickness. This is
significant in AROF integrated design scenarios as materials gener-
ally employed in electro-optical transceivers are not necessarily the
same as that used in RF circuits’ and antennas’ development. Also,
it is of practical interest in planar leaky-wave antenna design as this
technique adds more degrees of freedom in the cavity design with
available commercial substrates. In this work, we utilize a double-
layer planar leaky-wave antenna in which the substrate used in the
feeding layer is not the same as that used in the radiating layer. The
transverse TL model of an antenna with a double-layer cavity is
used for design and analysis as shown in Fig. 10. Note that this
model would be more accurate when the incidence wave impinges
at the same angle as the one used for the PRS characterization™’
which is 6=0.

¥,
£ Z axis
0
T ____1 oo |
NI 2P
down Y Y Yy PRS
By = j&y, hl v 1% Y
. ————g——-9 “dom
Lower permittivity 1 < &, < &, A
High permittivity ~ &,, 210 [n, = [, Ikz N &
GND GND

FIG. 10. TL model of the planar leaky-wave antenna with double-layer cavity
(i.e., a heterogeneous cavity).
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FIG. 11. Calculated “h” (cf. Fig. 10) by (8) vs frequency for antennas with
SMR and MMR PRSs.

To mimic a practical integrated antenna-frontend design sce-
nario in a AROF system,” a relatively thin dielectric with a large rel-
ative permittivity (Rogers 6010, &, = 10.2, h, = 0.635 mm) is
considered for the bottom layer while a thicker substrate with a low
relative permittivity (Rogers 6006, £, = 6.15, h; > h,) is used for
the top layer. h; and h, are selected so that the overall height
(hy + hy) satisfies the resonance condition in the cavity
image(Y,, + Yaoun = 0), where Y,;, and Yo, are described in
Eq. (7) and derived based on the network and TL theories, respec-
tively; ko is the free-space wavenumber, n; = /&1, 1, = /€2, Vo
is air admittance, g and b are normalized canductance and suscep-
tance of PRS, and h; and h, are indicated in Fig. 10. Note that a
two-port network (characterized by admittance matrix) can
describe the thick PRS.”" This two-port network is terminated with
an air admittance (Yy), as shown in Fig. 10,

ny — nycot(nykohy)cot(nikohy)
nlcot(nlkohl) + nzcot(nzkohz) ’

Yo Yo =
—— = =Yy(g +ib).
Yo+ Yo og +jb)

Ydown :jnIYO

(7)
Yyp =Y —

By substituting (7) into the transverse resonance condition
image(Y,, + Ygoun = 0), hy is evaluated according to (8) and
plotted in Fig. 11 for both SMR and MMR PRSs with nominal
dimensions shown in Figs 4 and 6, respectively. As shown, h; can
be estimated around 1.5 mm at 27.5 GHz for both antennas,

1
h; = ——cot
n1k0

®)

nmnycot(npkohy) — mib)

71( n? + nycot(nykohy)b )

B. Leaky-wave analysis

The well-known transverse resonance technique along with
the theory of small reflections’” is employed to evaluate the leaky-
wave attenuation and phase constants in a double-layer cavity. This
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FIG. 12. Leaky-wave (a) attenuation and (b) phase constants of both SMR and
MMR antenna.

approximate yet accurate-enough methodology facilitates the calcu-
lations in a heterogeneous cavity. In a special case where the ratio
of relative permittivity of dielectrics in a double-layer cavity is
within the specified range of 0.6 < &,1/€,» < 1, a set of analytical
Eq. (9) can be derived to evaluate the leaky-wave phase and attenu-
ation constants (a derivation is provided in the Appendix). It
should be noted that a set of transcendental equations described in
the Appendix should be numerically solved for other ratios of
dielectric constants. The equations in Eq. (9) are used to obtain the
leaky-wave attenuation and phase constants and the results are
shown in Fig. 12.

As shown, the MMR-based antenna (antenna with an MMR
PRS) not only provides a substantially lower attenuation constant
(by a factor of around 35) around the cavity resonance (27.5 GHz)
than the SMR counterpart, but also the variations in attenuation
constant vs frequency in the MMR-based antenna are much
smoother around the cavity resonance. This feature may contribute
to an improved broadside directivity since a larger portion of the
radiating aperture is involved and contributes to radiation.
Furthermore, the phase constant in the MMR antenna around the
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cavity resonance is notably less than that in the SMR-based
antenna. This provides a smoother phase variation on the anten-
na’s aperture,

g |GGG

ko 2k (1 +12)
a |Gt yE+ag
ko Al ok (fg )

2k (ﬁ—:-l-ﬁ—i) 9)
&1 = (@prs — (2n — 1)) — 2ko(n1hy + nyhy),

&, = Lny/|Tpgss

To validate the analytical results, the calculated leaky-wave
attenuation and phase constants (cf. Fig. 12) are employed to calcu-
late T'prs and @ppg by (10) and (11). The longitudinal propagation
constant k;1, = f,1, +jaz1, (z-axis shown in Fig. 10) in each
layer is obtained by using the transverse propagation constant
(ks = B —ja) in Eq. (10). Then, a system of equations with two
unknown parameters (I'prs, @pgs) in Eq. (11) is solved at each fre-
quency to obtain (T'pgs, @pgs) (Where TZM/TE and cplzf]w TE are described
in the Appendix, hy = 1.5 and h, = 0.635mm are the thickness
of layers in the cavity k$MR/ky=pMR — jaSMR =0.72 —j0.12 and
KMMR 1, = BMMR _ jgMMR — 0,31 — j0.003). It i
employing either the TE or TM leaky-wave mode leads to the
same results, according to the theory of planar leaky-wave
antenna.’’™”

The obtained I'prs and ¢ppg are compared in Fig. 13 wit
those evaluated by HFSS for the SMR and MMR PRSs. A goo
consistency between analytical and full-wave simulation results
confirms the accuracy of (9) [the derivations of (10) and (11) are
given in the Appendix],

n=0, £1, £2, £3, ...
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8
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z1,2 — 2 > §
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o
2 N
(@ — B+ £12R) + /(@ — B +enak)’ + ap) -
Qz12 = » S
’ 2 =
s
(10) 8
e—2h10‘z1
[TIETM | cosyr, + e2o2cosy, = ——o,
[Tprs|
[TIE ™ | siny, + e2h2%2 siny, = 0,
11
V1 = ¢prs + @gf/TM -2 B,, (11)

¥y = @prs + 7 — 2(m1B1 + ).

Since the full-wave simulation of a large antenna with double-
layer cavity and high-x substrate involves a large amount of
resource and time, an analytical model in Eq. (12)°>*" is used in
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FIG. 13. Magnitude and phase of reflection coefficient evaluated by (10) and
(11) and full-wave simulations (HFSS) for both (a) MMR and (b) SMR antenna.

this work to estimate broadside directivity for a large radiating
aperture.

[TE/TM g—jkwL >
,

— ,—jki
faper (np) = e+ 2cos(kyw |np)) (m

FIT(0) = cos SN0 1y (faper (np)edatpsind), 12)
IZERC)IR

72 |EF 16 sin'd@’

The analytical model is used to evaluate the antenna directiv-
ity at broadside (8 = 0 in (12)), for various edge reflection coeffi-
cients, with regard to a number of unit cells, as illustrated in
Fig. 14, which incorporates the edge reflections of a truncated aper-
ture, where f,, is aperture field, “p” is periodicity,
kf’f\‘, = kfif' =p —ja,“L” is antenna length, T'® = (ki — koir)/
(ke 1 k%) s edge TE mode,

reflection coefficient for
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FIG. 14. Evaluated directivity of SMR (kShR/ky = B — ja = 0.72 — j0.12) and
MMR (kMRik, = B — ja = 0.31 — j0.003) antennas at 27.5 GHz by (12) with
different values of edge reflections (% = I'"E, 0.75, 1) and full-wave
simulations (HFSS). Full-wave results are comparable to analytical results for
re% — T7E in both SMR and MMR PRSs.

kim = \/k§ — k2, k, = \/&,k3 — (kfie')z, ko is free-space wavenum-
ber. Generally, there are noticeable reflections at the antenna’s
truncated edges that can impact the directivity of the antenna, par-
ticularly in the case of an antenna with a lower attenuation
constant.

It is worth noting that applying either TTF or T™ (edge
reflection coefficients for TE and TM leaky-wave modes, respec-
tively) which corresponds to the H-plane and E-plane reflection
coefficients, respectively results in the same broadside directiv-
ity.””* As shown in Fig. 14, there is a significant difference in the
directivity of the two antennas, particularly with N > 6.
Compared to SMR-based antennas in the MMR counterpart, edge
reflections have a more noticeable impact on the directivity of the
antenna. Edge reflections, however, have a negligible influence on
directivity for unitcell numbers more than 18 (N > 18), as all
corresponding curves in both MMR and SMR antennas are con-
verging together.

The effects of height and permittivity ratio on leaky-wave
phase and attenuation constants in the double-layer cavity ?
MMR-based antennas are shown in Fig. 15. In this case, the height
and relative permittivity of the first layer, as well as the unit cell
geometrical parameters mentioned in Secs. II and III, are assumed
to be constant, while the top layer’s relative permittivity &,; and
thickness h; are swept, and the transverse phase and attenuation
constants are calculated by (9). With reference to Fig. 15, using a
thicker substrate on the top layer (larger h;/h,) with a lower relative
permittivity (smaller &,1/€,,) reduces both phase and attenuation
constants.

It should be noted that to design an antenna with the desired
leaky-wave parameters (o, 8) according to Fig. 15, the cavity reso-
nance condition mentioned in Eq. (8) should also be addressed to
obtain maximum directivity.
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FIG. 15. Variations of leaky-wave attenuation and phase constants in the MMR
antenna for different values of relative permittivity ratio with respect to the ratio
of substrates’ heights in the cavity.

C. Effects of edge’s reflection coefficient on directivity

Figure 16 illustrates a heatmap of the antenna’s directivity,
which is evaluated by (12), for both SMR and MMR PRSs with
respect to the magnitude and phase of the edge’s reflection coeffi-
cient of antenna at the resonant frequency with nominal parame-
ters values and N = 5. As described, peak broadside directivity in
the SMR antenna corresponds to I'ge = e/™ while it shows a
minimum at T4 = 1. Maximum and minimum broadside direc-
tivities in the MMR antenna correspond to D'y =~ e”** and
Tegee & €/*7, respectively.

This figure shows that the antenna directivity is a function of
the edge’s reflection coefficient. The various edge’s reflection coeffi-
cients can be realized by different antenna lengths, according to the
TL theory. This figure also illustrates that, in comparison to the
SMR, the variation of directivity in the MMR-based antenna is sig-
nificantly greater when considering edge reflections.

Directivity(MMR) [dBi]

Directivity(SMR) [dBi]

=
[
o
S0.8 0.8
®
« 0.6 0.6
o
[}
'5 0.4 0.4
50.2 0.2
c
©
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Phase of ref. coeff.(Rad) Phase of ref. coeff.(Rad)
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FIG. 16. Heatmap of evaluated antenna’s directivity using (12) with respect to
magnitude and phase of edge reflection coefficient (%), for N = 5,
f = 27.5GHz, (a) SMR PRS with k3iRlky = B — ja = 0.72 — j0.12, and
(b) MMR PRS with k!MRiky = B — ja = 0.31 — j0.003.
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D. Full-wave simulation of developed MMR and SMR
antennas

Two 9x9 antennas based on SMR and MMR concept and
heterogeneous cavities are developed and analyzed using HESS in
this subsection, and the results are compared. Those two antennas
are designed based on a 2-D arrangement of unit cells on Roger
RT/duroid 6006 with €, = 6.15 on the top layer and Roger RT/
duroid 6010 with £, = 10.2 on the bottom layer as their geometries
are detailed in Fig. 17. Each antenna’s cavity is fed through an
opening etched in the ground plane and excited by a wave port in
HESS. In both antennas, the bottom layer (Roger RT/duroid 6010)
beyond the cavity area is covered by a metallic sheet (copper clad-
ding) and surrounded by SIW-like metallic walls to eliminate the
adverse effects of edge diffractions on radiation patterns caused by
surface wave propagation on the bottom substrate. These metallic
walls (SIW-like walls) also inhibit the propagation and diffraction
of excited parallel-plate waveguide (PPWG) mode in the bottom
layer. It is worth noting that in Fig. 17(b), the center unitcell’s
dimensions in the top layer have been modified by about 25% to
improve impedance matching at the waveport.

Full-wave simulations are used to evaluate antenna realized
gain and directivity at broadside, and the results are shown in
Fig. 18. The peak directivity of the MMR and SMR antennas are
located at approximately 27.37 and 27.19 GHz, respectively with
slight offsets from 27.5 GHz. Obviously, an MMR antenna shows
an appreciable improvement in broadside gain and directivity by
more than 4 dBi compared to that of an SMR antenna. The peak
directivity for MMR antenna in Fig. 18(b) is 16.1 corresponding to
12.07 dBi which agrees well with 12.25 dBi evaluated analytically in
Fig. 14 with N = 9 and ™% = I'™*, The peak directivity of the
SMR antenna is estimated as 7.5 dBi analytically, while this value is
8.15 dBi in a full-wave simulation.

According to Fig. 18(a), the 3 dB pattern bandwidth in the
MMR antenna is around 3.3% (26.75-27.65 GHz), while the SMR
antenna shows only 1.65% pattern bandwidth (27.1-27.55 GHz).
The 1.65% improvement in the pattern bandwidth of the MMR
antenna is attributed to a smooth variation of the phase of the
reflection coefficient around the cavity resonance at 27.5 GHz in
Fig. 13(a). Figure 19 compares the E-plane and H-plane radiation
patterns (directivity) of SMR and MMR antennas. As illustrated,
the radiation pattern of the antenna utilizing MMR PRS improves
noticeably as compared to the SMR PRS.

With reference to Fig. 12(b) at peak directivity, in comparison ¢

to SMR antenna with f/kyg = 0.72 , the MMR antenna with f/k, =
0.31 provides a more uniform phase distribution throughout the
antenna aperture. Furthermore, in the SMR antenna a/ky = 0.072,
whereas this value is around a/ky = 0.003 for the MMR antenna.
These analyses suggest that the antenna with MMR PRS should be
able to provide greater control over the attenuation constant as well
as a smoother phase fluctuation in the radiating aperture, thus
leading to improved radiation behavior.

A further investigation shows that the aperture field intensity
is reduced at the antenna’s edges by a factor of
E(L/2)/Ey =~ exp(—oaL/2), where E, is field intensity at the anten-
na’s center, L is antenna’s length, and ¢ is the attenuation constant.
Using nominal values for “e” and “L” (“W,” in Fig. 17) in both
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SMR antennas as shown in Fig. 17. [cf. Figure 17(b)] and (b) SMR antenna [cf. Figure 17(a)] in both principal planes.
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FIG. 20. 3-D and cross section views of the proposed dual-band antenna with MMR PRS along with corresponding dimensions (in millimeters): Wgyw = 69.2, Lg;w = 56,
Ld=12, Wd=1, Sd=2.15, Lp=14, Lsy, =26.5, L, =12, Ls = 11, Ws =0.8, Wsc = 1.6, Wc = 0.6, Ly, = 10.35, Wms = 15.2, Wm = 0.6.

antenna surface that effectively contributes to the radiation in the
MMR antenna is found to be larger than that in the SMR antenna.

V. DUAL-BAND ANTENNA WITH A LARGE FREQUENCY
RATIO

The developed and studied MMR-based antenna is used in
this section to propose a single-fed dual-band antenna with a
double-layer cavity that operates at both S-band (3.2 GHz) and
Ka-band (27.5 GHz) for highly integrated AROF applications. The
measurement results are then presented to validate the full-wave
simulation results.

Figures 20 and 21 illustrate the 3D geometry of the proposed
dual-band antenna and the fabricated prototype, respectively. The

EHE B
BEE

Bottom

FIG. 21. Top and bottom views of the fabricated proposed dual-band antenna.

overall structure consists of three stacked layers, which are glued
and then pressed under high pressure to form a uniform connec-
tion, according to the PCB fabrication process in our Poly-Grames
Research Center. The bottom layer (feeding line layer) is
Rogers RT/duroid 6010 with &, =10.2 and 25mil thickness.
The middle layer and top layer are Rogers RT/duroid 6006 with
g, =6.15 and a standard thickness of 100 and 25mil. The
antenna is fed by a CPW transmission line (CPW TL) terminated
at the radiating aperture’s center by a transverse slot etched on the
ground plane.

In the Ka-band, the antenna radiates as a 3 x 3 leaky-wave
surface, while in the S-band, the antenna operates as a large square
patch antenna excited by an etched slot on the ground plane,
forming an aperture-coupled antenna. To accommodate an end-
launch connector for our measurement purposes, a transition from
an ungrounded CPW TL to a microstrip line is designed to provide
a proper impedance matching condition in both frequency bands.

The main architecture and substrates used in this antenna are
the same as in Fig. 17(b), but this antenna is driven by a CPW TL.
Because of the parasitic effects of CPW TL within the cavity, a thicker
substrate is required in the middle layer compared to Fig. 17(b) to
obtain maximum directivity at 27.5 GHz. The top surface of the
bottom layer (feeder layer) is covered by a metallic sheet and sur-
rounded by a STW-like wall to prevent the excitation and propagation
of SW and PPWG modes. The operation of the antenna in each fre-
quency band is outlined in Subsections V A and V B.

A. Radiation in S-band

Since the antenna radiates like an aperture-coupled patch
antenna in this frequency range, the E-plane length (along the
y-axis in Fig. 20) is adjusted to be roughly a half of the guided
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Effects of the surrounded metallic walls are also studied in
Fig. 23, indicating its tangible effects on the impedance bandwidth
of the antenna. Simulated and measured reflection coefficients and
radiation patterns in both principal planes are compared in Figs. 24
and 25, respectively, which indicates a reasonable consistency
between the measurement and simulation results. Simulated and
measured peak gains realized in this work are around 6 and
5.62 dBi, respectively. The asymmetry observed in the measured
pattern along the E-plane is attributable to diffractions from the
end-launch connector during measurements. Cross polarization
levels are better than —30 dBi in both principal planes.
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FIG. 23. Effects of SIW-like walls around the antenna on reflection coefficientin - _
FIG. 22. Effects of parasitic dipoles on reflection coefficient and realized gain of the S-band without (w/o) SIW wall, with (w/) SIW wall, and with SIW wall with ¢
the dual-band antenna in the S-band. an additional 10 mm offset in each direction. §
§
g
3
wavelength A5/2,/g,1, where A{ is free-space wavelength at the 0 . . . , . . Z
lower resonance frequency (3.2 GHz) and &1 = 6.15. 5
The aperture width (length in the H-plane direction, along the : g
x-axis) is also tuned to achieve the optimum impedance matching. 7 s
The overall dielectric thickness (h = h; + h, in Fig. 20) should o ‘g
be in the range of 0.01 < h/At < 0.11*’ to ensure the antenna can T -10 =
radiate properly as a patch antenna. Note that, since the antenna g %
should operate simultaneously in both frequency bands, all dimen- & _15. g
sions should be optimized to achieve the best possible results in (/9)' 3
both frequency bands. 8
Two parasitic dipoles (shown in Fig. 20) on both sides of the 201 . - =]
- . . . . —a— Simulation 3
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matching by properly coupling to the antenna as illustrated in -25 T . T . T T a
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. . . . . a
optimized to achieve the best possible results in both bands. The FIG. 24. Simulated and measured reflection coefficients of the proposed dual- &
optimization procedures are not discussed in this work for the sake band antenna in the S-band. 2
of brevity. S
o
ll\)
s
3
H

B. Radiation in Ka-band (b)

As indicated briefly earlier, the antenna in this frequency band
radiates as a leaky-wave surface, as discussed in Sec. IV D.
According to Sec. V A, the antenna length (length along the y-axis)

FIG. 25. Simulated and measured (a) E-plane and (b) H-plane radiation pat-
terns of the proposed dual-band antenna in the S-band.
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is initially adjusted around A§/2,/;1 and, subsequently, optimized
using a full-wave simulation. The number of unit cells is deter-
mined as follows. In the upper-frequency band (Ka-band), the
antenna should operate in a “no grating lobe regime,”*’ therefore,
the unit-cell dimension (i.e., periodicity) should be turned around
a half of free-space wavelength in the upper-frequency band.
Therefore, the number of unit-cell is calculated as

A5(2y/En) = N(AF/12),

(13)
N = bl /e

Considering jg‘ = 3.2 GHz, ﬁ)H = 27.5 GHz, and &,, = 6.15,
the number of unit cells in each principal plane is N = 3. With
reference to Fig. 14, peak directivity with N = 3 and *%¢ = TF
is expected to be around 6 dBi for an MMR antenna and around
3.8 dBi for an SMR antenna.

The optimized dimensions of two parasitic dipoles are around
2.715’ /\/€r in the Ka-band. As such, a higher order mode of surface
currents [see Figs. 26(a) and 26(c)] are induced on the parasitic
dipoles at 27.5 GHz. In-phase induced currents across the dipoles, as
shown in Fig. 26(a), act as a two-element in-phase antenna array,
creating coherent radiations at the broadside. However, in the SMR
antenna, substantially smaller surface currents are induced on the
dipoles, revealing a weaker coupling between the dipoles and leaky-
waves at the aperture edges [see Fig. 26(c)]. This is explained by the
leaky-wave analysis shown in Fig. 12(a).
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FIG. 27. Simulated and measured reflection coefficients of the proposed dual-
band antenna in the Ka-band.

An SMR antenna has a substantially higher leaky wave attenua-
tion constant at 27.5 GHz than an MMR antenna. As a result, in the
MMR antenna, weakly attenuated leaky-waves reach the antenna
edges, where they induce stronger surface current on the dipoles,
resulting in a significant improvement in antenna gain. In the SMR
antenna, dipole contributions to radiation are negligible due to weakly
induced surface currents on the parasitic dipoles. Figures 26(b) and
26(d) illustrate the gain profile vs frequency with and without para-
sitic dipoles for both MMR- and SMR-based antennas, respectively.
Because of the minimal coupling between the dipoles and leaky-waves
at the edges in the SMR-based antenna, its gain is only increased by
around 0.5 dBi, from 4.5 to roughly 5 dBi.

The gain in the MMR, on the other hand, is roughly 5.8 dBi
without dipoles and increased up to 11.75dBi with parasitic
dipoles indicating around 6 dBi improvement. The MMR-based
antenna’s aperture efficiencies without and with parasitic dipoles
are around 14% and 43%, respectively. Simulated and measured
reflection coefficients and normalized radiation patterns in both
principal planes are compared in Figs. 27 and 28, respectively.
Reasonable consistencies are observed between simulation and

0
-20- 300
-40
-60 270

—— Simulation

20~ == Measurement
210 150 210 150
180 180

(a) (b)

FIG. 28. Simulated and measured (a) E-plane and (b) H-plane radiation pat-
terns of the proposed dual-band antenna in the Ka-band.
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measurement results. Simulated and measured cross polarization
levels in the radiation pattern are better than —18 dBi in both prin-
cipal planes, while the measured co-polarization level (realized
gain) is around 9.6 dBi at the broadside.

With reference to Fig. 28, the H-plane pattern has a relatively
high side lobe level (SLL), which could be attributed to the follow-
ing effects: (1) parasitic radiation of excited higher order modes in
the discontinuity between CPW and slot; (2) parasitic CPW TL
radiation inside the cavity and parasitic radiation from the transi-
tion between CPW TL and microstrip line, and; (3) radiation from
higher-order modes of surface currents induced on the parasitic
dipoles, which positively contribute to the antenna’s radiation at a
particular spatial angle.

VI. CONCLUSIONS

We investigated the effects of increasing the relative permittiv-
ity of the substrate on radiation performance in a
substrate-integrated planar leaky-wave antenna with SMR PRS for
the first time. We showed that the cavity and PRS resonances tend
to merge as relative permittivity is raised. According to the analyti-
cal studies and full-wave simulations in this scenario, the magni-
tude of the PRS’s reflection coefficient on a high-k substrate is
significantly reduced, which means a transparent PRS, causing a
directivity loss at the broadside. We proved how adopting an MMR
PRS can successfully handle this issue and result in a significant
improvement in the antenna broadside directivity and radiation
pattern. According to our studies, an MMR PRS is set to provide a
larger PRS susceptance with a smooth variation over a specified fre-
quency range. Additionally, it has a lower leaky-wave attenuation
constant, thus enhancing the broadside radiations in accordance
with the planar leaky-wave theory. A set of analytical equations for
leaky-wave analysis of the antenna designed on a heterogeneous
material were developed using the theory of small reflections. The
results were confirmed by full-wave simulations.

Finally, we developed, evaluated, and fabricated a class of
single-fed dual-band antennas with a heterogeneous cavity that
radiates in both S-band and Ka-band to shed light on the develop-
ment of an integrated antenna-frontend in an ARoF system.
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APPENDIX: ANALYSIS OF HETEROGENEOUS CAVITY
Leaky-wave analysis of the double-layer cavity

In Fig. 29, the transverse resonance technique in the form
of a reflection coefficient is used to calculate the transverse
propagation constant in a double-layer cavity at Z = 0 (reference
line) according to (A1), where T'prg = |Tprs|e/##s is the upward
reflection coefficient at reference line (or PRS reflection coeffi-
cient at Z = 07); I'ger is the downward reflection coefficient at
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FIG. 29. TL model of the leaky-wave antenna with a double-layer cavity.

the reference line (or equivalently reflection coefficient at
Z=0"),
IprsTrer = 1. (A1)
According to the TL theory Trgr = I"e %Mk, where T” is the
reflection coefficient evaluated at Z’ = 07. Therefore,
I’pRsF’e*Zjh‘k"‘ =1. (AZ)
At the boundary of two dielectrics, an infinite number of
reflections takes place. However, according to the theory of small
reflections,”” the overall reflection coefficient at the Z' = 0 boun-
dary [I” in Eq. (A3)] can be approximated as a combination of two
terms including the reflection coefficient between two dielectrics
(TIE/TM) a5 described in Eq. (A3) and reflection coefficient of the

ground plane transferred to Z' = 0 boundary (I'ye %"2), where
I,=-1is the reflection coefficient of the ground plane,

I TTETM | [ o2jhks
0 g (A3)

i JTEITM
F(Y)“E/TM — |l—~gE/TM|e]<P|-0

FTE _ ZZTE - ZlTE _ kzl - kzZ
O T ZIEL ZTE Tk + ky
w2 —ZIM ek, — epka

o ZZTM + ZITM o Sylkzz + Syzkzl

Substituting (A3) into (A2), a system of equations can be
developed according to (A4),

e—2hlaz1

ITpgs|
[TIE M sin y, + €292 siny, = 0,

Vi = @prs + GDIIOE/TM = 2B,

V) = @prs + T — 2( B, + haf).

[TIE ™| cos v, + X% cos y, =

(A4)
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where |Tprs|, ¢@pgs are calculated by a full-wave simulation in an
unit-cell; [T5™ | and @fF'™ are described in Eq. (A3); hy and hy
are indicated in Fig. 29; a1, @z, B,1, B, are longitudinal attenua-
tion and phase constants ( k;1» = 8,1, + jo;1,2; Note that positive
sign is selected to realize improper leaky-wave in e~2™2k12 terms)
in the dielectric 1 and 2, respectively, which can be expressed as a
function of transverse propagation constant (k, = 8 — jor) accord-

ing to (A5) by solving k1, = B,1, + joz12 = v/ €npkd — ki,

(@~ B+ £n2k) + /(@ — B+ €12k + Coip)
Bz = \ b >
(@~ B+ £12R) + 1/ (@ — B + €12k + 2p)
0z12 = .
’ 2
(A5)

Equation (A4) together with (A5) can be numerically solved
for finding transverse phase () and attenuation () constants at
each frequency. It is worth mentioning that in an antenna
alky < 1 and B/ky < 1, the binomial approximation (x + Ax)"
~ x" 4+ nx"'Ax + o(n — 2) can be applied to simplify (A5)** and
approximated it with (A6) where ny, = /&1,

o — B +2nd,k;

By~ ,
z1,2 2”1,2k0 (A6)
Oy R ap
w2 ko)

As mentioned in Sec. IV B, for a specific range of relative per-
mittivity ratios (0.6 < £,1/€,, < 1), an analytical equation can be
developed for calculating the transverse propagation constant. Since
in an antenna with a/ky < 1 and f/ky < 1, and particularly,
in a high permittivity dielectric, |ki/ko| < €712 therefore,
£n1.2 — (ki/ko)? = (k12/ko)? can be approximated as &1, ~ (k1.2/ko)*
in Eq. (A3) and in this case, [[1E/™| ~ |TTEM),

For 0.6 < g1/, < 1, |FOTE/ ™ | <0.1; therefore, wave reflec-
tion (due to a step change in relative permittivity) between two
dielectrics is negligible. In this case, |[TZ5/™| can be ignored in
Eq. (A4); therefore, I = —e~2"k=, By considering |T1¥™| = 0 in
Eq. (A4) and rearranging it, we can develop (A7) as follows:

{‘PPRS ~ (2n — Dr + 2(B,1h + B,rh2),

‘FPRS| ~ e—z(azlhl‘*'ﬂzzhz)' (A7)

Having substituted (A6) into (A7) and applying some basic
algebraic manipulations, the transverse phase and attenuation con-
stants are calculated according to (A8),
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ﬁ_ _§1+\/§§+4§§
ko 2k0(ﬁ—:+ﬁ—§)

a $i /448
k_o_ >

s 1)
{1 = (eprs — 2n — 1)xr) — 2ko(n1hy + nzhy),

{, = Lny/|Tpgs]

A periodic leaky-wave antenna radiates based on the space
harmonics (particularly, n = —1).”” In this case, the phase constant
of the radiated wave (a fast wave) is described as follows:

(A8)

n=0, +1, +2, £3,....

rad Uunp.
kg = lko + 2n7/ pk,
B lko = By Iko + 2n7/ pko (A9)
n=-1, -2, =3, ...,
where S5 /ky is the normalized phase constant of the unperturbed

wave (slow wave) (A8) and “p” is periodicity in the PRS.
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