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Abstract—This paper presents an on-wafer dual-port multiple-
input—multiple-output (MIMO) antenna for joint communica-
tions and sensing (JCAS) of new computed tomography (CT)
scanner-based medical applications in the 60 gigahertz (GHz)
millimeter wave (mmW) spectrum. The proposed antenna yields
a wide —10 decibel (dB) impedance bandwidth (I-BW) of 8.4 GHz
from 55.8-64.2 GHz by combining radiating elements with low
and high impedance. A partial ground plane was deployed to
produce a noteworthy quasi-omnidirectional realized gain (G,)
of 6.11 dB isotropic (dBi) and a fairly elevated total efficiency
(1:) of 79.6%. Furthermore, reasonable antenna isolation (|S21])
of >12 dB was ascertained while engaging a compact area of
5.79%x8)\o> and a low-profile of 0.1526)\,, where )\, indicates
free-space wavelength at 60 GHz. This paper also introduces a
millimeter wave ring resonator (mmW-RR) design that is capable
of determining the relative permittivity (e¢,) of polyimide (PI)
wafer at 60 GHz.

Keywords—antenna, computed tomography (CT), dielectric con-
stant measurement, joint communications and sensing (JCAS),
millimeter wave (mmW), multiple-input—multiple-output (MIMO),
ring resonator.

I. INTRODUCTION

Globally, CT, a medical imaging method that generates
fine-grained internal body images, represents a vital technology
for medical diagnosis [1]. CT scanners generate large amounts
of data that must be transferred from their revolving part to
the stationary unit. Currently this is done via mechanically
complex slip-ring type devices. Hence, as an alternative, we
consider wireless links to transfer the data and ascertain
the position of the rotating unit. Antennas of suitably high
gain and beamforming capability are required. In order to
achieve that, antennas with JCAS capability in the unlicensed
frequency (f) ranges represent a viable option [2]. Particularly
because it would enable real-time high data transfer rates
by combining radio-based sensing and communication into
a single spectrum and system. Considering the transmission
between a rotating part and a stationary part, a beam-forming
transceiver system with positioning capability will be needed.
A dual port antenna that can support both the communication
and radar functionalities will be the key enabler for such a
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Fig. 1. JCAS: key enabler for secure and simple CT scanner.

transceiver. A demonstration of the aforementioned concept is
portrayed in figure (Fig.) 1.

The 2.4 GHz and 5 GHz bands are often employed for med-
ical applications [3]. However, due to their limited availability
and limited bandwdith, it is becoming increasingly challenging
to identify unlicensed frequency range with low interference
[4]. The 60 GHz mmW spectrum is capable of accommodating
enormous throughput of 15 gigabits per second (Gb/s) and
beyond, depending on modulation order [5], [6]. This band
comes with added security feature due to high attenuation
and ideal for high throughput line-of-sight communication.
Hence, with these two benefits, the 60 GHz mmW spectrum is
anticipated to make a surge in medical applications. Besides,
there are several applications in sight using 60 GHz [7]. At
the same time, due to higher free space loss, beamforming
transceivers become an integral part of such systems. Radar-
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assisted communication may play an important role in such a
system [8]. In this work, the proposed antennas are intended to
address the design trade-offs of such a JCAS antenna design
at 60 GHz.

Microstrip-based MIMO antennas are quite popular due to
their straightforward radio frequency (RF) circuit integration
proficiency and high data transfer capacity [9]. However,
transmitting and receiving signals in the 60 GHz mmW band
encounters considerable obstacles, including absorption from
oxygen evaporation and microstrip losses of links connecting
antennas and other RF circuits in system packages [10]. One
promising approach to minimize connectivity loss involves
on-wafer technology [11]. However, silicon-based on-wafer
antennas exhibit low G, and 7, performance because the
silicon substrate is a semiconductor rather than a perfect
dielectric [12]. For instance, the average G, values of the
numerous on-wafer antenna designs discussed in [13], [14],
[15], [16] ranged from —16 dBi to —2 dBi only. However,
recent findings in [17] demonstrate that on-wafer antennas can
achieve reasonable G, and 7; performance. Yet again, these
enhancements necessitate complex fabrication methods along
with an expanded antenna profile and footprint.

The wafer material properties including e, significantly
impacts the design and performance of an antenna through
its design dimensions and resulting resonant frequency. Well
known off-the-shelf dielectric substrates are available with
substrate information with high accuracy. However, €, of non-
standard materials, including PI fabrics and the like, usually
remains out of the manufacturer’s specification because it has
traditionally been of no significance to the textile industry.
Hence, deploying PI as a carrier substrate necessitates a post-
manufacturing measurement of ¢,. to justify the design specifi-
cation and improved performance for following manufacturing
cycles. Since, the commercial test kits for ¢, measurement are
expensive and compatible only with the same vector network
analyzer (VNA) vendor, a passive resonator structure approach
remains essential to sense ¢, of the substrate [18].

This work has explored and detailed a simple on-wafer
MIMO antenna layout with enhanced G, and 7 performance.
In particular, the proposed dual-port on-wafer antenna design
at 60 GHz features a small size of 5.79x8)¢2, a low profile
of 0.1526)\, a wide I-BW of 8.4 GHz from 55.8-64.2 GHz,
a quasi-omnidirectional substantial G, of 6.11 dBi, and a
reasonably high 7, of 79.6%. Furthermore, design and results
of a mmW-RR suitable for dielectric characterization of P/
wafer have been presented.

II. ANTENNA CONFIGURATION AND DESIGN

Typically, the subsequent design factors conclude the best
I-BW, G,, and n; performance of an antenna.

e  The dielectric substrate(s) having low e, are integrated
[19].

e  The ratio of antenna aspects is about equal to one [20].

e The electromagnetic (EM) fields are uniformly dis-
tributed within the smallest enclosing sphere [21].

However, the dielectric substrate and copper (Cu) prop-
erties of this work need to be assigned in accordance with
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Fig. 2. Dual-port antenna configuration and stack-up design.
TABLE 1. DUAL-PORT ANTENNA PARAMETERS IN \g AT 60 GHz

Tag | Dimension | Description

ts; | 0.15x1070 [ silicon thickness

tpr | 2.00x1073 | polyimide thickness

tow | 6.00% 10~4 copper thickness

1y 0.25%107° | ground length

wy |8.00x107° | ground width

Iy 5.79% 1079 | radiator length

1, ]0.26x107° | microstrip patch length
we | 0.06x 1079 | microstrip patch width
wg | 0.17x 10~° | microstrip patch width
wy [0.23x107° | microstrip patch width
ws | 0.31x107° | microstrip patch width

gu ]029%x 1070 | gap amid microstrip patches
wg | 6.00x1073 | 50Q microstrip line width

the standards of flip-chip connections and ease of integrating
with the various RF front-end components of a CT scanner.
Therefore, the proposed antenna package from bottom-to-top
encompassed, respectively, silicon (Si) substrate with €, =
11.9 and loss tangent (tan §) = 0, Cu ground, PI substrate
with ¢, = 3 and tan 6 = 0.01, and Cu radiator. Subsequently,
the design of various antenna elements were strategically
modeled to realize notable I-BW, G,., and 7; values. The
proposed on-wafer dual-port antenna configuration and stack-
up design is depicted in Fig. 2. Their corresponding parameter
dimensions are registered in Table I. A description of vital
antenna elements is provided in the next subsections.

A. Transmission Line

Designing a 502 transmission line constituted the ini-
tial step in the antenna modeling process. The characteristic
impedance (Zy) of a transmission line was originally calculated
using Equations 1 and 2 [22]. Subsequently, Ansys high
frequency structure simulator (HFSS) was utilized to simulate
and optimize the estimated dimensions of a transmission line.

.98t
Zo = 60 N 5.98tpr )
€re 0.8wg + WQ,a,8,7,6
€re = 0.475¢, + 0.67 2)
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B. Radiating Element

A traditional patch antenna composed of a single radiating
element operates with limited I-BW, low G,., and poor 7, in
the mmW band [23]. On the contrary, antenna array often
yields notable I-BW, G,., and 7; values [24]. Therefore, the
deployment of multiple radiating elements in the form of
an array was opted. Furthermore, to realize a wide I-BW,
a combination of low and high impedance-based radiating
elements were integrated. The physical dimension of the main
(I, x ws) radiating element was estimated through Equations
3,4, 5, and 6 [24]. Where, 1, and ¢y denotes the permeability,
and permittivity of free space, respectively.
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C. Ground Plane

The ground plane resonates at frequencies substantially
lower than those of the radiating element, contributing to
the generation of back radiation, which eventually affects the
overall antenna performance [24]. Hence, two distinct ground
plane configurations were examined to ascertain their effect on
the proposed antenna performance. Specifically, the full ground
plane-based antenna was first studied, followed by the partial
ground plane-based antenna. Besides, integrating Si below the
ground plane was investigated, and the results confirmed that it
had no detrimental impact on antenna performance. Therefore,
Equations 1—6 encompasses numerical coefficients pertaining
to PI exclusively.

III. ANTENNA RESULTS AND DISCUSSION

The optimum antenna design was determined by examining
three cases that are described in the following subsections.

A. Single-Port Antenna with Full Ground Plane

Initially, a single-input—single-output (SISO) antenna with
full ground plane was studied that ascertained a —10 dB I-BW
of 1 GHz from 54.2-55.2 GHz, as shown in Fig. 3 (a). The
accumulated operating band appeared to be much lower than
the approximated estimations. To determine a rationale for
this shortcoming, the antenna surface current distribution was
investigated, which suggests significant coupling between the
ground and radiating elements, as depicted in Fig. 3 (b). The
antenna radiation patterns in the ¢ = 0° and ¢ = 90° planes
at 54.5 GHz are depicted in Figs. 3 (c) and 3 (d), respectively.
In contrast to the antenna theory, which predicts directional
radiation patterns when an array of radiating elements is
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Fig. 3. Simulated results of single-port antenna with full ground plane: (a)

|S11]; (b) surface current distribution at 54.5 GHz; radiation patterns in the
(c) ¢ = 0° and (d) ¢ = 90° planes at 54.5 GHz.

introduced, quasi-omnidirectional radiation patterns were con-
firmed. Furthermore, the antenna yielded G, of —10.04 dBi
and 7, of 0.9% at 54.5 GHz. The degradation in the overall
antenna performance may be attributed to the following.

e The energy dissipation in the dielectric substrate.
e  The coupling between the conducting elements.

e The antenna 7, GG,, and I-BW, are usually interre-
lated, where any change in one parameter impact the
others.

B. Single-Port Antenna with Partial Ground Plane

In the second phase of the antenna design, a single-port
antenna with partial ground plane was studied, which led to
a wide —10 dB I-BW of 8.4 GHz from 55.8-64.2 GHz, as
illustrated in Fig. 4 (a). The distribution of antenna surface
current in Fig. 4 (b) demonstrates a significant reduction in
the coupling between the conducting elements. Figs. 4 (c) and
4 (d) display the antenna radiation patterns in the ¢ = 0° and
¢ = 90° planes at 60 GHz, respectively. The antenna exhibited
reasonable G, of 4.11 dBi and 7, of 62.6% at 60 GHz, despite
the confirmation of quasi-omnidirectional radiation patterns.
Therefore, the following points can be stated based on the
results of this study.

e  Partial ground plane mitigates the energy stored in the
substrate.

e The antenna quality factor decreases when the sub-
strate’s capacity to store energy is reduced.

o A wider I-BW results from a drop in the antenna
quality factor.

C. Dual-Port Antenna with Partial Ground Plane

An analysis of dual-port antenna with partial ground plane
was the last stage of the antenna design process. A —10 dB
I-BW of 8.4 GHz from 55.8-64.2 GHz was established with
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Fig. 6. mmW-RR: (a) layout; (b) simulated |S11| and |S21| results.
IV. MILLIMETER WAVE RING RESONATOR DESIGN
4§ ) A microwave ring resonator (MRR) is a well-known ap-
proach to dielectric characterization of low loss planar sub-
strates for microwave [25]. There are two approaches for
a MRR design, including end coupled and edge coupled.
Fig. 4. Simulated results of single-port antenna with partial ground plane In this work, a Tng resonator 1s deSIgned on the same P/

results: (a) |S11]; (b) surface current distribution at 60 GHz; radiation patterns
in the (c) ¢ = 0° and (d) ¢ = 90° planes at 60 GHz.
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Fig. 5. Simulated results of dual-port antenna with partial ground plane

results: (a) |S11| and |S21|; (b) surface current distribution at 60 GHz;
radiation patterns in the (c) ¢ = 0° and (d) ¢ = 90° planes at 60 GHz.

|S21] >12 dB, as shown in Fig. 5 (a). The antenna surface
current distribution in Fig. 5 (b) reveals a satisfactory coupling
performance between the ground plane and two radiating
elements. The antenna radiation patterns can be seen in the
¢ = 0° and ¢ = 90° planes at 60 GHz in Figs. 5 (c¢) and
5 (d), respectively. Although quasi-omnidirectional radiation
patterns were confirmed, the antenna showed relatively high
G, of 6.11 dBi and 7; of 79.6% at 60 GHz. The future work
of this research may concentrate on the following points.

e Realizing directional radiation patterns.

e  Methods for enhancing |So;

, G, and ;.
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substrate along with the antenna for operation at 60 GHz mmW
spectrum. Descriptively, the edge coupled approach is utilized
as the matched width of the microstrip at PI is very narrow,
which does not allow sufficient coupling for end coupled
designs. The proposed mmW-RR design is shown in Fig. 6 (a).
For the mmW-RR design, the important parameter is the ring
circumference, which should satisfy the following condition.

2mr = n)y @)

Where, r indicates the ring radius, A, represents the guided
wavelength, and n denotes an integer number, which is chosen
as 5 to provide a practical length to width ratio of the design.
The coupling gap was optimized using the EM simulation tool
AWR microwave office. With a trade-off between the power
coupling and manufacturing complexity, a gap of 20 pum was
used.

The simulated |S7;| and |S2;| results of the proposed
mmW-RR is given in Fig. 6 (b). A resonance peak at 60 GHz
was tuned in the input reflection coefficient. With the deviation
in the dielectric value of the manufactured material, this peak
may shift in frequency. Therefore, the guided wavelength can
be calculated leading to the actual dielectric constant of the
substrate.

V. BENCHMARKING

Table II compares state-of-the-art antennas, emphasizing
the significance of the proposed (This) work. Two antennas
[26], [27] developed for CT-based biomedical applications in
the 60 GHz band have been referenced (Ref.). The proposed
MIMO antenna array has been included with PI profile only,
since Si substrate under the ground plane does not contribute
to the realization of accomplished antenna performance.

It has been noticed that the substrate integrated waveg-
uide (SIW)-based antenna reported in [26] is not suitable
for next-generation JCAS applications because their operating
mechanism primarily depends on the electric field detection.
Additionally, the SIW antenna leverages a relatively larger
profile than the proposed antenna to achieve a wide I-BW.
Besides, the SIW antenna exhibited high G- of >10 dBi, which
may be attributed to the low loss substrate with tan ¢ of 0.0012.
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