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Featured Application: Short-range millimetre wave communications.

Abstract: The design of a uniformly spaced 1 x 4 linear antenna array using epitaxial layers of
benzocyclobutene over an InP substrate is demonstrated. The array elements are conjugately matched
with a uni-travelling carrier photodiode at the input. The phased array is optimised to counteract
mutual coupling effects by introducing metal strips with isolated ground planes for each radiating
element. The proposed antenna array can provide a gain of 10 dBi with a gain variation of 3 dB.
The array operates over a bandwidth of 10 GHz (295-305 GHz) with a wide scanning angle of 100° in
the broadside.
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1. Introduction

Millimetre-wave (mm-wave) communications provide an enormous potential for
revolutionising mobile communications in terms of data rates and bandwidth. These
systems were in use for security applications for more than two decades [1], and the recent
introduction of sub-THz bands in 5G standards [2] has sparked an increased interest in the
research community. Yet, the challenges of generation and path loss of sub-THz signals
have always limited their use for communications applications. Millimetre-wave systems
often rely on III-V compounds to develop and fabricate components such as amplifiers,
oscillators and mixers [3—-6]. The passive interconnection of mm-wave components is
limited to waveguide structures (planar or non-planar) [7]. Moreover, sub-THz signals
experience a propagation loss of approximately 100 dB for a transmission distance of just
10 m, imposing stringent power requirements on the link budget. As the output power of
millimetre-wave sources is typically insufficient, directive arrangements, such as phased
arrays, are often employed to constructively combine the output power from multiple
generators so that the energy is radiated along a preferential direction in space.

Recently introduced microwave photonic techniques [8,9] have been key enabling
technologies for millimetre-wave signal generation and processing. Photonics has long
used III-V compounds such as gallium arsenide (GaAs) and indium phosphide (InP) as the
base materials for the fabrication of active components such as laser sources, photodiodes
and modulators. The electro-optical conversion of a signal has made it possible to perform
signal operations, such as up/down conversion, delaying, filtering and Mux/Demux, in
the optical domain [10-13], e.g., a sub-THz electrical signal can be retrieved by taking
advantage of the heterodyne beating of an optical local oscillator and a modulated optical
signal in a high-speed photodiode. The handling of signals in the optical domain has
provided the ability to simplify the transceiver chain and harness the sizeable fractional
bandwidth of optical components compared to their electronic counterparts. Sharing the
same base material for optical and electrical components opens the possibility of sharing
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the same die for realising a complete on-chip sub-THz transceiver without the need for
interconnects, as in the case of photodiodes (photomixing) for the generation of mm-wave
frequencies using uni-travelling carrier photodiode (UTC-PD).

Typically, the electrical output power of integrated photodiodes is in the order of
microwatts [3,14-16]. Due to the high path loss suffered by millimetre wave signals, an
array of photodiodes is needed to transmit effectively even over a short distance. For an
effective sub-THz transmitter /receiver, a phased array antenna is often utilised. An array
of planar radiating elements can steer the beam along the desired direction and concentrate
energy into the receiver. Sub-THz antenna arrays are conventionally implemented using
non-planar structures such as horn antennas [17]. Array arrangements, whilst providing
the desired performance measures (in terms of peak realised gain, impedance matching
and bandwidth), are bulky and unsuitable for an integrated solution. Additionally, planar
array structures on III-V substrates, especially InP, present serious design challenges. The
InP has an isotropic etching profile, making it challenging to realise waveguiding structures
involving via through holes. These design bottlenecks can be overcome by resorting to
an alternative technique of depositing a thin film of a material having a lower relative
dielectric constant over a ground plane that provides shielding to the InP substrate [18].
This superficial layer can be used to realise planar arrays by capacitively feeding the
radiating elements. Previously reported planar arrays [17,18] were designed for an input
impedance of 50 ), which is not typically the case for on-chip photodiodes.

Here, we present a linear 1 x 4 phased array designed on InP through the employment
of layers of benzocyclobutene (BCB) deposited over a ground plane. The designed array
provides a front-end for a microwave photonics-based sub-THz transceiver. The input
impedance of radiating elements is optimised to provide a conjugate match to in-house-
built uni-travelling carrier photodiodes operating at around 300 GHz for maximum power
transfer. A capacitive feed structure is used to couple the mm-wave signal to the radiating
patch and simultaneously provide the targeted impedance matching. The presented phased
array is optimised to counteract mutual coupling effects by implementing parasitic metal
strips with isolated ground planes (MSWIGP) for each radiating element. The 1 x 4 linear
array provides a gain of 10 dBi with a wide scanning angle of 100° and an impedance
matching bandwidth of 10 GHz (295 GHz-305 GHz). Using integrated true time delay
phase shifters, the beam direction can be steered in broadside for £50°.

2. Design of the Unit-Cell

Based on the capacitive feed coupling technique presented in [19], a unit radiating
element (also referred as unit-cell) is designed such that the input impedance is a conjugate
match of the output impedance of a UTC-PD. The developed UTC-PD presents a complex
output impedance of 15 +j8 Q). In order to provide a conjugate matching, the input port
impedance of the antenna structure is defined as 15 — j8 Q).

The UTC-PD has a ground-signal-ground (GSG) output. Therefore, the signal pad
is connected to the top feed patch employing a via etched in the epitaxially grown BCB
Layer 1 (see Figure 1a) on top of a large gold ground plane deposited using Gold Layer 1.
The BCB is a low-k dielectric compatible with InP processes which has a relative dielectric
constant (¢) of 2.3 @ 300 GHz with a loss tangent (5) of 0.01. It provides the ability to realise
antenna elements over an InP substrate. The ground plane shields the mm-wave signal
from back-radiating through a high dielectric constant InP substrate underneath. The
epitaxial layer stack-up is shown in Figure 1a. A single 4 um thick via is etched through
the BCB Layer 1 with the same dimensions as the signal pad (Figure 1b).
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Figure 1. (a) Proposed epitaxial layer stack-up of InP, (b) pad dimensions of UTC-PD.

On top of BCB Layer 1, a gold feed patch is deposited. A thin layer of silicon oxynitride
(SiOxN) is also deposited between the Gold Layer 1 and Gold Layer 2 to implement the
biasing circuit. The SiOxN layer increases the adhesion between Gold and BCB and pro-
vides a substrate layer between the biasing structure and the ground. The biasing circuit is
implemented based on a microstrip line with two radial stubs acting as a shorting capacitor
for the mm-wave signal. The microstrip connects to a bonding pad of 60 um x 60 um. The
square radiation patch is deposited on top of a 10 um thick BCB Layer 2 with dimensions
of 306.4 um x 306.4 um. The planar dimensions of BCB layers are 500 pm x 500 pm; the
size of the unit cell is increased in the x-direction by 100 um to provide bonding pads for
DC biasing and ground. The structure of the unit cell is presented in Figure 2.

Radiation
Patch

BCB Layer
2

Feed Patch

Bond Pad

Figure 2. 3D structure of the unit cell.

The unit cell was simulated using Ansys HFSS v17. The simulated gain along 6
(angle relative to the z axis) and return loss assuming a port impedance of 15 — j8 () are
presented in Figure 3. The unit cell can provide a gain of 2.5 dBi with a matched impedance
bandwidth of 10 GHz.
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Figure 3. (a) Gain of unit cell, (b) return loss of unit cell.

Array Design

By using the unit cell, a linear, uniformly spaced 1 x 4 array was also designed. The
total area of the array is 2 x 0.6 mm?. The top view of the designed array is shown in
Figure 4. Such an array can provide a gain of 10.85 dBi with a steering angle scanning
range of 100°. The proximity of the radiating elements alters the boundary conditions of
the unit-cell. This effect can be observed by plotting the active reflection coefficient for
each unit-cell for different steering angles. For a steering angle of 0°, or when no phase
shift is applied between elements, it can be observed that all the four radiating elements
present an identical reflection coefficient across the whole bandwidth (Figure 5). As the
phase shift between the driving signals of each element increases, the impedance matching
bandwidth deteriorates. For extreme angles, i.e., £50°, the array provides a bandwidth of
merely 4-5 GHz, and the central elements are not matched at frequencies below 300 GHz.
In Figure 6a,b, the beam steering pattern and sidelobe levels (SLL) are plotted as a function
of frequency and steering angle. The SLLs shown in Figure 6b are asymmetric for varying
steering angles. A signal with a wide bandwidth will be subjected to non-uniform gain and
grating lobes at different frequencies, which can result in channel degradation and signal
transmission loss. The peak realised gain (where realised gain is the gain of an antenna
reduced by the losses due to mismatch of the antenna input impedance to a specified
impedance [20]) shown in Figure 6¢,d is not symmetric for positive and negative steering
angles, indicating that the gain performance will not be uniform across the entire scanning
range. The gain of the array will be significantly impacted for higher frequencies.

BCB Radiation Patch

\ GND GND GND GND
! ! |

Radial Stubs Bonding Pad

Figure 4. Top view of the designed 1 x 4 antenna array.
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Figure 6. (a) Steering pattern for 1 x 4 array, (b) SLL of the array, (c) Peak realised gain vs. frequency for varying steering

angles, (d) Peak realised gain vs. steering angle for different frequencies.

Thus, a signal centred around 300 GHz will experience a non-uniform response, and
consequently a drop in performance.
The problem of mutual coupling is complex due to the dependence of the array’s
parameters on the phase of the driving signal. A circuit model of mutual impedance is
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presented in Figure 7. The impedance Z;; (where i # j) has two components, i.e., static and
dynamic. The static part of Z;; is caused by a shared ground plane and the propagation
of substrate waves. The array structure loosely resembles a slab waveguide with metal
plates on the top and bottom. The width and height of such a structure can support mode
propagation, which causes a mutual coupling between elements. The dynamic part of Z;; is
caused by near-field interaction between radiating elements. The radiation patches form a
capacitor, with the initial condition being determined by the driving signal. For example, if
Element #1 is excited, the other elements will accumulate a specific amount of charge due to
capacitive coupling. When Element #2 is excited, it already has some charge accumulation
which acts as a capacitive load with non-zero initial condition. For time-varying signals,
the problem of determining the initial condition of a coupler capacitor is more complex.

7z, Zy, Z;; Zy

T T = T
Figure 7. Impedance model of 1 x 4 array.

The effect of mutual coupling can be reduced by increasing the impedance Z;;. Specif-
ically, the near-field interaction between radiating elements can be reduced by creating
a conducting wall or providing a path to the ground for near fields. In CMOS or PCB
technologies, such a wall is constructed using multiple vias, like in substrate integrated
waveguides. In the case of InP, vias cannot be implemented due to the complex fabrication
process and low process yield. Thus, for the proposed array design, it is not possible to
diminish the near-field interaction or the dynamic part of Z;.

The static part of Z;; can be increased by providing isolation between the ground plane
of the different radiating elements. Furthermore, to attenuate the substrate wave, slots can
be introduced in the ground plane. The effect can be increased by providing parasitic metal
strips isolated from the ground, as proposed in [21]. The slots in the ground plane disrupt
the necessary condition for the propagation of surface waves in a slab waveguide. This
effect is further increased by introducing isolated metal strips. Ideally the length of the
metal strips and slots should be larger than the length of the radiating element. This is the
case when slots are realised in a single dielectric material. In [21], it was proposed that the
length of the metal strip can be decreased by using two different dielectric materials for
realising the slot.

This configuration is challenging for PCB technologies, but in the case of the presented
array structure, such a combination of dielectric materials already exists. From the layer
stack-up of Figure 1, it can be observed that by removing Gold Layer 1, the two dielectrics
BCB and InP can provide the necessary sandwiched dielectric material. InP has a higher
relative dielectric constant (e =12), thus providing the possibility to realise a slot length
(Ls) less than or equal to the length of the radiating patch. The effective relative dielectric
constant of both materials is approximately 9. Using a combination of parasitic metal strips
with an isolated ground plane (MSWIGP), the ground plane is modified to mitigate the
mutual coupling, thereby creating a defected ground plane. The modified layout of the
array structure is shown in Figure 8a. The isolation is provided by the slots placed between
the ground planes and the parasitic metal strips. The width of the metal strip is 9 um
(which is obtained parametrically), and of equal length to that of the BCB layer on top, i.e.,
Ls = 500 pum. The slot is created by parametrically varying the distance between metal
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strips and the ground plane. The slot is 26 pm wide with a length of 600 um. The distance
between two ground planes of adjacent radiating elements (including strips and slots) is
70 pm. This modified ground plane or MSWIGP is used to create the 1 x 4 array. The layer
structure and dimensions of elements are kept constant.

Isolated Ground Metal Strips \

BCB

SN N

Figure 8. (a) Modified defected ground plane, (b) modified layout of 1 x 4 array.

(b

The modified array was simulated, and the active reflection coefficient was obtained
for each radiating element. Figure 9 presents a comparison of the bandwidth improvement
in terms of the reflection coefficient. This comparison is obtained by plotting the frequency
crossing point for a reflection coefficient of —10 dB as a function of the steering angle.
Figure 9 illustrates the frequencies for which the reflection coefficient of the radiating
elements is below —10 dB while the steering angle is varied from —50° to 50°. It can be
observed that MSWIGP improves the bandwidth of all antenna elements, especially the
central elements (elements 2 and 3). For extreme steering angles, the reflection coefficient
is now less than —10 dB for frequencies below 300 GHz, a clear improvement. There exists
some degradation for higher frequencies (>305 GHz), but the unit-radiating element is
not designed for these frequencies. The centre frequency can be tuned by optimising the
structure of the unit radiating element.
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Figure 9. Comparison of reflection coefficient between MSWIGP and the original design.

The detailed gain analysis of the modified array structure is shown in Figure 10. The
peak realised gain as a function of frequency and steering angle shows that by introduc-
ing MSWIGP, the gain performance is more symmetric. Although the overall gain has
decreased by 0.85 dB, the array presents a more balanced performance across the operating
bandwidth. Further, the SLLs (shown in Figure 10b) show an improvement of 1-2 dB while
maintaining symmetry on the performance along with positive and negative angles. The
introduction of MSWIGP has mitigated the effects of mutual coupling and substrate waves.
It can be argued that in order to improve the results further, the unit-cell antenna structure
needs to be refined such that the gain profile along 6 is more uniform, thereby providing a
constant gain in the array configuration. The improved 1 x 4 array has a gain variation of
3 dB for a scanning angle of 100°. By comparing the results presented in Figures 6 and 10,
it is evident that without using MSWIGP, the array had a gain variation of more than 4 dB
for angles > 40°. The SLL of the original array was below 7 dB for extreme angles. By
utilizing the MSWIGP structure, the gain variation is decreased to 3 dB for an improved
SLL better than 8 dB. This has resulted in improving the scanning range of the array while
keeping the fabrication process similar to the original design.

7
-50  -40 -30 -20 -10 0 10 20 30 40 50
6 (degrees)

@

XN

2 5
290 292 294 296 298 300 302 304 306 308 310 -50  -40  -30 -20 -10 0 10 20 30 40 50
Frequency (GHz) 6 (degrees)

alised Gain (dBi)

Figure 10. (a) Steering pattern for 1 x 4 array at 300 GHz, (b) SLL of array, (c) peak realised gain vs. fre-
quency for varying steering angles, (d) peak realised gain vs. steering angle for different frequencies.
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3. Conclusions

A linear 1 x 4 array is realised on InP, which is interfaced with a high-speed uni-
travelling carrier photodiode. The designed array structure can provide a maximum
simulated gain of 10 dBi with an SLL of better than 8 dB for a 100° scan angle. The
array fabrication does not need via holes within InP, and thus overcomes the fabrication
challenges of InP. For the first time, a modified ground plane is proposed for InP-based
sub-THz antenna arrays. By utilizing a modified MSWIGP structure in the ground plane,
the gain variation across the bandwidth was decreased to 3 dB with an improvement of
2 dB for side lobe levels. Although the peak gain of the array has decreased by 0.85 dB,
the array is able to provide an acceptable performance over the whole band. It is worth
noting that the introduction of MSWIGP does not require any additional fabrication steps
nor a change in the layer stack-up. The introduction of MSWIGP also does not increase the
back lobe as the slots are in the order of few micrometres. Using similar design techniques,
it is possible to realise a 2D array for improved gain and beamwidth. The SLLs can be
further improved by using amplitude tapering. The presented array demonstrates that it is
possible to realise a UTC-PD conjugately matched phased array radiating structure with
acceptable performance parameters on InP for the sub-THz frequency range.
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