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Abstract

The future wireless communication for 6G (or beyond 5G) holds the promise to
reach Tbps level throughput at distances ≥ 1 km with flexible user mobility.
The upper millimeter-wave bands (100+ GHz), especially W- and D-band,
are being widely considered for these applications. In this context, high-gain
mm-wave antenna systems with intelligent beam-forming are seen as the key
technological enablers. However, high dissipation losses, components cost, and
tight manufacturing tolerances at these frequencies severely restrict suitability
of the traditional phased antenna array solutions.

This work attempts to fill in this knowledge gap by presenting a new array
antenna type based on the open-ended ridge gap waveguide (RGW). Such
an antenna is of a particular interest at 100+ GHz owing to its contactless
waveguide sidewall design, which alleviates active beam-steering electronics
integration. Its fractional bandwidth is broadened by a relatively simple wide-
band impedance matching network, consisting of an aperture stepped ridge
segment and a single-pin RGW section. Furthermore, the E- and H-plane
grooves are added that effectively suppress antenna elements mutual coupling
effects when used in arrays of such elements. Results demonstrate a wide-
angle beam-steering range (≥ 50◦) over ≥ 20% bandwidth at W-band, with
≥ 89% radiation efficiency. This significantly outperforms existing solutions
at these frequencies. An experimental prototype of a 1×19 W-band array
validates the proposed design concept through the embedded element pattern
measurements.

In the second part of this Licentiate thesis, we present a linear array ar-
chitecture as a building block of 2D arrays that can enable efficient beam-
steering and a simplified array design. It includes a low-loss gap waveguide-
based quasi-optical (QO) feed to provide a desired antenna port excitation
with 1- /2-bit phase shifters which are co-integrated with the array antenna
elements. The array design goals, i.e. the maximum available gain and min-
imum sidelobe levels are achieved through the optimum quasi-randomization
of phase errors through the QO feed. The relationships between the key de-
sign parameters of the QO feed are determined analytically. The system-level
performance for above-mentioned goals is studied numerically based on cas-
cading the simulated / measured results of each individual system component:
the QO feed, the RGW-to-phase-shifter transitions, the on-chip phase-shifters,
and the array antennas.
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5G: the fifth-generation of cellular networks
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CNC: computerized numerical control
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GGW: groove gap waveguide

GWG: gap waveguide
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IC: integrated circuits
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MLO: multi-layer organic polymer

MMIC: monolithic microwave integrated circuits

mmWave: millimeter-wave

PA: power amplifier

PAA: phased array antenna

PBC: periodic boundary condition

PCB: printed circuit board

PS: phase-shifter

QO: quasi-optical

RF: radio frequency

RGW: ridge gap waveguide

RX: receiver

SC: scientific contribution

Si: silicon

SiGe: Silicon Germanium

SLL: side lobe level

SNR: signal-to-noise ratio
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TX: transmitter

WG: waveguide

viii



Contents

Abstract i

List of Papers iii

Acknowledgements v

Acronyms vii

I Introductory chapters 1

1 Introduction 3
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 100 GHz array antenna design and challenges . . . . . . . . . . 5
1.3 Scientific contributions of the thesis . . . . . . . . . . . . . . . 8
1.4 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 W-/D-band State-of-art Array Antennas 13
2.1 Conventional PAAs . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.2 Non-conventional PAAs . . . . . . . . . . . . . . . . . . . . . . 16
2.3 Fully-metal array antennas . . . . . . . . . . . . . . . . . . . . 16
2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

ix



3 Array Antenna Unit Cell and Linear Array Antenna 19
3.1 Open-ended ridge and ridge gap waveguide (WG/RGW) radi-

ating elements in an infinite array environment . . . . . . . . . 19
Elements in the triangular array lattice . . . . . . . . . . . . . 20
Beam-steering range cross-comparison . . . . . . . . . . . . . . 24
Antenna elements mutual coupling effects . . . . . . . . . . . . 28
The proposed 2-D RGW element with E- /H-plane grooves . . 31

3.2 Experimental study of the 1-D array . . . . . . . . . . . . . . . 32
1-D array RGW element . . . . . . . . . . . . . . . . . . . . . . 32
Array design and measurement considerations . . . . . . . . . . 34
Beam-steering performance prediction . . . . . . . . . . . . . . 36

3.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4 Qausi-optical Feed Design Network and the Array Performance
Analysis 41
4.1 Operational principle and theoretical background . . . . . . . . 41
4.2 Design goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
4.3 Design methodology . . . . . . . . . . . . . . . . . . . . . . . . 44

First order design approach and initial design parameters . . . 44
Hardware implementation of GWG QO feed . . . . . . . . . . . 46
System level numerical results . . . . . . . . . . . . . . . . . . . 53

5 Summary of included papers 61
5.1 Paper A . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.2 Paper B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.3 Paper C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
5.4 Paper D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.5 Paper E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
5.6 Paper F . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

6 Concluding Remarks and Future Work 65

References 67

x



II Papers 75

A W-band Waveguide Antenna Elements A1
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A3
2 Array antenna element designs . . . . . . . . . . . . . . . . . . A5

2.1 Open-ended ridge waveguide antenna element . . . . . . A5
2.2 Open-ended ridge gap waveguide (RGW) antenna element A7

3 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . A7
4 Bandwidth vs. Scan Range Trade-Offs . . . . . . . . . . . . . . A11
5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A13
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . A14

B Ridge Gap Waveguide Antenna Elements for 1-D and 2-D Phased
Arrays B1
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B3
2 Open-Ended RGW Array Elements: Design and Beam-Steering

Performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B5
2.1 2-D Array RGW Element . . . . . . . . . . . . . . . . . B5
2.2 1-D Array RGW Element . . . . . . . . . . . . . . . . . B10

3 Experimental Study of the 1-D Array Element . . . . . . . . . B11
4 Conclusions and Future Work . . . . . . . . . . . . . . . . . . . B14
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . B14

C Mutual Coupling Analysis C1
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C3
2 Open-Ended WG and RGW Elements in an Infinite Array En-

vironment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C5
2.1 Optimization of the Beam-Steering Performance . . . . C7
2.2 Mutual Coupling Analysis . . . . . . . . . . . . . . . . . C8

3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C12
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . C12

D Methods for Attenuating and Terminating Waves in Ridge Gap
Waveguide D1
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D3
2 Basic RGW and Test Structures . . . . . . . . . . . . . . . . . D4

xi



3 RGWs Loaded with Absorbing Materials . . . . . . . . . . . . . D6
3.1 Carbon-Loaded Absorbing Foam . . . . . . . . . . . . . D6
3.2 Carbonyl Iron Paint . . . . . . . . . . . . . . . . . . . . D8
3.3 Selective Nickel Plating . . . . . . . . . . . . . . . . . . D10

4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D12
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . D13

E Millimeter-Wave Quasi-Optical Feeds for Linear Array Antennas E1
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . E3
2 GWG Quasi-Optical Feed Design . . . . . . . . . . . . . . . . . E4

2.1 Output RGW-to-GGW Transition: Central Elements . E6
2.2 Output RGW-to-GGW Transition: Edge Elements . . . E7
2.3 Input RGW-to-GGW Transition . . . . . . . . . . . . . E9

3 Full QO Feed Performance . . . . . . . . . . . . . . . . . . . . . E12
3.1 Frequency Performance . . . . . . . . . . . . . . . . . . E12
3.2 Amplitude and Phase Distributions Analysis . . . . . . E12

4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . E13
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . E15

F Quasi-Optical Beamforming Network for Electronically Scanned
Array Antennas with 1-Bit Phase Resolution F1
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F3
2 Proposed 1-bit PAA architecture . . . . . . . . . . . . . . . . . F4
3 1-Bit Array Far Field . . . . . . . . . . . . . . . . . . . . . . . . F6

3.1 Radiation Model . . . . . . . . . . . . . . . . . . . . . . F6
3.2 Optimum Quasi-Optical Feed Design . . . . . . . . . . . F7

4 Numerical Simulations . . . . . . . . . . . . . . . . . . . . . . . F9
5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F14
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . F15

xii



Part I

Introductory chapters

1





CHAPTER 1

Introduction

The introduction of the thesis begins by outlining the motivation for research
in the context of the current wireless communication environment. The spe-
cific design considerations and challenges associated with 100+ GHz array
antennas are then discussed from various perspectives. Following this, a sum-
mary of the scientific contributions made by this thesis is provided to give
a comprehensive overview of our work. Finally, the outline of the thesis is
presented, detailing the structure and content of the subsequent chapters.

1.1 Motivation
The future wireless communication beyond 5G such as 5G advance and 6G
hold the promise to reach Tbps level throughput at distances ≥ 1 km with
flexible user mobility [1]. The upper millimeter-wave (mmWave) bands (100+
GHz), especially W-band (75–110 GHz) and D-band (110–170 GHz), are
being widely considered for these applications, owing to the wide available
bandwidth, a relatively low atmospheric attenuation, and cm-level position-
ing accuracy. The low part of these bands have already been explored for
the automotive radar applications as well as in backhauling wireless links and
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Chapter 1 Introduction

multi-user wireless communications [2].
In the wireless channels at higher frequencies, the free space path loss

(FSPL) with omnidirectional antennas increase with the operating frequencies
and the distance (d) between the transmitter (TX) and receiver (RX). The
block diagram of a wireless link example is shown in Fig. 1.1, and according
to the following equations:

The receiving power of RX is:

Pr = PtGtGr

Lp
(1.1)

where (Gt, Gr) and (Pt, Pr) stand for transmitted/received antenna gain and
power, and Lp is the loss (a reduction factor) between TX and RX antenna.

Lp = (4πd)2

λ2
(1.2)

where λ is the wavelength in free space.

Pt Gt Lp Gr Pr

Pt

Gt

Pr

Gr

Figure 1.1: Block diagram of a simplified wireless link.

Substituting (1.2) into (1.1) we get:

Pr = PtGtGrλ
2

(4πd)2 (1.3)

or,
Pr dB = Pt dBm + Gt dBi + Gr dBi − Lp dB (1.4)

As gain of the antenna can be expressed as:

G = Ae4π
λ2

(1.5)

where Ae is the effective aperture of the antenna. Substituting (1.5) into (1.3),

4



1.2 100 GHz array antenna design and challenges

we have:
Pr

Pt
= GtGrλ

2

(4πd)2 (1.6)

here, (1.6) is the ideal model for FSPL assumes no obstacles, operating in
vacuum.

However, it is important to note that the mmWave antennas (for a given
physical size) will be more directional and have more gain. Friis free space
equation (1.4) readily demonstrate that higher frequency links are viable with
less loss, not more. With directional antennas at both link ends, theoretically
the path loss in free space decreases quadratically as frequency increases, so
long as the physical size of the antenna (effective aperture Ae) is kept constant
over frequency at both link ends [3], [4].

For instance, research has been conducted comparing propagation mea-
surements of transceiver links at 28, 73, and 140 GHz [4]. As depicted in Fig.
1.2(a), the measured path loss at different frequencies aligns well with the free
space path loss (FSPL) equation given by Eq. 1.3. The enhanced coverage at
higher frequencies for a constant antenna aperture at both ends of the link is
illustrated in Fig. 1.2(b). Here, the received power in free space at 140 GHz
is 5.7 dB and 14 dB greater than the power received at 73 GHz and 28 GHz,
respectively, for the same TX output power and identical physical antenna
areas at all frequencies.

These findings suggest that superior wireless links at higher frequencies
enable the use of wider bandwidths while maintaining the same signal-to-
noise ratio as at lower frequencies. It drives the research in 100+ GHz phased
array antennas (PAAs) with electronic beam-steering that can provide a broad
coverage and high energy efficiency [5].

1.2 100 GHz array antenna design and challenges
In this context, high-gain/efficiency mmWave antenna systems with intelli-
gent beam-forming are seen as the key technological enablers of the next-
generation telecommunication systems, capable to compensate the consider-
able free-space path loss, material losses and reduced power generation ability
of active electronic devices at these frequencies. To satisfy these require-
ments, PAAs must generate high effective isotropic radiated power (EIRP) in
the transmit mode, and high receiving sensitivity (or high signal-to-noise ratio

5



Chapter 1 Introduction

(a)

(b)

Figure 1.2: (a) 28, 73 and 140 GHz free space path loss (after subtracting out
all antenna gains) verification measurements at distances of 1, 2, 3,
4, and 5 m. (b) Received power vs. distance with (i) TX and RX
are both directional, (ii) TX is directional but RX is omni-directional,
and (iii) both TX and RX are omni-directional at 28 GHz, 73 GHz,
and 140 GHz. Directional antennas with equal effective aperture (Ae

= 2.9 cm2) at both TX and RX have much less path loss at higher
frequencies [2]–[4].
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1.2 100 GHz array antenna design and challenges

(SNR)) in the receiver mode. These merits are mainly determined by the i)
gain/efficiency of the PAAs; ii) the peak output power (Psat) and power-added
efficiency (PAE) and linearity of the power amplifiers (PA); iii) noise figure
(NF ) of the low noise amplifiers (LNA); iv) and the insertion/dissipation loss
of interconnections and feeding lines in the system.

To achieve high gain and efficient PAAs, significant efforts are being ded-
icated to designing array antennas with many array elements. Convention-
ally such PAAs are fed through equal line-length corporate feeds and then
connected to phase-shifter circuits and transmission lines or other types of
transitions from the antenna port to the integrated circuits (ICs) [6]. For an
N-element phased array, the EIRP in transmit mode is proportional to N2[7].
For instance, a 1024-element Silicon-based phased array at 94 GHz can es-
tablish a link at over 10 km, whereas a 64-element array can only cover a
few meters [8]. In addition, larger phased arrays can generate narrow (pen-
cil) beams with larger flexibility of beam-steering, resulting in spatial filtering
capabilities.

However, designing the phased arrays at W-/D-band is challenging as the
antenna geometrical features and the required grating-lobe free physical inter-
element spacing (0.5λ0 = 1.5mm at 100 GHz) become significantly smaller
than those at traditional sub-6 GHz bands and 5G-adapted mmWave band
(24–40 GHz). As a consequence, integrating modular antenna circuits with
conventional beam-forming networks becomes difficult due to the physical con-
straints in accessing and feeding each antenna element port. This is especially
critical for large-scale arrays of closely spaced antenna elements as required
for wide-angle beam-steering.

The aforementioned requirements necessitate tighter manufacturing toler-
ances in suitable materials capable of implementing array antennas with high
gain and efficiency. In recent mmWave phased array designs, the PAAs and ICs
are integrated into modules with one or more substrates stacked vertically or
laterally. This approach is advantageous for supporting a large number of an-
tenna elements with flexibility in terms of beam-forming implementation [9].
The architectures represented in these designs include Antenna-in-Package
(AiP) and Antenna-on-Chip (AoC) systems, where PAAs are implemented on
the first-level package in substrates with higher dielectric constants (embed-
ded wafer level ball grid array (eWLB): 3.2; high density interconnect (HDI):
2.8–4.6; low temperature co-fired ceramic (LTCC): 5–7.8; quartz 3.8 [10], [11])

7



Chapter 1 Introduction

than those of printed circuit boards (PCB). This allows for thinner line widths
and pitches that are beneficial for designing antenna variations, interconnec-
tions to ICs, and radio frequency (RF) signal routing. However, the high
dielectric constants combined with high loss tangents (0.003–0.008) in these
materials at W-/D-bands can also deteriorate radiation efficiency and result
in significant insertion loss in transmission lines.

The RF power supply, specifically power amplifiers, is another crucial design
factor that contributes to the system EIRP and array scaling rules. Despite
the availability of various semiconductor technologies, it remains challenging
to develop efficient high-power and cost-effective in-system packaging solutions
in the W-/D-band. The key TX/RX metrics of ii) the Psat, PAE and linearity
of PAs and iii) the NF of the LNAs degrade rapidly with increasing operat-
ing frequency according to the reported PA survey as Fig. 1.3 shows [4], [12].
III-V compound semiconductors, such as gallium-arsenide (GaAs), gallium-
nitride (GaN), and indium-phosphide (InP), have the potential to generate
more power at mmWave frequencies compared to silicon (Si). However, their
relatively low thermal conductivity limits the maximum power density, re-
sulting in devices with larger areas. The relatively lower level of integration
for III-V compound devices has also restricted their mainstream use. There-
fore, most reported packaging solutions utilize silicon-based technologies (SiGe
BiCMOS and Si CMOS processes) [13], [14] at 24–60 GHz bands, but fewer
solutions have been presented for W-/D-bands.

The above-discussed difficulties steer the 100 GHz PAAs research towards
non-conventional phased array architectures with hybrid integration solutions,
such as Antenna-in-Module phased arrays that integrate active circuits into
antennas [15], and beam-forming networks with reduced-order controls: e.g.,
quasi-optical feeding networks or modular sub-array feeds. Examples include
transmitarrays, active lens antennas and multi-beam antennas. Such non-
conventional solutions demonstrate high gain for the optics defined excitation
scenario, and can be implemented in low-cost technology with low insertion
loss. However, these solutions are more complex in design and lack well-
established implementations especially at W-/D-band.

1.3 Scientific contributions of the thesis
Original scientific contributions (SCs) of this thesis are discussed below:

8



1.3 Scientific contributions of the thesis

Figure 1.3: Saturated output power vs. frequency from the cited PA works since
2000 [12].

We propose a full-metallized reconfigurable active array design at 100 GHz
that addresses the critical design and manufacturing challenges at these high
frequencies. This design employs an antenna subarray modularization ap-
proach and hierarchical array beam-forming. In this way, the 2-D beam-
steering is realized by traditional electronic beam-forming ICs (BFIC) in one
plane, and by hybrid beam-forming control combining a quasi-optical feed and
low-bit phase-shifters in the orthogonal plane. We demonstrate a 1-D subar-
ray (linear array) by de-composing the key design steps and the associated
SCs as follows:

1. A novel antenna element type based on the open-ended ridge gap waveg-
uide (RGW) and its implementation solutions are proposed for applica-
tion in 1-D and 2-D wide-angle scanning phased arrays. The RGW fea-
tures contactless metal sidewalls, which facilitate the integration of ac-
tive beam-steering electronics. Results demonstrate a wide-angle beam-
steering (≥ 50◦) over ≥ 20% fractional bandwidth at W-band with
≥ 89% radiation efficiency that significantly outperforms existing solu-
tions (e.g. patch antennas, dipoles) at these frequencies. The proposed
design concept is validated in a 1×19 array through the embedded ele-
ment pattern measurements. (presented in Paper A,B,D)
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Chapter 1 Introduction

2. A quasi-optical (QO) feed for linear millimeter-wave (sub-)array an-
tennas in gap waveguide technology is demonstrated. The proposed
feed employs an input ridge gap waveguide (RGW), an H-plane sectoral
groove gap waveguide (GGW) section, and a transition to an output
RGW array. Several 20-element QO feed implementations are investi-
gated demonstrating a 20% relative bandwidth (85–105 GHz), 0.5 dB
insertion loss, and the capability of the amplitude taper control within
the 3-20 dB range. An analytical approach based on the modal con-
tents for controlling the amplitude taper of the QO feed is proposed.
(presented in Paper E, F ; collaborated work)

3. A system-level numerical analysis of the hybrid beam-forming linear
(sub-)array antenna including the spatial QO beam-forming network is
presented. This analysis is done by cascading the scattering parame-
ters of the individual system components and applying optimal beam-
forming coefficients to the array elements to obtain the beam-steered
radiation patterns.

4. A numerical study of mutual coupling effects in 2-D beam-steerable an-
tenna arrays of open-ended ridge waveguide (WG) and ridge gap waveg-
uide (RGW) radiating elements is presented to demonstrate the de-
coupling impacts of the grooves structures and protruding pins in the
array aperture that extends achievable beam-steering range. This anal-
ysis demonstrates the inter-element mutual coupling levels ≤ −20 dB
for the proposed RGW array elements with both E-/H-plane grooves
or pins with a wideband (≥ 20%) and wide-scan (≥ 50o) performance.
(presented in Paper C)

1.4 Outline
Following the introduction, Chapter 2 presents a review of the state-of-the-
art W-/D-band PAAs. In Chapter 3, a new type of RGW-based wide-band,
wide-scan PAA is proposed. A comparative analysis of the beam-steering
capabilities and mutual coupling effects of the WG and RGW PAAs with
various decoupling structures is conducted. An experimental study of the
proposed RGW antenna in a linear array is also demonstrated. In Chapter
4, a QO feed for linear array antennas is proposed. A system-level numerical
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1.4 Outline

analysis of the hybrid beam-forming linear array antenna, including the QO
beam-forming network, is presented.
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CHAPTER 2

W-/D-band State-of-art Array Antennas

To address the design challenges associated with beam-steering array antennas
for 6G applications in the W-/D-band, various architectural options have been
developed to balance system package design complexity, cost, and achievable
performance metrics such as impedance bandwidth and radiated power. The
prevalent solutions for implementing conventional PAAs include Antenna-in-
Package (AiP) and Antenna-on-Chip (AoC) systems. These systems are ad-
vantageous for phased-array scaling, allowing for the creation of phased arrays
by combining repeatable ICs and/or antenna units with low-loss interconnec-
tions [7], [16]. Typical limitations are low radiation efficiency, small scan
range and narrow bandwidth. However, creating high-gain array antennas in
these technologies can be expensive due to the need for large apertures and
the associated high chip area cost. In addition to conventional PAA solu-
tions, non-conventional PAA solutions such as lens and transmitarrays are
also being used to reduce cost (e.g. less components and chip area), though
at the price of the reduced performance: e.g., beam-steering flexibility and
multi-functionality. These solutions create electronic beam control in a hy-
brid way, by combining the quasi-optical structures with active integrated
circuits. Various state-of-art W-/D-band PAA designs are compared in Table
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Chapter 2 W-/D-band State-of-art Array Antennas

2.1 and discussed in the following sections.

2.1 Conventional PAAs
At lower mmWave frequencies, Antenna-on-PCB technology is a commonly
used as the cost-effective solution. In this approach, the radio-frequency inte-
grated circuits (RFIC) are flip-chip bonded to the board on the opposite side
from the direction of radiation. However, wire bonding the ICs cannot meet
the tight pitch demands required for array scalability, and maintaining radia-
tion efficiency in a lossy material with tight manufacturing tolerance present
challenges, limiting its applications to the W-/D-bands. In 2018-2019, Nokia
Bell Labs presented a tiling architecture with one IC per 24-antenna tiles in a
384-element phased array for point-to-multipoint applications at 91 GHz [17]
as shown in Fig. 2.1(a). Although the significant amounts of elements enable
high gain, the scan ability is very limited (±20◦) due to the tight feeding
networks distribution that impose a 0.63λ spacing between the elements.

To reduce the interconnections between discrete antennas and beamformer
ICs, Antenna-in-Pacakge (AiP) technology implements antennas with transceiver
dies into a standard surface-mounted device [10], [14]. Substrate technologies
suitable for implementing the array modules include LTCC (low-temperature
co-fired ceramic) [19], multi-layer organic polymer (MLO) [20], and embedded
wafer level ball grid array (eWLB) [14]. Its main advantage is that the 1st-
level embedded subarray tiles can be duplicated to form large arrays, but with
challenges of system complexity and excessive heat dissipation. In 2014-2018,
IBM developed a 94 GHz four-IC phased-array tile with 8×8 dual-polarized
antennas embedded in a MLO substrate, with four SiGe transceiver ICs flip-
chip attached to the package [18], as Fig. 2.1(b) shows. The required IC area
is almost identical to that needed for a 4×4 antenna subarray with 0.5λ spac-
ing. Nonetheless, the scanning range of the array is limited to ±30◦ due to
constraints in the manufacturing process for antenna variations.

To further eliminate the power and RF distribution loss associated with
the antenna-IC transition and distribution network, Antenna-on-Chip (AoC)
phased arrays have been proposed. This technology involves embedding wafer-
scale arrays on a single die, where each element is directly matched to the IC.
This approach is scalable to a large number of elements, but power and RF
distribution loss present significant design challenges. The antennas used in
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2.1 Conventional PAAs

assembled tile and carrier 
organic PCB stack-up

5 × 5 stacked patch
antenna array

(a)

(b)

cross section view and 3-D 
view of the dipole antenna

diagram of AoC phased array

(c)

Figure 2.1: Examples of the W-/D-band state-of-art PAAs: (a) 384-element, 16-
tile PA at 90 GHz and its Antenna-on-PCB section with 34 dBm EIRP
[17]; (b) 64-element PA at 94 GHz and its AiP section [18]; (c) 16-
element PA at 110 GHz and its AoC diagram [11].
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Chapter 2 W-/D-band State-of-art Array Antennas

such systems are expected to have an efficiency of at least 50% to be com-
petitive with other packaging techniques. In 2013, researchers at UCSD built
a 4 × 4 on-chip phased array (PAA) using the SiGe BiCMOS process [11],
as illustrated in Fig. 2.1(c). The PAA achieved approximately 45% efficiency
and a scanning range of ±30◦. This design has the potential to be scaled
up to 32–64 elements on a single chip. However, despite the high integration
and the advantages of employing commercial semiconductor processes, on-chip
PAAs still face challenges, such as a relatively narrow bandwidth (≤ 10%),
low radiation efficiency, and limited beam-steering range, primarily due to
high material loss.

2.2 Non-conventional PAAs
The-above mentioned challenges steer research towards non-conventional PAA
that can provide relatively high electrical performance with a simple design.
One approach is to employ 2-D beam-steerable reconfigurable reflectarrays,
where fast phase control can be realized by phase-shifting components inte-
grated with radiating elements [21], [22]. For example, Pan. et. al proposed
an on-chip reflectarray with active elements in GaAs process. In this work, a
1-bit P-I-N diode is connected to the patch antenna. Hence, the array struc-
ture is rather simple with 16×16 elements. However, the narrow bandwidth
(≤ 5%) and moderate scan capability (≤ 20◦) are featured due to the limited
degree of design freedom in GaAs substrate and the low-bit phase control
scheme limited by element size [21]). Other beam-steerable array antennas
use quasi-optical structures, e.g., Luneburg lens [23], [24], to extend the scan
range, but at the cost of bulky design. Another wideband solution is dielectric
rod arrays with liquid crystal-based phase control [25]. This technology offers
low loss in the mmWave regime with continuous tunability and can be readily
integrated into dielectric waveguides. However, one drawback is a relatively
small beam-steering range and complicated assembly.

2.3 Fully-metal array antennas
To minimize material loss and reach higher radiation efficiency, full-metal ar-
ray antenna designs have been investigated at W-/D-band [26]–[31]. Thanks to
high-precision CNC-milling and silicon micro-machining manufacturing tech-
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2.4 Summary

niques, hollow waveguide (WG) type antennas have much higher efficiency (>
50%) [28], [32] than printed antennas in substrate, but are less versatile in
terms of beam-forming capabilities. The reason is that these metal antennas
usually require dedicated waveguide-to-IC (WG-to-IC) transitions that are
typically lossy and occupy much space. Recent developments in silicon micro-
machining have demonstrated even higher efficiencies (>70%) thanks to their
nanometer surface roughness [29], [30]. It’s worth mentioning that the leaky
waveguide array proposed in [30] is fed by an quasi-optical radial waveguide
instead of corporate feeding network, contributing to a low-profile (≤ 0.78λ)
and compact array architecture. However, most reported arrays have been de-
signed for fixed-beam scenarios, or as frequency beam-steering arrays, while
the latter is not practical for telecommunication applications [30], [31].

2.4 Summary
Table 2.1 summarizes the beam-steering characteristics of the previously re-
ported W-/D-band array antennas implemented in different technologies. Com-
pared to AoC, AiP solutions, full-metal array elements are promising candi-
dates for beam-steerable implementations in terms of the high radiation effi-
ciency and wide-band performances. At the same time, non-traditional PAAs
with hybrid phase control, e.g. the combination of QO feeding network and
phase shifters allow a relatively simple array architecture, suitable for design-
ing large-scale beam-steerable arrays at W-/D-bands.
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CHAPTER 3

Array Antenna Unit Cell and Linear Array Antenna

A new antenna element type based on the open-ended ridge gap waveguide
(RGW) operating at 100 GHz is proposed to overcome critical design chal-
lenges and physical space limitations in arrays with electronic beam-steering
capabilities. Starting from a traditional ridge waveguide (WG) array element,
a set of WG and RGW antennas with various inter-element decoupling fea-
tures are designed and cross-compared in an infinite array environment. The
chosen RGW element design is demonstrated in an experimental linear array
to validate its design concept and performance.

3.1 Open-ended ridge and ridge gap waveguide
(WG/RGW) radiating elements in an infinite
array environment

Following considerations in Ch. 2, fully-metal open-ended WG elements are
selected as the starting point of our design. At high mm-wave frequencies,
traditional WGs’ hollow metal designs are rare due to the increased manu-
facturing complexity. On the other hand, the relatively new gap waveguide
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Chapter 3 Array Antenna Unit Cell and Linear Array Antenna

Single-mode 
operation band

Q-TEM mode

Bed of nails EBG: 

81-162 GHz band gap

ridge

top plate

Figure 3.1: An initial RGW structure with design dimensions (in µm) and its
dispersion diagram.

technology [33], realizing contactless WGs in a bed of nails, can be effectively
utilized to resolve these problems. Fig. 3.1 demonstrates a geometry of the
initial RGW structure used in this study, and its dispersion diagram simulated
in eigenmode in Ansys HFSS. Two rows of pins are employed at each side of
the central ridge, which is proved to prevent any unwanted mm-wave energy
leakage in its eigenmode simulation. As seen in the RGW dispersion diagram
(for a single-period pin structure) [34], a single quasi-TEM mode operation
regime is realized in the (80–160) GHz range. At the same time, the RGW
can operate above 82 GHz (the weak-dispersion region).

In the following discussions, all PAA radiating elements are designed using
open-ended ridge WG and RGW structures. We evaluate and compare the
performance of various WG and RGW array elements by adding different
decoupling structures in the array aperture. These additions suppress the
inter-element electromagnetic fields coupling and extend the achievable beam-
steering range.

Elements in the triangular array lattice
In the rectangular grid phased arrays, as shwon in Fig. 3.2(a), the inter-
element spacing within 0.5λh (λh is the free-space wavelength corresponding to
the highest design frequency fh) is required to avoid radiating grating lobes [6].
Alternatively, adopting triangular grid arrays as shown in Fig. 3.2(b), will
relax this requirement with ≥ 0.5λh inter-element spacing [6]. The larger inter-
element-spacing is especially beneficial for WG’s H-plane spacing / size, which

20



3.1 Open-ended ridge and ridge gap waveguide (WG/RGW) radiating
elements in an infinite array environment

lowers the WG cut-off frequency and increases the available physical space
for active electronics integration. A triangular array lattice (tanγ = 2b/a)
is therefore chosen for all the following WG and RGW PAA designs, where
the inter-element spacing values are chosen as 0.5λ0 and 0.6λ0 in the E- and
H-plane, respectively.

The initial design of the open-ended WG antenna array element and the
array lattice view are shown in Fig. 3.2(c). A single ridge is adopted inside the
WG structure to lower the cut-off frequency of its fundamental mode, thus
providing a wideband low-dispersive operation [35]. The ridge height is re-
duced in two-step towards the aperture, thus improving a wideband impedance
matching with the free space. Similarly, the RGW element topology and its
view in the array lattice is depicted in Fig. 3.2(d). The main advantage of the
RGW design is its intrinsically contactless structure between top and bottom
metal plates, which thereby allows for low-cost manufacturing, especially at
high millimeter wave frequencies [33]. Also, the gap provides the desired extra
space (around 100 µm along y-axis) for ICs and WG-to-IC transition struc-
tures. The RGW unit cell sizes are the same as for the ridge WG element.
The stepped ridge and the shifted pins near the aperture area are customized
to improve the impedance matching, which will be addressed in details at the
end of the section.

It has been shown that open-ended WG array antennas have relatively
strong antenna element mutual coupling effects [36], [37]. This can be a limit-
ing factor of the bandwidth and scan range, where the latter often results
in scan-blindness. This problem can be successfully overcome by adding
grooves between the radiating WG elements [38]. These grooves operate
as a soft surface, and hence, stop the electromagnetic waves propagation
above the array aperture, thus effectively decoupling the array elements.
To study this approach, we consider two additional variations of the ele-
ments: the WG/RGW element with only E-plane grooves as Fig. 3.3(a), 3.3(b)
show, and the WG/RGW element with both E- and H-plane grooves in
Fig. 3.3(c), 3.3(d). Furthermore, the last variation is adding a bed of pins
protruding over the RGW element aperture, as Fig. 3.3(e) shows. Although
these pins are frequently utilized to mitigate mutual coupling in wide-angle
scanning printed PAAs [39], they are seldom employed over WG PAA aper-
tures due to the thin E-plane walls, and their effects on WG elements remain
untested. The design parameters of the WG and RGW array elements are
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Figure 3.2: Considered rray configurations of (a) the rectangular lattice and (b)
the triangular lattice; (c) the open-ended ridge WG, and (d) RGW
topologies and the elements in triangular lattice.
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3.1 Open-ended ridge and ridge gap waveguide (WG/RGW) radiating
elements in an infinite array environment

shown in Table. 3.1.

lg1

wg1

E-pl. 
grooves

(a) WG + E-pl. grooves

..
...
.

..
.

E-pl. grooves

lg1

wg1

(b) RGW + E-pl. grooves

wg2

H-pl. 
grooves

(c) WG + E- & H-pl. grooves

..
.

..
.

E-/H-pl. grooves

wg2

..
.

(d) RGW + E- & H-pl. grooves

..
.

..
.

protruding pins

wp1
wp2 lp

..
.

wp3

(e) RGW + protruding pins (the pins in the adja-
cent array area are shown as transparent)

Figure 3.3: WG and RGW array elements with various decoupling structures.
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a b wr hr1
1896 1576 316 705

WGs

wa ha lr1 lr2 lr3 hr2 hr3
148 742 3000 980 1510 550 320
wg1 wg2 lg1
300 200 870

RGWs

d0 d1 g lr1 lr2 lr3 hr2 hr3
316 316 105 3690 1170 466 705 480
wg1 wg2 lg1 wp1 wp2 wp3 lp1
300 1000 1060 600 400 548 650

Table 3.1: Geometrical parameters of the WG and RGW designs illustrated in Fig.
3.2, 3.3. (unit: µm)

Beam-steering range cross-comparison
To characterize the array antenna element beam-steering performance in large
finite array configurations, we have employed a full-wave simulation model of
the array unit cell (UC). This UC has sidewall periodic boundary conditions in
the triangular array lattice and a Floquet port is empolyed above the element
aperture. The analysis was performed in the Ansys HFSS environment. The
central design frequency is f0 = 95 GHz. All the considered element designs
have been optimized to reach the largest beam-steering angle (θmax) through
the criterion of |Γ| ≤ −10 dB over the 20% relative bandwidth (BW) in
85–105 GHz. The magnitude of the scan reflection coefficient (|Γ|) for the
beam-steering in the E- and H-planes is shown in Fig. 3.4.

The initial results for the ridge WG/RGW element configuration are pre-
sented in Fig. 3.4(a), 3.4(b). The black dashed line indicates the grating lobe-
free border in the E-plane, where no grating lobes can exist in the H-plane
within the studied frequency-scan angle range due to the triangular lattice.
The impedance matching deteriorates as the scanning angle and bandwidth
increase. The red dash-dotted lines illustrate the exemplified targeted BW
goal of 20% (|Γ| ≤ −10 dB). In the E-plane, both WG and RGW elements
achieve a θmax of 37◦. However, in the H-plane, the 20% BW goals are at-
tained for beam-steering up to 17◦ and 32◦ for WG and RGW, respectively.
In comparison, RGW demonstrates a clear advantage in terms of wide-band
and wide-scan characteristics.

The beam-steering performance of the ridge WG/RGW UCs with only E-
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3.1 Open-ended ridge and ridge gap waveguide (WG/RGW) radiating
elements in an infinite array environment

plane grooves and with both E- and H-plane grooves are demonstrated in
Fig. 3.4(c) - 3.4(f). The width and depth values of the grooves were optimized
to improve the active |Γ|. When the E-plane grooves are added, the UCs
demonstrates a significantly larger bandwidth for the broadside beam in both
E- and H-planes. Although the θmax in the E-planes for WG/RGW remain
the same, the θmax in the H-planes improve to 27◦ and 39◦, respectively (see
Fig. 3.4(c), 3.4(d)). However, the appearance of scan-blindness phenomena in
the H-plane (upper right area of the plot) is observed, which is associated with
the mutual coupling effects in the triangular grid as caused by the E-plane
grooves. We proceed to analyze the results of the UCs with E- and H-plane
grooves, as shown in Fig. 3.4(e), 3.4(f). The beam-steering performance is
further improved compared to the previously described configurations. For
WG UCs, the θmax reach 42◦ and 26◦ for E- and H-planes, respectively, where
scan blindness is still affecting the H-plane scan ability. On the other hand,
RGW UCs with E- and H-plane grooves achieve wide-band performance with
θmax greater than 50◦. The impedance matching covers almost 60◦ in 20%
BW up to the grating lobe border in the E-plane, while the scan blindness in
the H-plane is largely mitigated. Finally, we present the results of RGW UCs
with protruding pins over the aperture, as depicted in Fig. 3.4(g). Compared
to RGW with E- and H-plane grooves, the primary improvement is observed in
the H-plane, as the scanning range reaches 60◦ in 20% BW. However, severe
scan blindness in the E-plane at high frequencies and the bottom limit of
the pins’ bandgap at low frequencies significantly affect the BW. The scan
range in both planes can be further improved only if the requirement of BW
becomes less strict. To further understand how the beam-steering performance
is affected by various RGW element aperture modifications, these results are
discussed in connection with the post-processed mutual coupling coefficients
in the following subsection.
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(f) RGW with E-/H-plane grooves
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BW = 20%

51

BW = 20%

60
E-plane H-plane

(g) RGW with protruding pins (the parts of the adjacent elements are shown
semi-transparent)

Figure 3.4: Simulated scan reflection coefficient (Γ) contour plots for the various
WG and RGW UCs of the 2-D infinite array.

Antenna elements mutual coupling effects

Sij = 1
4π2

∫ π

−π

∫ π

−π

Γ
(
ψx, ψ

′
y

)
exp

[
j

(
pψx + qψ′

y

)]
dψxdψ

′
y (3.1)

The array mutual coupling coefficients between the reference (0, 0)- and (i, j)-
element (Sij) can be calculated using the 2-D Fourier series expansion of Γ,
with Sij representing the (i,j)-th Fourier coefficient in the (Ψx,Ψy′) phase
space as depicted in Eq. 3.1 [36], [40], [41], where Ψx and Ψy′ are the phase
differences between adjacent elements along x- and y′-axis in Fig. 3.2(b), i.e.,
Ψx = 2πau/λ, Ψy′ = 2πbv/λ+ Ψx/2.

Here, u and v are the scan directions in u, v-coordinates (u = sinθscosϕs,
v = sinθssinϕs). Note that Ψx,Ψy′ ∈ [−π, π] that in general includes the
invisible region of the (u, v) space. To consider both accuracy and time-
efficiency, the resolution of ∆Ψx = ∆Ψy′ = 6◦ was used in numerical in-
tegration in Eq. 3.1. The results of UCs with the best performances are
cross-copared in Fig. 3.5: the WG and RGW with E- /H-plane grooves, and
the RGW with protruding pins.

As Fig. 3.5(a), 3.5(b) show, when both the E- and H-plane grooves are
added, the mutual coupling between elements are well-suppressed in both
planes. For i ≤ 5, the |Si0| drops faster at higher frequencies for the WG
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elements in an infinite array environment

element, but the RGW elements show rapid coupling suppression for i ≤ 3
over the operational bandwidth. Overall, this results in the larger H-plane
θmax of the RGW element. The RGW element performance improves further
as the protruding pins are applied over the aperture, shown in Fig. 3.5(c):
the mutual coupling coefficients are very close to the grooved RGW element,
but they decrease rapidly and continuously as element index increases over all
frequencies.

Element Index

(a) WG with E-/H-pl. grooves
Element Index

(b) RGW with E-/H-pl. grooves

Element Index

(c) RGW with protruding pins

Figure 3.5: Simulated coupling coefficients in the D- and H-plane for (a) the WG
UC and the (b) RGW UC with E- / H-plane grooves, and (c) the
RGW UCs with protruding pins in the infinite array environment. The
elements numbering is given in Fig. 3.2(b).
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Figure 3.6: Illustration of the impedance matching approach of the RGW ele-
ment using the equivalent circuit representation. Open-ended RGW
aperture parameters (beam-steering-dependent): ZF S is the free-
space impedance, k(∗), C

(∗)
OE , and LOE are the equivalent transformer

turn ratio, capacitance, and inductance with (*) and without the
stepped ridge, respectively. Matching circuit parameters: (Zr, θ

(∗)
r ),

(Zm1, θm1), and (Zm2, θm2) are the characteristic impedance and elec-
trical length of the output ridge WG, stepped ridge, and single-pin
segments; CE and LH1,2 are the equivalent capacitance and induc-
tance of the E-plane ridge and H-plane pin sidewalls steps.
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The proposed 2-D RGW element with E- /H-plane grooves
Considering the manufacturing complexity of the experimental array proto-
type, the RGW element with E- /H-plane grooves is chosen for performance
demonstration. The RGW employs a single ridge with two rows of pins on
each side. The RGW material is aluminum. In all simulations, the 0.5-µm
Groisse surface roughness model is used.

The design of the proposed RGW element with grooves for a 2-D array
was detailed in Fig. 3.3(d). As seen, the basic RGW is terminated in the
open-ended manner that couples the propagating RGW wave to free space. A
structure comprised of a stepped ridge segment and a single-pin RGW section
realizes a broadband impedance match and is discussed below. In the H-
plane, multiple array elements are manufactured on a common metal plate
being separated by the pins. By stacking such sub-arrays in the E-plane (yz-
plane) the full 2-D array is constructed. Active beam-steering electronics can
be integrated in a top metal plate of each RGW and contactlessly coupled
to the ridge employing an E-plane WG bifurcation [42]. That creates an
important design advantage of such element at high mm-wave frequencies.

The element’s design parameters have been optimized to achieve a maxi-
mum scanning range in the 20% relative bandwidth (85–105 GHz), as defined
by the scan reflection coefficient |Γ| ≤ −10 dB criterion. Fig. 3.6 consistently
explains the impedance matching strategy utilizing a simplified equivalent
circuit representation:

1. As seen in Fig. 3.6(a), the open-ended ridge WG fails to achieve the
desired impedance match condition. This is largely due to the excessive
shunting edge capacitance of the ridge COE .

2. The high-impedance (Zm1) stepped ridge segment [Fig. 3.6(b)] realizes
(i) a COE reduction to C∗

OE and (ii) an impedance transformation, while
adding an equivalent E-plane ridge step capacitance CE . As a result,
the Γ curves are effectively shifted to the center of the Smith chart.

3. Finally, the low-impedance (Zm2) single-pin section [Fig. 3.6(c)] locates
all Γ curves well inside the −10-dB circle by providing a fine impedance
transformation and adding an inductance LH2 of the H-plane sidewalls
step.

The resulting beam-steering performance is demonstrated in Figs. 3.4(f).
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For the 20% bandwidth the beam-steering range is ±51◦ and ±50◦ in the
E-and H-plane, respectively. In the E-plane, at higher-frequencies, the scan
range is limited by the grating-lobe border. Here, the element also experiences
the scan blindness. On the other hand, in the H-plane, we observe no scan
blindness. The elimination of this phenomenon is attributed to the E- and
H-plane grooves that effectively create an aperture quasi-periodic electromag-
netic soft surface [43] (see Fig. 3.3(d)). Within the beam-steering range, the
simulated element radiation efficiency is > 95%; the relative cross-polarization
level is below -60 dB and -17 dB in the E- and H-plane, respectively.

3.2 Experimental study of the 1-D array

1-D array RGW element
A linear array design is of practical interest as a building block (sub-array)
of the 2-D array antenna. Furthermore, mm-wave 1-D beam-steering arrays
have found their application for the indoor communication [44] and auto-
motive radar systems [45]. In these cases, the proposed open-ended RGW
element concept can be readily utilized. The 1-D array and element structure
is detailed in Fig. 3.7. As seen, the design has been, in general, inherited
from the 2-D array element. The main difference is the two-groove structure
formed in the E-plane. The resulting aperture electromagnetic soft surface
predictably terminate and stop the leakage of the electrical currents to the
exterior surfaces of the top and bottom metal plates. To be consistent with
the previous 2-D array element design in the triangular lattice, we have used
dH = 0.6λ0 for the 1-D array as well. The updated paratmeters are shown in
Table. 3.2.

The 1-D element design has been optimized for the maximum scan range
as the key design goal. A full-wave HFSS simulation model with the H-plane

1-D RGW

a b wr lr1 lr2 hr1 hr2
1896 4542 316 4770 626 705 529
wg1 lg1 wp1 lp1
370 1130 430 1850

Table 3.2: Geometrical parameters of the 1-D RGW array illustrated in Fig. 3.7.
(unit: µm)
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(a)
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wp1
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lr1
hr1

hr2
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(b)

Figure 3.7: The proposed open-ended RGW element designs for a 1-D array: (a)
close view of the array aperture; (b) explode view of the array element.
The geometrical features of the adjacent elements in the H-plane are
shown semi-transparent.

|Г| (dB)

BW = 20%

(a) 1-D infinite array, H-plane scan

|Г| (dB)

BW = 20%

(b) 1-D 1×19 array, H-plane scan

Figure 3.8: Simulated scan reflection coefficient (Γ) maps for the RGW element of
the 1-D infinite, and 1-D finite (1×19) arrays.
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PBC and perfect matched layers (along y- and z-axis) has been employed
for this purpose. The simulated |Γ| contour plot is presented in Fig. 3.8(a).
The 1-D element demonstrates a wideband impedance matching performance
with |Γ| ≤ −10 dB. The grating-lobe border limits the scan range for some
applications. However, this can be easily compensated by decreasing dH .

Array design and measurement considerations

array aperture
WR10-to-RGW 

transition

(a) (b)

Figure 3.9: (a) Photograph of the manufactured 1-D 19-element open-ended RGW
array (top plate removed) and (b) the antenna in the CATR measure-
ment setup.

At this research stage, the first prototype of the 1-D array has been designed
for the experimental characterization to verify the predicted RGW element
scan performance, as well as to test its manufacturing and assembling toler-
ances. The 1×19 1-D array (Fig. 3.9) has been fabricated using a CNC milling
process. This array size was found sufficient to reconstruct the 1-D infinite
array environment as supported by results in Fig. 3.8(b) demonstrating sim-
ulated |Γ| of the central array element. Since the standard WR-10 interface
flange is much larger than dH , measuring the full array S-matrix (to compute
Γ) is practically impossible. Therefore, the beam-steering performance of the
element was characterized through embedded element pattern (EEP) mea-
surements [46]. To realize this, the central array element was excited using
a WR10-to-RGW orthogonal transition (see Fig. 3.9(a)) [33], while all neigh-
boring elements were terminated with matched loads (detailed in Paper D).
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3.2 Experimental study of the 1-D array

The loads were made of carbon-loaded absorbing foam (ABS) WAVASORB
FS from Emerson & Cuming .

(a)

Co-pol

Cx-pol

(b)

Co-pol

Cx-pol

(c)

simulated (1×19) 

measured

(dB)

(d)

Figure 3.10: The simulated and measured performance of the 1-D array center
RGW element: (a) reflection coefficient (S11) and broadside realized
gain; (b) E-plane and (c) H-plane normalized embedded element pat-
terns (EEPs) at 95 GHz; (d) the H-plane co-polarized frequency-angle
2-D EEP maps (the dashed black lines indicate the grating-lobe bor-
der).
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Beam-steering performance prediction
Element performance was measured at the WR-10 input flange in the com-
pact antenna test range (CATR) setup of Chalmers THz antenna chamber
[Fig. 3.9(b)]. The measured central element passive reflection coefficient (S11)
and the broadside realized element gain are given in Fig. 3.10(a) in compari-
son with the simulated curves. An additional insertion loss (∼0.7 dB) of the
WR10-to-RGW transition and an RGW feed line has been extracted from
back-to-back structure measurements and subtracted from the measured gain
results.

x0102
center
ele.

Figure 3.11: Simulated EEPs at 95 GHz for the different element positions in the
1 × 19 linear array.

Some frequency ripples are observed for both S11 and gain measured curves.
These ripples are attributed to relatively high manufacturing errors (≤ 20 µm)
of the stepped ridge height in the transition and aperture areas. Moreover,
the realized gain is affected by imperfect ABS loads performance (average
reflection coefficient ∼17 dB (detailed in Paper D). The experimental em-
bedded element radiation efficiency was estimated to be ≥ 91%, considering
simulated values of ≥ 97% and an average measured gain loss of 0.3 dB com-
pared to simulation. The simulated (for both the 1×19 array and the 1-D
infinite array model) and measured normalized EEPs at 95 GHz are com-
pared in Figs. 3.10(b), 3.10(c) for the E- and H-plane, respectively. A small
(∼1 dB) H-plane broadside dip, observed for the measured pattern, is due
to the above-mentioned non-zero reflections in the ABS-terminated channels.
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3.2 Experimental study of the 1-D array

The measured cross-polarized EEP is slightly asymmetrical that is, likely at-
tributed to the measurement setup as the WG transition and the bottom plate
are quite bulky. Fig. 3.10(d) depicts the frequency-angle 2-D co-polarized EEP
maps in the H-plane revealing a wide-angle flat-top EEP shape. Array edge
effects have been studied in simulations and shown in Fig. 3.11, from which
we can conclude that already for the second edge element the EEP shape
in the ±50◦ range deviates by less than 2 dB from the results in Fig. 3.10.
Overall, the simulated and measured results in the 85–105 GHz range are in a
very good agreement, verifying the expected wideband and wide-angle RGW
element beam-steering performance with low sensitivity to manufacturing and
assembling tolerances (±20 µm).

Table 3.3 summarizes the beam-steering performance of the previously re-
ported mm-wave (100+ GHz) array elements implemented in different tech-
nologies. The proposed designs outperform the state-of-the-art W- and D-
band antenna solutions based on AoC, AiP, and dielectric rod arrays [11],
[17], [18], [25], as well as leaky-wave metal antennas [30], [31] in terms of wide-
angle, wideband beam-steering capabilities with high radiation efficiency. The
demonstrated 2-D array element performance has been, thus far, achieved for
the open-ended ridge WG elements [37] and rectangular WG elements [47]
only at much lower frequency bands (L- and X-bands), employing impedance-
matching dielectric sheets and WG insets.
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3.3 Conclusion

3.3 Conclusion
In this chapter, we proposed the open-ended ridge gap waveguide (RGW)
antenna element concept for 1- and 2-D array configurations. This RGW el-
ement is easily manufacturable from two split blocks which can be thereafter
assembled contactlessly. The latter provides that the element is suitable for
the integration of active electronics inside its structure to enable electronic
beam-steering at high mm-wave frequencies. The results of the infinite array
simulation model have been verified through the experimental study of the
1-D array element. At W-band, the 2-D array element demonstrates a wide-
band (≥ 20%) and wide-angle (≥ 50◦) beam-steering performance with high
radiation efficiency (≥ 89%, with 0.3 dB additional loss included).

As the final goals we focus on at the development of a 2-D array prototype as
well as the integration of phase-shifting circuitry into the element’s RGW. A
quasi-optical feed architecture is being considered for efficient array elements
excitation in the following chapter.
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CHAPTER 4

Qausi-optical Feed Design Network and the Array
Performance Analysis

In this section, a concept of the linear (sub-)array combining low-order (1-bit
or 2-bit) phase-shifters (PS) and a spatial quasi-optical (QO) beam-forming
network is proposed and demonstrated in gap waveguide technology. This
active linear array concept realizes 1-D beam-steering performances and can
be used as a building block of a 2-D PAA system. A system-level numerical
analysis of the hybrid beam-forming linear (sub-)array antenna including the
spatial QO beam-forming network is presented. This analysis is done by
cascading the scattering parameters of the individual system components and
applying optimal beam-forming coefficients to the array elements to obtain
the beam-steered radiation patterns.

4.1 Operational principle and theoretical
background

Given the increasing demand in millimeter-wave communication systems, phased
array antennas (PAAs) that offer high gain and dynamic beam control have
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E-field

N-bit
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N-bit

QO Beamforming Network

θin

Figure 4.1: A linear (sub-)array antenna with a QO beam-forming network com-
prising a QO feed and N-bit integrated PSs.

been extensively explored [2]. These PAAs can mitigate the high free-space
path loss and power-generation limitations inherent at these frequencies. As
discussed in Ch. 2, conventional PAAs encounter notable difficulties at fre-
quencies above 100 GHz, primarily due to the large dissipative losses in an-
tenna, conductor and dielectric materials, and the difficulty to integrate the
ICs within the small inter-element spacing.

Recently, researchers have proposed energy-efficient, non-conventional PAA
designs that utilize low-order (1- and 2-bit) phase control to facilitate beam-
steering at frequencies below 30 GHz [48]–[51]. This strategy shows particular
promise for higher frequencies. In fact, at high mm-wave frequencies, contem-
porary monolithic digital PSs typically exhibit an insertion loss of ∼2.53 dB
per bit [52]. At the same, the PAA gain loss due to 1-bit phase quantization
errors is ∼3.8 dB, and ∼1 dB for 2-bit quantization [50]. Thus, at W-band,
1-bit and 2-bit based architectures demonstrate comparable antenna gain and
efficiency. However, 1-bit PAAs boast a more straightforward and compact de-
sign. A significant challenge of such designs is the phase quantization sidelobes
that emerge due to periodic PAA aperture phase errors [6]. These sidelobes
are particularly severe for 1-bit PAAs. Due to the 1-/2-bit phase quantization,
these designs require a specific nonlinear initial phase distribution at the array
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ports (demonstrated in details in Sec. 4.3). This can be achieved through a
quasi-optical feeding structure, as illustrated in Fig. 4.1. This approach can
be considered a phase error randomization method that can perform close to
the phase-added method [53].

To demonstrate this concept at high mmW frequencies with lower inser-
tion loss, this initial excitation can be implemented by feeding the sub-array
through a tapered waveguide section with the focal ratio F/(Nxdx) [54], where
F is the focal length, as depicted in Fig. 4.1. The proposed hybrid (QO feed
+ PSs) beam-forming network is connected to an array of Nx = 20 radiating
antenna elements excited through a planar quasi-optical (QO) feed. In addi-
tion, each element has its own integrated PS to support beam-steering. The
QO feed represents a low-loss free-space feeding alternative to conventional
corporate feed networks for mm-wave large-scale arrays (Nx > 10). The PS’s
states differ from element to element between 0 and 180◦ (or 0, 90, 180 and
270◦) values depending on a beam-steering direction. The main advantage
of this architecture is its highly-integrated and simple design, which can be
manufactured in a standard waveguide technology. Moreover, as opposed to
corporate feed PAAs, such an architecture conveniently realizes the required
nonlinear initial phase distribution for high Nx.

4.2 Design goals
In previous chapters, we realized an RGW antenna element and a linear array
design that can be co-integrated with PSs for electronic beam-steering PAAs
as opposed to most reported GWG antennas that are fixed-beam. The on-
chip 1- and 2-bit PSs can be designed in WIN PIH1-10 GaAs process that is
suitable for mmWave applications and which Chalmers has access to via the
WIN & Universities collaboration programe. And a contactless monolithic
microwave integrated circuits (MMIC) -to-RGW transition is customized to fit
the low-bit PS into each RGW antenna element. The PSs with the transition
are studied in another collaborated work [55]. In this chapter, the results of
the PSs and the transitions are used for the numerical analysis of the QO +
antenna array system.

In this way, the GWG QO feed can be used to realize the desired initial
phase distribution. The final design goal for the proposed QO feed + PSs
beam-forming network is to reach the maximum system available gain and
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minimum side lobe levels (SLLs) over the operational frequency band of 85
-105 GHz and in 2-D scan range of ±50◦. In this Licentiate thesis, we focus
on 1-D scan range.

To realize the QO feed design fulfilling the above system requirements, we
need to consider the following critical aspects and questions:

1. What is the optimum initial phase distribution of the QO feed for the
minimum sidelobe level (SLL) of the 1-D array?

2. What is the suitable feed design implementation of the QO feed that
can overcome manufacturing complexities at these high frequencies?

3. What are the final realized gain and SLLs for the proposed implemented
total array + PS + QO feed system?

The below-described design methodology of the QO feed addressed these
questions.

4.3 Design methodology
In this section, we will discuss the process of designing the QO feed, from the
initial numerical analysis to its implementation in gap waveguide technology.

First order design approach and initial design parameters
We aim to design a linear array with the minimized sidelobe levels (SLL)
through optimum quasi-randomization of the phase errors in the elements
excitation to approach the desired linear phase excitation as close as possible.
An analytical expression for the optimum focal ratio of the QO feed has been
derived to establish the relationships between the key design parameters of
F,Nx, dx. We consider a linear array of Nx elements (see Fig. 4.1). Neglecting
the array edge truncation effects, the array far field can be represented as

EF F (θ) = Fe(θ)
Nx∑
i=1

Aiexp(j[Φi + φΣ
i ]), (4.1)

where Fe is the embedded element pattern (where the azimuthal dependence
is omitted); Φi = k0xisin(θ), xi = [i − (Nx + 1)/2]dx, k0 = 2π/λ0 is the
wavenumber, λ0 is the free-space wavelength; Ai and φΣ

i are the i-th element
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4.3 Design methodology

excitation amplitude and phase. The latter can be expressed through the
output phase φQO

i at the reference plane and the 1-bit PS phase φP S
i :

φΣ
i = φQO

i + φP S
i . (4.2)

On the other hand, φΣ
i = Φ0

i + δφi, where Φ0
i = −k0xisin(θs) is an ideal

element phase, θs is a beam-steering angle, δφi is a phase quantization error.
The excitation function of the QO feed is approximated by a cylindrical phase
front emanating from its focal center at the distance F from the reference
plane (see Fig. 4.1):

φQO
i = −k0

(√
x2

i + F 2 − F
)
. (4.3)

In Eq. (4.3), we assume the QO feed propagation constant equals k0. At the
same time, the amplitude distribution is modeled as the cosine-on-a-pedestal
function [56] (with the taper parameter C), which was found to be a reasonable
approximation for the QO feed with y-oriented E-field:

Ai = C + (1 − C)cos
(
πxi/(Nxdx)

)
. (4.4)

Taking the describes 1-bit PS case as an example, the PSs’ state switches be-
tween 0 and 180◦ values during beam-steering [57], and the far-field simulated
results for the linear PAA can be computed from Eq. (4.1). The scatter-
ing matrix and the radiation patterns of the linear array results from Ch. 3
are used here for numerical models. The number of the antenna elements is
Nx = 20 and the inter-element spacing is dx = 0.6λ0. The center embedded
element pattern is used for the array + PS + QO feed system analysis. The
linear array radiating element has been designed to enable grating lobe-free
and impedance-matched beam-steering up to |θs| = 60◦. The amplitude taper
has been computed as −20log(A(x1)).

The simulated SLL and system gain for different tapers at f0 = 95 GHz are
given in Fig. 4.2(a), where the QO feed focal ratio is varying with F/(Nxdx).
The maximum SLL and mean SLL are computed for each θs and then averaged
over the ±40◦ beam-steering range. As we can see, the mean SLL values
are relatively invariant with focal ratio, and generally depend on Nx only.
An important observation in Fig. 4.2(a) is that the maximum SLL curves
demonstrate local minima around F/(Nxdx) = 1. At the same time, the SLL
improvement is more significant for the stronger tapered distributions, which
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Figure 4.2: Averaged (over |θs| ≤ 40◦ beam-steering range) (a) SLL and (b) gain
loss relative to the ideal phase control, where this loss is due to phase
quantization errors at f0 = 95 GHz with Nx = 20 and 1-bit PS.

is an expected result from the aperture antenna theory. If we consider the
array factor (AF ) using the summation factor in Eq. (4.1), the array gain
loss due to the phase quantization errors of the 1-bit PS can be computed
as |

∑Nx

i=1 Ai|2/max(|AF (θ)|2). The averaged results are shown in Fig. 4.2(b).
As seen, the gain degrades by 3–3.6 dB and is virtually independent from the
taper values. It is an average gain loss associated with the quantization errors
with the 1-bit PS case.

Hardware implementation of GWG QO feed
In Fig. 4.3, the QO feed design based on a radial (sectoral) groove gap waveg-
uide (GGW) is considered, which interconnects an array of output ridge gap
waveguide (RGW) channels with an RGW input. In this setup, the out-
put channels are designed with the same dimensions as the RGW antenna
elements. The proposed design concept can be visualized as a bed of nails
forming an electromagnetic bandgap (EBG) surface. This EBG surface acts
as the sidewalls of both the RGW and radial GGW. The QO feed comprises
three main parts: (i) the input RGW with a transition to the GGW input;
(ii) the linear tapering or the radial GGW; (iii) the array of the output RGWs
with transitions to the radial GGW output. The inter-element spacing of the
output array dx = 1.896 mm = 0.6λ0, where λ0 is the free-space wavelength

46



4.3 Design methodology

at the central design frequency f0 = 95 GHz. The targeted design bandwidth
for all the system components is 85–105 GHz. The bed of nails used in the
QO feed has the same dimensions with that in Ch. 3.
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Figure 4.3: A proposed implementation of the QO feed in the GWG technology.
The inset demonstrates the RGW structure. Its geometrical paramters
are listed in Table. 4.1.

As discussed above, for PAAs with a low-order phase resolution (e.g., 1-
bit) a crucial design parameter is the QO feed focal ratio F/(Nxdx). In this
study, the focal ratio is chosen as 1.0, which corresponds to the GGW sidewall
tapering angle of 26.5◦. This configuration allows for the widening of the
GGW such that for every two EBG periods (PEBG = 0.632 mm) along the z-
axis, the sidewall shifts by one period along the x-axis. It helps us to generate
a more homogeneous field in the GGW area, which results in transmission
coefficients that exhibit fewer ripples and show less variation over frequency.

Since the direct optimization of the QO feed with Nx = 20 represents
an electrically large simulation problem, we have developed a decomposition
modeling approach allowing a separate design of the input and output GGW-
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Figure 4.4: (a) The output RGW element in the infinite 1-D array environment.
The overlapping E-field distribution (top plot) is given at 95 GHz and
θs = 30◦. (b) Frequency dependencies of the output periodic element’s
active reflection coefficient for different scan angles θs. Design param-
eters are listed in Table. 4.1.

to-RGW transition structures. That will be detailed in the following subsec-
tions. For all simulation models, aluminum has been used with 0.5-µm surface
roughness via Ansys HFSS Groisse model.

Impedance matching of the RGW output channels

The performance of the output RGW channels can be simulated using the reci-
procity principle [36], by representing the channel as an element of an infinite
transmitting 1-D array. Fig. 4.4(a) illustrates this simulation model with the
assigned sidewall (±x-direction) periodic boundary conditions (PBC), absorb-
ing boundary conditions (ABC) in front (−z-direction) of the element, and
aluminum walls at ±y-direction. Thus, optimizing element’s active reflection
coefficient Γout for a given scan angle θs results in the matched receiving of an
incident wave from the θin = θs direction (inside the QO feed), as depicted in
Fig. 4.1. To provide optimal impedance matching, we have introduced a wide-
band matching circuit comprising a 2-step RGW impedance transformer and
an EBG sidewalls transition from the 2- to a 1-pin configuration. Fig. 4.4(b)
shows the final Γout for different θs after the full-wave model optimization in
Ansys HFSS. As seen, the element is well-matched for θs ≤ 30◦. When θs ap-
proaches 40◦, the impedance matching significantly degrades, which resembles
the scan blindness phenomenon in conventional 2-D arrays [36].
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Input RGW-to-GGW transition

The input transition model has been developed to optimize input impedance
matching and investigate the primary (illumination) field of the QO feed.
Fig. 4.5 details three input configurations (Input 1–Input 3) based on this
model. The model is surrounded by the ABC region in the xz-plane. These
designs utilize the same structure of the wideband impedance-matching circuit
(Fig. 4.4(a)) with different input ridge lengths. The RGW-to-GGW transition
is created by an opening of the input RGW sidewalls, where every two row of
pins are shifted by 1PEBG alongside the tapering angle 26.5◦. Specially, the
second period applies a 2PEBG shift. From the electromagnetic perspective,
the input RGW-to-GGW transition can be seen as: (i) a transition from the
input RGW to a stepped rectangular GGW; (ii) a transition from the stepped
GGW to the radial (H-plane sectoral) GGW when the local transverse size of
the GWG is much larger than 2PEBG. Thereby, a transverse structure of the
primary field will be defined by an excited modal content of the radial GGW,
which, in turn, depends on a modal content excited by the stepped GGW.
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Figure 4.5: Different configurations of the QO feed input: (a) configuration
Input 1; (b) configuration Input 2; (c) configuration Input 3. The
instantaneous E-field distributions are given at 95 GHz. Geometrical
parameters are illustrated in Table. 4.1.

As Fig. 4.5 shows, the total length of the input stepped ridge is increased by
a quarter wavelength in each configuration from Input 1 to Input 3. While the
heights of the stepped ridges are modified to reach Γin ≤ −10 dB impedance
matched over the target bandwidth. In the transition areas of Input 1 to
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Input 3 (see Table. 4.1), the electromagnetic waves propagate in different
modes as the radial shapes at the end of the ridge are different. This result in
various dominant modes in the radial GGW parts. As Input 1 configuration
excites mainly TE10 mode with respect to z-axis; and Input 2 configuration
combines TE10 and TE30 modes; while Input 3 configuration is dominated by
the TE30 mode. This behavior is observed in the instantaneous E-field within
Ansys HFSS simulation models. In fact, the propagation modes in the radial
GGW do not perfectly align with the performance predicted by Eq. (4.3) and
(4.4) due to the presence of high-order modes. This discrepancy accounts for
the changes in the taper distribution within the QO feed, even when the focal
ratio is fixed.

QO feed F/D Nx dx θ0
1.0028 20 1896 26.5°

output RGW Lm0 Lm1 Lm2 Hm1 Hm2
1051 777 602 665 457

input RGW

# Input 1 Li0 Li1 Li2 Hi0 Hi1 Hi2
2638 1203 864 705 627 379

# Input 2 Li0 Li1 Li2 Hi0 Hi1 Hi2
4800 990 910 705 630 380

# Input 3 Li0 Li1 Li2 Hi0 Hi1 Hi2
5798 1203 856 705 627 379

Table 4.1: Parameters of the QO designs. (unit: µm)

Output amplitude and phase distribution control

To search the best performance for the GWG QO feed fulfilling the predicted
array model with a SLL suppression, we have designed several QO feeds with
different combinations of the input and output transitions. In all cases, the
output configuration has 20 optimized RGW outputs. Two output config-
urations are considered and shown in Fig. 4.6, the configuration Output 1
applies 17PEBG-long straight GWG sidewalls (along z-axis) transiting from
radial GWG QO to outputs, and the configuration Output 2 applies 7PEBG-
long sidewalls.

Fig. 4.7 presents the results for different configurations including the in-
stantaneous E-field distributions at f0 = 95 GHz (input port excited), the
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17 PEBG-long

(a)

7 PEBG-long

(b)

Figure 4.6: Different configurations of the QO feed output: (a) configuration
Output 1; (b) configuration Output 2. PEBG = 316µm , which stands
for a period length of the EBG pins.

output amplitude and phase distributions, and the corresponding transmission
coefficients over frequency. As Fig. 4.7(a), 4.7(b) and 4.7(c) show, the same
output QO configurations with different input configurations from Input 1 to
Input 3 demonstrate an reduced output amplitude taper from 7 to 0.9 dB
in average; meanwhile, the phase distributions remain non-variant and are
equivalent to Eq. (4.3) with the focal ratio around 1.1 to 1.3. As depicted
in Fig. 4.5, the Input 1 to Input 3 excite different modes in the QO struc-
ture, which have similar impacts in QO configurations Output 1 & Input 1 to
Output 1 & Input 3. In Fig. 4.7(a), the shortest ridge, Input 1, excites the
dominant mode TE01, along with other TE0δ modes propagating in the QO
feed. These modes are less variant over frequencies. In 4.7(b), as the ridge
length increases, more higher-order modes are generated in the radial GWG,
and they vary with frequencies. When the ridge length increases to that of
configuration Output 1 & Input 3, the excited higher-order modes create a
small amplitude taper of 4 dB on average, which is weakly dependent from
frequencies with the maximum ripple in ±3 dB (85–105 GHz range).

To ensure optimal illumination to the output edge elements, the elonga-
tion length from the radial GWG to the output elements are modified to be
17PEBG in length (see Fig. 4.7(c)). In comparison, configuration Output 2
with 7PEBG elongation (see Fig. 4.7(d)) cannot realize efficient transmission
to the edge elements and the transmission performance flatness over frequency
is deteriorated due to significant field reflections from the extended corner re-
gions. In all the considered cases, a simulated dissipative loss is below 0.5 dB.
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(a) Output 1 & Input 1

(b) Output 1 & Input 2

(c) Output 1 & Input 3

(d) Output 2 & Input 3

Figure 4.7: Different configurations of the full QO feed and corresponding (from
left to right): (1) E-filed distribution at f0 = 95GHz; (2) normalized
amplitude tapers and (3) phase distributions of the S-parameters of
the QO output ports, and (4) QO’s transmission coefficients.
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System level numerical results

(a) Required (ideal) linear phase excitation
of the array elements at θsc = 30◦
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(b) Realized phase excitation φΣ
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PS + QO feed at θsc = 30◦
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(c) Predicted phase errors δφ by 1-bit PS
+ QO feed compared to the ideal phase
at θsc = 30◦
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(d) Predicted phase errors δφ by 2-bit PS
+ QO feed compared to ideal phase at
θsc = 30◦

Figure 4.8: Predicted or simulated phase excitations with 1-bit and 2-bit PSs and
the QO feed at θsc = 30◦.

In this section, the array + beam-forming (BF) performance is analyzed nu-
merically using the simulated/measured results of the individually modelled
system components. In accordance with the system block diagram in Fig. 4.1,
the implemented system comprises the QO configuration Output 1 & Input 3,
1 × 20 RGW-MMIC transitions, 1 × 20 on-chip 1-/2-bit PSs, 1 × 20 MMIC-
RGW transitions, and the 20-element linear antenna array. The beam-steering

53



Chapter 4 Qausi-optical Feed Design Network and the Array Performance
Analysis

performance of the active array is computed within ±50◦ scan range by uti-
lizing active PSs’ states at each scan angle according to Eq. (4.1) and (4.2).
The system level performance is analyzed by cascading the S-matrix of all cor-
responding components and post-processing these results with the embedded
element patterns of the linear array.

Phase excitation of the sub-array elements with 1-/2-bit PSs and the QO
Feed

For clarity, the concept of achieving the designed phase excitation with a
combination of 1-bit / 2-bit PSs and the QO feed is illustrated in Fig. 4.8.
Firstly, the ideal phase excitation of the elements for a scan angle θs = 30◦

is depicted in Fig. 4.8(a). It’s computed using Φ0
i = −k0xi sin(θs) for 1 × 20

elements, implying optimal phase control.
Fig. 4.8(b) demonstrates the composition of the QO phase excitation φQO

i

from QO configuration Output 1 & Input 3 and the phase shifts φP S
i from

ideal PSs. Given that φP S
i only contains 0◦ and 180◦ states, the result of

φΣ
i = φQO

i +φP S
i (see Eq. (4.2)) deviates from the desired phase distribution

Φ0
i .
The phase difference δφi = φΣ

i − Φ0
i is due to quantization errors (see

Fig. 4.8(c)). If the system employs 2-bit PSs, the quantization errors are
reduced (see Fig. 4.8(d)). To take into account the actual phase states of
on-chip PSs, the measured results of 1-/2-bit PSs are used in the following
system numerical analysis, rather than ideal phase states. These results are
presented in Fig. 4.9. In the following section, δφi represents the system phase
errors.
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off-state

on-state

(a) 1-bit PS’s transmission loss in on / off states and the phase shift

state (0,0)

state (0,0)

state (0,1)

state (1,0)

state (1,1)

(b) 2-bit PS’s transmission loss and phase shift in four states

Figure 4.9: Measured results of (a) the 1-bit and (b) 2-bit on-chip PSs with WIN
PH1-10 GaAs process.
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System gain loss budget analysis

QO + 1-bit PS

QO + 2-bit PS

in frequency range 

85 – 105 GHz

(a) numerical QO model, F/D = 1.2

QO + 1-bit PS

QO + 2-bit PS

(b) numerical QO model, F/D = 1.4

QO + 1-bit PS

QO + 2-bit PS

(c) QO configuration Output 1 & Input 3

QO + 1-bit PS

QO + 2-bit PS

(d) QO configuration Output 1 & Input 1

Figure 4.10: The gain loss due to the system phase errors of different QO configura-
tions with active PSs’ states as obtained from on-chip measurements
over the operational frequency band 85–105 GHz. Each frequency
range plot show 81 gain loss curves from 85–105 GHz.

The average system gain loss due to the quantization errors and the phase
shift deviations is analyzed here. We observe that the phase errors depend on
the on-chip PS implementation and the type of GWG QO configurations. The
resulting system gain loss is computed at each angle and frequency for |θs| ≤
50◦ in the 85–105 GHz range, assuming that the array amplitude distribution
is uniform. For a more realistic scenario, the measured results of on-chip GaAs
PSs (see Fig. 4.9) are used in the computation: for the 1-bit PS, the realized
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phase shift is 190 ± 8◦ with an insertion loss of 3 ± 1 dB.

in frequency range 

85 – 105 GHz

(a) numerical QO model, amplitude taper
6 dB

(b) numerical QO model, amplitude taper
10 dB

(c) QO configuration Output 1 & Input 3 (d) QO configuration Output 1 & Input 1

Figure 4.11: The gain loss contribution due to the output amplitude taper of the
QO feed over the operational frequency band 85–105 GHz. Each
frequency range plot show 81 gain loss curves from 85–105 GHz.

The gain loss from Output 1 & Input 3 and Output 1 & Input 1 imple-
mentations are presented in Fig. 4.10(c), 4.10(d). For comparison, the gain
loss computed from numerical QO models with F/D = 1.2, 1.4 are also pre-
sented in Fig. 4.10(a), 4.10(b). We can observe that the GWG QOs (see
Fig. 4.10(c), 4.10(d)) reproduce the gain loss curves from the corresponding
numerical models for F/D = 1.2, 1.4 QO phase fronts shown in Fig. 4.10(a),
4.10(b). Although the GWG Output 1 configurations all implement F/D = 1
radial GWG walls, their 17PEBG-long elongated outputs increase the equiva-
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lent F/D around 1.2-1.4. The gain loss is comparable within 2.2-3.7 dB over
the scan range. However, the differences become more visible in the results
of the Output 1 & Input 3 configuration, where the gain loss fluctuates more.
This is primarily due to the existence of high-order modes.

The system gain reduction due to the amplitude taper is analyzed using the
output amplitude tapers of the ideal numerical QO and GWG QO models,
assuming that the phase excitation for the array elements is ideally equal to
Eq. (4.2). As depicted in Fig. 4.11(a), 4.11(b), the amplitude taper has a
minor impact on the system gain. With a 6 dB taper, the related system
gain degrades only by 0.2-0.4 dB; while a 10 dB taper results in a relatively
larger loss of 0.4-0.7 dB. Since the QO configurations Output 1 & Input 3
and Output 1 & Input 1 have similar phase distributions but very different
amplitude tapers (see Fig. 4.7(a), 4.7(c)), their resultant gains are different.

The QO configuration Output 1 & Input 3 creates an amplitude taper of
only 4 dB, resulting in ≤ 0.2dB gain loss, thanks to the over-moded illumina-
tion. In contrast, the Output 1 & Input 1 configuration with a large amplitude
taper leads to a more severe gain loss ranging from 0.4 to 1.2 dB. Therefore,
QO configuration Output 1 & Input 3 is considered the most effective solution.

Finally, the total system gain can be predicted by considering the array
amplitude taper, phase errors, and all components’ insertion loss. While the
available active PS states can provide finer phase resolution and reduce phase
quantization errors, they may introduce larger insertion losses.

This trade-off is analyzed by comparing the total system available realized
gain and relative SLLs. As illustrated in Fig. 4.9, the 1-bit PS demonstrates an
average insertion loss of 2.2 and 4.6 dB in its two states. For the 2-bit PS case,
the insertion loss values observed are 4.6, 5.8, 6.8, and 7.9 dB respectively.
Simultaneously, the resulting system phase errors for the 2-bit PS case are
much smaller (≤ 0.7 dB) over frequencies and scan angles. A comparison of
their system available gains is made in Fig. 4.12 at selected frequencies over
the |θs| ≤ 50◦ range.

The maximum system gain is computed by Eq. (4.1) with the ideal con-
jugate matching conditions for all array elements. If PS insertion loss is not
considered, it is clear in all cases that the 2-bit PS case has the largest system
available gain: around 1 dB lower than the ideal case and 2 dB higher than
for the 1-bit PS case. This is expected based on the results in Fig. 4.2(b).
However, when all the insertion loss contributions from the individual compo-
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max realized gain

(a) at 85 GHz (b) at 95 GHz

(c) at 105 GHz

Figure 4.12: Realized system available gain of the linear array system by cascading
all components and controlling active 1-/2-bit PS states.

nents are included, the average available gains for both cases drop to similar
levels, introducing around 9 dB gain degradation over all scan angles.

The relative SLL levels depicted in Fig. 4.13 underline the advantage of the
2-bit PS case. The relative mean SLL levels of 2-bit case are around -(15–20)
dB for all angles at the selected frequencies, while the 1-bit case always show
higher SLL levels, by more than -15 dB. The maximum relative SLL level for
the 1-bit case can be higher than -5 dB for some scan angles, but only around
-10 dB for 2-bit cases.
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(a) at 85 GHz (b) at 95 GHz

(c) at 105 GHz

Figure 4.13: Relative maximum and mean side lobe levels (SLL) of the linear array
system obtained by cascading all components and controlling active
1-/2-bit PS states.
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CHAPTER 5

Summary of included papers

This chapter provides a summary of the included papers.

5.1 Paper A
Y. Zhang, A. R. Vilenskiy, M. V. Ivashina
W-band Waveguide Antenna Elements for Wideband and Wide-Scan
Array Antenna Applications For Beyond 5G
2021 15th European Conference on Antennas and Propagation (EuCAP)
Dusseldorf, Germany, Mar. 2021
©IEEE DOI: 10.23919/EuCAP51087.2021.9411184.

This paper investigated various types of antenna elements as potential can-
didates for wide-band and wide-scan arrays at W-band. We consider open-
ended ridge and ridge gap waveguide radiating elements that could overcome
the physical complexities associated with the integration of elements in large-
scale electronically scanned arrays. Cross-comparison of several simulated ar-
ray designs leads to the final array elements with 25% impedance bandwidth
over the scan range of ±40◦ in both the E- and H-planes.
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5.2 Paper B

Y. Zhang, A. R. Vilenskiy, M. V. Ivashina
Wideband Open-Ended Ridge Gap Waveguide Antenna Elements for 1-
D and 2-D Wide-Angle Scanning Phased Arrays at 100 GHz
IEEE Antennas and Wireless Propagation Letters
vol. 21, no: 5, pp. 883 - 887, 2022
©IEEE DOI: 10.1109/LAWP.2022.3150595.

This paper proposes a new antenna element type based on the open-ended
ridge gap waveguide (RGW) at high mm-wave frequencies (≥ 100 GHz). Re-
sults demonstrate a wide-angle beam-steering (≥ 50◦) over ≥ 20% fractional
bandwidth at W-band with ≥ 89% radiation efficiency that significantly out-
performs existing solutions at these frequencies. An experimental prototype
of a 1×19 W-band array validates the proposed design concept through the
embedded element pattern measurements.

5.3 Paper C

Y. Zhang, A. R. Vilenskiy, M. V. Ivashina
Mutual Coupling Analysis of Open-Ended Ridge and Ridge Gap Waveg-
uide Radiating Elements in an Infinite Array Environment
2022 52nd European Microwave Conference (EuMC)
Milan, Italy, Sept. 2022
©IEEE DOI: 10.23919/EuMC54642.2022.9924388.

In this paper, we discuss mutual coupling effects in 2-D beam-steerable
antenna arrays based on open-ended ridge and ridge gap waveguide radiat-
ing elements. Various decoupling structures based on electromagnetic soft
surfaces are applied to suppress the surface waves over the array apertures.
The analysis demonstrates the effect of decoupling structures realizing a steep
drop of the mutual coupling magnitude (≤ −20 dB) for closely-spaced array
elements.
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5.4 Paper D
A. R. Vilenskiy, Y. Zhang, M. V. Ivashina
Methods for Attenuating and Terminating Waves in Ridge Gap Waveg-
uide at W-Band: Carbon-Loaded Foam, Carbonyl Iron Paint, and Nickel
Plating
2021 51st European Microwave Conference (EuMC)
London, United Kingdom, Apr. 2022
©IEEE DOI: 10.23919/EuMC50147.2022.9784367.

Several methods for electromagnetic waves matched termination and atten-
uation in a ridge gap waveguide (RGW) are experimentally investigated at
W-band. The following three techniques are considered: (i) filling an RGW
gap with a carbon-loaded foam; (ii) covering a ridge (and pins) with a carbonyl
iron paint; (iii) selective nickel plating of an RGW line segment.

5.5 Paper E
A. R. Vilenskiy, Y. Zhang, E. Galesloot, A. B. Smolders, M. V. Ivashina
Millimeter-Wave Quasi-Optical Feeds for Linear Array Antennas in Gap
Waveguide Technology
2022 16th European Conference on Antennas and Propagation (EuCAP)
Madrid, Spain, Apr. 2022
©IEEE DOI: 10.23919/EuCAP53622.2022.9769175.

A realization of the quasi-optical (QO) feed concept for linear millimeter-
wave (sub-)array antennas is demonstrated in gap waveguide technology. Var-
ious QO feed implementations are investigated at W-band demonstrating a
20% relative bandwidth (85–105 GHz), 0.5 dB insertion loss, and a capability
of an amplitude taper control within the 10–20 dB range.

5.6 Paper F
A. R. Vilenskiy, E. Galesloot, Y. Zhang, A. B. Smolders, M. V. Ivashina
Quasi-Optical Beamforming Network for Millimeter-Wave Electronically
Scanned Array Antennas with 1-Bit Phase Resolution
2021 15th European Conference on Antennas and Propagation (EuCAP)
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Dusseldorf, Germany, Mar. 2021
©IEEE DOI: 10.23919/EuCAP51087.2021.9410922.

We present a new linear array antenna architecture as a building block of 2D
arrays that can enable efficient beam steering and a simplified array design.
This concept is based on the combination of a low-loss quasi-optical (QO)
feed, providing predefined antenna port excitation, with 1-bit phase-shifters
which are co-integrated with the array antenna elements. The array model
is validated through numerical simulations revealing that the optimum focal
ratio leads to the minimum SLL.
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Concluding Remarks and Future Work

This research contributes to the ongoing advancements in wireless communi-
cation technologies beyond 5G, by introducing a new array antenna type based
on the open-ended ridge gap waveguide (RGW). The array antenna is specif-
ically designed for the upper millimeter-wave bands (100+ GHz), providing
potential solutions to the challenges of high dissipation losses, high compo-
nent costs, and stringent manufacturing tolerances that conventional phased
antenna array solutions often encounter. The proposed antenna design has
shown promising results in terms of wide-angle beam-steering range and ra-
diation efficiency, offering potential improvements over existing solutions at
these frequencies.

This RGW element can be manufactured with relative ease, using two split
blocks assembled contactlessly. This unique feature allows for the integration
of active electronics within its structure, potentially enabling hybrid electronic
beam-steering at high mm-wave frequencies. The 2-D array element exhibits
wideband (≥ 20%) and wide-angle (≥ 50◦) beam-steering performance with
high radiation efficiency (≥ 89%) at W-band, thereby demonstrating its robust
performance capabilities.An experimental study of the 1-D array verifies the
results of the infinite array simulation model.
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Furthermore, this study proposes a linear (sub-)array architecture that pos-
sesses 1-D beam-steering capability, serving as a building block for 2D arrays.
A low-loss gap waveguide (GWG)-based quasi-optical (QO) feed is designed
for feeding the array, and such array architecture potentially allows for co-
integration of 1-/2-bit phase-shifters within each array element. This inno-
vative approach optimizes the quasi-randomization of phase errors through
the QO feed, achieving design goals of maximum available gain and mini-
mum sidelobe levels. Both the GWG QO feed and the on-chip phase-shifters
(collaborated work) have been designed and validated independently through
measurements. A system-level numerical analysis of the beam-forming linear
(sub-)array antenna, which includes the spatial QO beam-forming network,
has been conducted. This analysis involved cascading the scattering param-
eters of individual system components and applying optimal beam-forming
coefficients to the array elements to produce beam-steered radiation patterns.

In conclusion, this work explores innovative designs and methods that have
the potential to improve the performance and efficiency of future wireless
communication systems, especially in scenarios where high data throughput
over long distances is desired.

The final goal of the PhD thesis is to develop a 2-D array prototype with
hybrid beam-forming including the integration of phase-shifting and PA cir-
cuitry into the element’s RGW (collaborated work).
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1 Introduction

Abstract

Energy-efficient and highly-compact beam-steering array an-
tennas at W- and D-band frequencies are considered as future
enabling technologies for beyond-5G applications. However,
most existing solutions at these frequencies are limited to the
fixed-beam and frequency-dependent beam-steering scenarios.
This paper aims to fill in this knowledge gap by investigat-
ing various types of antenna elements as potential candidates
for wideband and wide-scan arrays at W-band. We consider
open-ended ridge and ridge gap waveguide radiating elements
that could overcome the physical complexities associated with
the integration of elements in large-scale electronically scanned
arrays. An infinite array approach is used, where we have
adopted a triangular array grid and introduced E- and H-
plane grooves to the element design to enhance the scan and
bandwidth performance. Cross-comparison of several simu-
lated array designs leads to the final array elements with 25%
impedance bandwidth over the scan range of ±40◦ in both the
E- and H-planes.

1 Introduction
The development of future beyond-5G (B5G) wireless communication appli-
cations, products, and services strongly relay on innovative antenna technolo-
gies that can operate at higher bands of the mm-wave frequency spectrum
(i.e. 100+GHz). The W-band (75–110 GHz) and D-band (110–170 GHz)
are considered among most promising directions of development owing to the
wide available bandwidth and relatively low atmospheric absorption loss, and
have already been employed in the automotive radar applications as well as
in backhauling and multi-user wireless communications.

Antenna systems for these future applications are required to have a much
higher effective radiated power, as compared to the presently deployed 5G
systems, in order to compensate for the increased material losses and reduced
power generation ability of active electronic devices at higher frequencies.
Other challenges include significantly smaller antenna dimensions, and, hence,
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tighter manufacturing tolerances and extra difficulties of integrating active in-
tegrated circuits (IC) (that become comparable in size with antenna elements)
and signal routing, especially in large-scale arrays.

Due to the above-mentioned physical and manufacturing challenges, to date,
most reported designs of high-gain, high-efficiency W-/D-band array antennas
are for fixed-beam applications (often referred to as fixed wireless access). One
example of such antenna technologies is LTCC on-package array antennas that
have obvious integration advantages, but suffer from poor efficiency (typically,
< 35%) [1]. In contrast, hollow waveguide (WG) type antennas have much
higher efficiency (> 50%) [2], while benefiting from high-precision CNC-milling
manufacturing techniques, but are less versatile in terms of beamforming ca-
pabilities as these require dedicated WG-to-IC transitions which are typically
lossy and occupy much space. Recent developments in silicon micro-machining
have demonstrated even higher efficiencies (>70%) [3] thanks to their nanome-
ter surface roughness. However, these are still at the research development
stage. It is worth mentioning that there are available published beam-steering
solutions for large-scale array antennas at W-/D-bands and higher frequencies,
but these are limited to traveling-wave antennas with frequency dependent
beam steering [4], [5], which are not practical for our targeted applications.
Other 2D beam-steering solutions that are based on AoC (Antenna-On-Chip)
and SiP (System-In-Package) implementations, as realized today at 60 GHz
bands [6], have limited potential to simultaneously achieve the required wide-
band and wide-angle beam-steering performance with high radiation efficiency.

In the present work, we investigate and cross-compare various types of an-
tenna elements as potential candidates for wideband and wide-scan 2D elec-
tronically scanned arrays at W/D-band. The considered designs include open-
ended ridge waveguide and ridge gap waveguide radiating elements (this choice
is motivated by the expected high efficiency), where we have introduced sev-
eral modifications with respect to standard implementations in the form of
E- and H-plane grooves. Furthermore, a triangular uniform array grid is cho-
sen to enhance the grating lobe-free scan and bandwidth performance of the
arrays of such antenna elements. The antenna array element is optimized to
achieve the best bandwidth vs. scan range trade-off, subject to practical im-
plementation constraints in terms of the size and complexities of the element
geometrical features as well as the spacing needed to accommodate WG-to-IC
transitions [7].

A4



2 Array antenna element designs

The structure of the paper is the following: Section 2 presents the designs
of the considered array antenna elements in the infinite array setup; Section 3
illustrates the simulated results of different array antenna elements; Section 4
analyzes the results of design optimization and trade-off studies between the
impedance bandwidth and beam-steering range. Finally, key observations and
future directions of this work are summarized in Section 5.

2 Array antenna element designs
We consider the open-ended WG antenna element as the starting point of
the array antenna design in this work, where such elements can be cascaded
with active electronics to form independent beam-steering channels [8]. In
this section, a set of open-ended WG elements are designed for the operation
in the infinite array scenario.

2.1 Open-ended ridge waveguide antenna element
The initial design of the open-ended WG antenna array element is shown in
Fig.1(a). A single ridge is adopted inside the WG structure to lower the cut-off
frequency of its fundamental mode, thus providing a wideband low-dispersive
operation [9] with transverse element size close to 0.5λ0 (λ0 is the free-space
wavelength corresponding to the central design frequency f0). Various open-
ended ridge WG elements have been studied previously including dual- and
quad-ridge element designs [10], [11]. However, the reported wideband beam-
steering performance was limited due to impedance mismatch (e.g., VSWR <

4 in the 11% bandwidth and 60◦ scan range for the X-band array element with
half-wavelength E-plane size at central frequency in [10]). In this study, we
employ several wideband techniques to improve the element’s active reflection
coefficient during beam steering.

The WG elements are arranged in a triangular array grid [see Fig. 2(a)] that
has been chosen to relax the requirements on the array inter-element spacing
in the H-plane [12]. This allows for > 0.5λ0 inter-element-spacing for grating
lobe-free wide-angle beam steering. The increased H-plane spacing is also
beneficial for lowering the WG cut-off frequency and increasing the available
physical space for active electronics integration behind the array aperture. As
Fig. 2(a) shows, the inter-element spacing values were chosen as 0.5λ0 and
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(a) Initial configuration of the open-ended ridge WG array element.

(b) Front view of the ridge WG element
aperture with optional E- and H-
plane grooves.

(c) Front view of the ridge gap WG
(RGW) element aperture with op-
tional E-plane grooves.

Figure 1: Various types of array antenna elements

(a) Array grid (b) Floquet port and boundary conditions

Figure 2: Infinite array model
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3 Simulation Results

0.6λ0 in the E- and H-plane, respectively.
It is well know that open-ended WG array antennas have relatively strong

antenna element mutual coupling effects [10], [12]. This can be a limiting
factor of the bandwidth and scan range, where the latter often results in scan-
blindness. This problem can be successfully overcome by adding grooves be-
tween the radiating WG elements [13]. These grooves operate as a soft surface,
and hence, stop the electromagnetic waves propagation above the array aper-
ture, thus effectively decoupling the array elements. To study this approach,
we consider two additional ridge WG array elements: the element with only
E-plane grooves, and the element with E- and H-plane grooves [Fig.1(b)]. In
all cases, the two-step transformer is used to improve a wideband impedance
matching with the free space: the ridge height is reduced in a stepped manner
while the WG widens accordingly in the H-plane [see Fig. 1(a)].

2.2 Open-ended ridge gap waveguide (RGW) antenna
element

The ridge WG element requires good electrical contacts between its sidewalls
and is very sensitive to manufacturing errors and assembling misalignment.
Such closed WG structures create additional implementation challenges when
attempting the integration with active electronics and control lines tracing [8].
To address these problems, we propose a novel array element design based on
an open-ended ridge gap waveguide (RGW) [14]. Its front view is shown in
Fig. 1(c). The main advantage of the RGW design is its intrinsically contact-
less structure, which thereby allows for low-cost manufacturing, especially at
high millimeter wave frequencies [14]. Also, the gap provides the desired ex-
tra space for ICs and WG-IC transition structures. The RGW unit cell sizes
are the same as for the ridge WG element. We will consider two RGW el-
ement configurations: the initial design and the design loaded with E-plane
grooves. The ridge height is again reduced at the aperture area to improve
the impedance matching.

3 Simulation Results
To characterize the array antenna element beam-steering performance in large
finite array configurations, we have employed a full-wave simulation model
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(a) Ridge WG array antenna element

(b) Ridge WG array antenna element with E-plane grooves

(c) Ridge WG array antenna element with the E- and H-plane grooves
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3 Simulation Results

(d) RGW array antenna element

(e) RGW array antenna element with E-plane grooves

Figure 3: Active reflection coefficient (in dB) for various ridge WG and RGW array
elements. The black dashed line indicates the grating lobe-free border.

A9



Paper A

of the array unit cell. This unit cell model has sidewall periodic boundary
conditions and Floquet port above the element aperture. The analysis was
performed in the Ansys HFSS environment with the simulation setup as shown
in Fig.2(b). The central design frequency is f0 = 95 GHz. All the considered
element designs have been optimized to maximize the impedance matching
bandwidth for the broadside radiation. The magnitude of the active reflection
coefficient (|Γ|) for the beam steering in the E- and H-planes is shown in Fig. 3.

First, the results for the initial ridge WG element configuration are pre-
sented [Fig.3(a)]. The black dashed line indicates the grating lobe-free border
in the E-plane, where no grating lobes can exist in the H-plane inside the stud-
ied frequency-scan angle range. As seen, the impedance matching degrades
when both the scanning angle and bandwidth increase. The exemplified tar-
geted impedance bandwidth (BW) goals of 10% and 20% (|Γ| ≤ −10 dB)
are depicted by the pairs of dash-dotted lines. In the E-plane, the maximum
scan angle (θmax) reaches 56◦ for the 10% BW and 37◦ for the 20% BW at
higher BW edge. However, |Γ| > −10 dB at lower frequencies (shaded area),
hence the BW is always less than 20%. At the same time, in the H-plane, the
10% and 20% bandwidth goals are achieved at the higher BW edge for beam
steering up to 25◦, and 17◦, respectively; on the other hand, the required
matching at the lower BW edge can only be achieved for frequencies above
87 GHz. The scan-blindness can be observed nearby the grating lobe entering
the visible region in the E-plane (upper right area of the plot).

The beam-steering performance of the ridge WG element with only E-plane
grooves and with both E- and H-plane grooves is demonstrated in Fig. 3(b)
and Fig. 3(c), respectively. The width and depth values of the grooves were op-
timized to improve the active reflection coefficient. When the E-plane grooves
are added, the array demonstrates a significantly larger bandwidth for the
broadside beam in both E- and H-planes. In the E-plane, θmax reaches 47◦

and 37◦ for the 10% and 20% BW goals, respectively [Fig.3(b)]. In the H-
plane, θmax has been increased to 29◦ and 28◦ within the 10% and 20% BW,
respectively. The E-plane scan-blindness has been fully mitigated. On the
other hand, we can observe the appearing scan-blindness phenomena in the
H-plane (upper right area of the plot) that is associated with the mutual
coupling effects in the triangular grid as caused by the E-plane grooves.

Next, we analyze the results of the array antenna element design with E- and
H-pane grooves. As observed in Fig.3(c), the beam-steering performances has

A10
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been improved further, as compared to the above-described configurations.
In the E-plane, θmax reaches 52◦ and 41◦ for the 10% and 20% BW goals,
respectively. In the H-plane, the improvement is most pronounced with θmax

increase to 40◦ and 26◦ for the 10%, 20% BW cases. No scan-blindness effects
are observed in both planes. Compared to the initial ridge WG element design,
this design has the largest BW and the widest beam-steering sector.

Finally, Fig. 3(d) shows |Γ| of the proposed RGW array antenna element.
In this case, θmax is 46◦ and 37◦ for the 10% and 20% BW requirements in
the E-plane; and 32◦ for both 10%, 20% BW requirements in the H-plane.
The overall performance is better than that of the initial ridge WG element
design. However, the scan-blindness exists in both beam-steering planes for
large scan angles.

When the pair of E-plane grooves is added, we can observe an unexpected
beam-steering performance improvement. Fig.3(e) shows that instead of the
expected improvement in the E-plane, the grooves have a major impact on
the H-plane beamsteering performance: θmax in the H-plane has been in-
creased to 40◦ and 39◦ for the 10% and 20% BW cases. This interesting
phenomenon is accompanied by additional H-plane |Γ| resonances associated
with the scan-blindness. This affects the element’s beam-steering performance
at ≤40◦ around 105 GHz. The nature of this effect is the same as for the case
in Fig. 3(b) (H-plane). We believe that it is related to the surface wave prop-
agation along the E-plane grooves and will be explored during future studies.

4 Bandwidth vs. Scan Range Trade-Offs
In the above analysis, we have defined the operation bandwidth by the |Γ| ≤
−10 dB impedance matching criterion. In practice, this criterion can be re-
laxed, depending on application. Our results for the proposed RGW design
with grooves [see Fig.3(e)] show that the impedance bandwidth starts to shrink
when the scan angle reaches 40◦ in the E-plane, and 30◦ in the H-plane, which
denotes the region of interest for the trade-off analysis. We analyzed |Γ| by
sweeping the scanning angles in both planes with the bandwidth varying from
5% to 25%. A set of cumulative distribution functions (CDFs) are plotted,
as shown in Fig. 4. The CDF is defined as CDF (x) = P (|Γ| ≤ x), where
P denotes the probability function. Simulated results of ridge WG array el-
ement with E- and H-plane grooves are introduced here for a more complete
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(a) 30–40◦ scan range, E-plane (b) 40–50◦ scan range, E-plane

(c) 30–40◦ scan range, H-plane (d) 40–50◦ scan range, H-plane

Figure 4: Bandwidth vs. scan range trade-off study results for the following design
cases: (i) the RGW antenna element with E-plane grooves (solid lines)
and (ii) the ridge WG antenna element with the E- and H-plane grooves
(dash lines). CDF is cumulative distribution function.
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comparison.
In the E-plane, both array elements have ≥ 90% of |Γ| points (CDF ≥

90%) below −10 dB for the 25% BW and 30–40◦ scan range. When the scan
angle increases to 40–50◦, the ridge WG array element with the E- and H-
plane grooves exhibits better impedance matching with CDF = 90% within
25% BW, as compared to 10% bandwidth of the RGW element. If a |Γ| ≤
−7 dB requirement is acceptable, the bandwidth of the RGW element can
be increased to 25%. In the H-plane, the RGW configuration has a wider
bandwidth for 30–40◦ scan range: 90% RGW element’s |Γ| points fulfill |Γ| ≤
−10 dB reaching 25% BW, and the ridge WG array bandwidth is only 15%.
For the scan range of 40–50◦, if we select the |Γ| ≤ −7 dB criterion for CDF =
90%, the RGW and WG element designs have 5% and 20% BW, respectively.

In summary, the RGW array element has demonstrated promising beam-
steering performance, where up to 25% impedance bandwidth (which is de-
fined for the 90% CDF level for |Γ| ≤ −10 dB) is achieved over the scan range
of ±40◦ in both E- and H-planes. A wider scan range of ±50◦ is possible for
a relaxed criterion of |Γ| ≤ −7 dB. The RGW element with the grooves out-
performs the initial ridge WG array element design with the E- and H- plane
grooves for the H-plane scanning scenario, though at the cost of the reduced
performance in the E-plane. Nonetheless, in overall, the RGW structure has
an important advantage of enabling contactless transition to active electronics
while being also less prone to manufacturing and assembling errors that are
critical at W-band or higher frequencies.

5 Conclusion
We have considered several possible implementations of array antenna ele-
ments for future B5G communication systems at W- and D-band frequencies.
These designs are based on the open-ended ridge or ridge gap WG elements,
which are capable of simultaneously providing wideband and wide-angle ar-
ray beam-steering performance with high radiation efficiency. The full-wave
simulation results reveal two best element configurations, among the consid-
ered ones, where we have introduced decoupling grooves in the WG aperture
(namely, the ridge WG element with the E- and H-plane grooves and the
RGW element with the E-plane grooves). The best RGW element design is
capable of realizing ±40◦ scan range in both E- and H-planes within the 25%
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bandwidth (|Γ| ≤ −10 dB). This promising beam-steering capability, along
with possible contactless RGW interface towards active electronics, makes this
RGW array element a suitable candidate for future 100+GHz electronically
scanned array antennas. The experimental study of the proposed antenna con-
cepts is on-going and will be demonstrated through a finite array fragment
characterization.

A further improvement of beam-steering performance could be achieved
applying more effective elements decoupling techniques, especially in the H-
plane. This is a subject of the future research.
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1 Introduction

Abstract

A new antenna element type based on the open-ended ridge
gap waveguide (RGW) is proposed for phased array applica-
tions. This element type is of a particular interest at high mm-
wave frequencies (≥ 100 GHz) owing to a contactless design al-
leviating active beam-steering electronics integration. The key
challenge addressed here is a realization of a wide fractional
bandwidth and scan range with high radiation efficiency. We
demonstrate a relatively simple wideband impedance match-
ing network comprised of an aperture stepped ridge segment
and a single-pin RGW section. Furthermore, the E- and H-
plane grooves are added that effectively suppress antenna el-
ements mutual coupling. Results demonstrate a wide-angle
beam steering (≥ 50◦) over ≥ 20% fractional bandwidth at W-
band with ≥ 89% radiation efficiency that significantly outper-
forms existing solutions at these frequencies. An experimental
prototype of a 1×19 W-band array validates the proposed de-
sign concept through the embedded element pattern measure-
ments.

1 Introduction
The future wireless communication beyond 5G holds the promise to reach
Tbps level throughput at distances ≥ 1 km with flexible user mobility [1].
The upper millimeter-wave (mm-wave) bands (100+ GHz), especially W- and
D-band, are being widely considered for these applications, owing to the wide
available bandwidth, a relatively low atmospheric attenuation, and cm-level
positioning accuracy [2]. In this context, high-gain mm-wave antenna systems
with intelligent beamforming are seen as the key technological enablers, capa-
ble to compensate the considerable free-space path loss at these frequencies,
while supporting spatial multiplexing, and users tracking. This drives the
research in 100+ GHz phased array antennas with electronic beam steering
that can provide a broad coverage and high energy efficiency [3].

A popular choice of W/D-band array antennas employs Antenna-on-Chip
(AoC) and Antenna-in-Package (AiP) technologies which have been realized
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Figure 1: The proposed open-ended RGW element designs for (a) 2-D array (isosce-
les triangular grid) and (b) 1-D array. The components of the adjacent
elements in the H-plane are shown semi-transparent (unit: µm).

using quartz substrates [4] or multilayer packages [5], [6]. However, these
designs exhibit a relatively narrow bandwidth (≤ 10%) and low radiation
efficiency (≤ 40%), along with a limited beam-steering range (≤ 30◦), mainly
due to high material loss and surface wave effects. An alternative approach is
3-D antenna configurations, using quasi-optical structures (e.g., Luneburg lens
[7]) to extend the coverage, at the cost of a bulky design. Another wideband
solution is dielectric rod arrays with liquid crystal-based phase control [8]; its
drawback is a relatively small beam-steering range and complicated assembly.

More recently, full-metal planar array antenna designs have been investi-
gated at W- and D-band [9]–[14]. Realization of electronic beam steering in
this case is considerably more challenging than for AoC, AiP, and lens arrays.
The reason is too small physical space available to integrate phase-shifting
circuitry in each array element at such high frequencies. As the result, most
reported arrays have been designed for fixed-beam scenarios, or as frequency
beam-steering arrays [13], [14].

Therefore, we propose a new antenna element type based on the open-ended
ridge gap waveguide (RGW) that aims to overcome the above-mentioned limi-
tations. The starting point of this design is a traditional ridge waveguide (WG)
element which has been widely used in arrays at microwave frequencies [15],
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2 Open-Ended RGW Array Elements: Design and Beam-Steering
Performance

[16]. However, at high mm-wave frequencies, these hollow metal designs are
rare due to the increased manufacturing complexity and the above-explained
difficulties of electronics integration. On the other hand, the relatively new
gap waveguide technology [17], realizing contactless WGs in a bed of nails,
can be effectively utilized to resolve these problems. The concept of such
an element has been introduced in [18], albeit without a design optimization
strategy and no practical implementation considerations. The present work
fills in this knowledge gap by providing a detailed element design and its ex-
perimental demonstration. This results in two W-band element examples, one
of which can be used in 1-D linear arrays and another in 2-D arrays (Fig. 1),
both with competitive performance characteristics in terms of high efficiency
over a wide scan range and wide bandwidth.

2 Open-Ended RGW Array Elements: Design and
Beam-Steering Performance

In this research, all array elements are based on a regular RGW [19] as depicted
in Fig. 1. The RGW employs a single ridge with two rows of pins on each side.
The following main design dimension are used: ridge height 705 µm, width
316 µm; pins height 737 µm, width 316 µm; the gap between the pins and
the separation between the pins and the ridge is 316 µm; the air gap between
the ridge and the top metal plate is 137 µm. Thus, the element H-plane
(xy-plane, Fig. 1) size dH = 0.6λ0 = 1896 µm, where λ0 is the free-space
wavelength at the central design frequency f0 = 95 GHz. A single quasi-TEM
mode operation regime spans the 80 − 160 GHz band. Design material is
aluminum. In all simulations, the 0.5-µm Groisse surface roughness model is
used. A detailed characterization of this RGW can be found in [20].

2.1 2-D Array RGW Element
A design of the proposed RGW element for a 2-D array is detailed in Fig. 1(a).
As seen, the basic RGW is terminated in the open-ended manner that couples
the propagating RGW wave to free space. A structure comprised of a stepped
ridge segment (length Lm and height hm) and a single-pin RGW section re-
alizes a broadband impedance match and is discussed below. In the H-plane,
multiple array elements are manufactured on a common metal plate being
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|Г| (dB)

BW = 20%

51

(a) 2-D infinite array, E-plane scan

|Г| (dB)

BW = 20%

50

(b) 2-D infinite array, H-plane scan

|Г| (dB)

BW = 20%

(c) 1-D infinite array, H-plane scan

|Г| (dB)

BW = 20%

(d) 1-D 1×19 array, H-plane scan
Figure 2: Simulated active reflection coefficient (Γ) maps for the RGW element of

the 2-D infinite, 1-D infinite, and 1-D finite (1×19) arrays.
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2 Open-Ended RGW Array Elements: Design and Beam-Steering
Performance

separated by the pins. By stacking such sub-arrays in the E-plane (yz-plane)
the full 2-D array is constructed. Active beam-steering electronics can be in-
tegrated in a top metal plate of each RGW and contactlessly coupled to the
ridge employing an E-plane WG bifurcation [21]. That creates an important
design advantage of such element at high mm-wave frequencies. The consid-
ered 2-D array elements are arranged in an isosceles triangular lattice. The
E-plane element size is dE = 0.5λ0 = 1576 µm.

The full-wave element model was built in Ansys HFSS using the 2-D infinite
array approach with sidewalls periodic boundary conditions (PBC) and a Flo-
quet port at 10-mm distance above the aperture. Compared with the initial
design presented in [18], the RGW element has been further modified in this
study. Apart from E-plane grooves used above and below the ridge [Fig.1(a)],
H-plane grooves have been formed by removing the metal on both sides of
the ridge. The resulting width of the E- and H-plane grooves is 300 µm and
1000 µm, respectively, while the depth is Lg. This way, the output RGW
section transforms into the ridge WG without sidewalls. As shown below, this
measure further reduced the H-plane elements mutual coupling.

The element’s design parameters Lm, hm, and Lg have been optimized
to achieve a maximum scanning range in the 20% relative bandwidth (85–
105 GHz), as defined by the active reflection coefficient |Γ| ≤ −10 dB criterion.
Fig. 3 consistently explains the impedance matching mechanism utilizing a
simplified equivalent circuit representation:

1. As seen in Fig. 3(a), the open-ended ridge WG fails to achieve a good
impedance match. This is largely due to an excessive shunting edge
capacitance of the ridge COE .

2. The high-impedance (Zm1) stepped ridge segment [Fig. 3(b)] realizes (i)
a COE reduction to C∗

OE and (ii) an impedance transformation, while
adding an equivalent E-plane ridge step capacitance CE . As a result, Γ
curves are effectively shifted to the center of the Smith chart.

3. Finally, the low-impedance (Zm2) single-pin section [Fig. 3(c)] locates
all Γ curves well inside the −10-dB circle by providing a fine impedance
transformation and adding an inductance LH2 of the H-plane sidewalls
step.
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Figure 3: Impedance matching mechanism of the RGW element, represented by
equivalent circuits. Open-ended RGW aperture parameters (beam
steering-dependent): ZF S is the free-space impedance, k(∗), C

(∗)
OE , and

LOE are the equivalent transformer turn ratio, capacitance, and induc-
tance with (*) and without the stepped ridge, respectively. Matching
circuit parameters: (Zr, θ

(∗)
r ), (Zm1, θm1), and (Zm2, θm2) are the charac-

teristic impedance and electrical length of the output ridge WG, stepped
ridge, and single-pin segments; CE and LH1,2 are the equivalent capac-
itance and inductance of the E-plane ridge and H-plane pin sidewalls
steps.
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Figure 4: Mutual coupling levels between the central (”0”) and adjacent elements
in E-/D-/H-planes in (a) RGW array; (b) ridge WG array .

The final optimized design parameters are Lm = 466 µm, hm = 480 µm,
Lg = 1060 µm. The resulting beam-steering performance is demonstrated in
Figs. 2(a), 2(b). For the 20% bandwidth the beam-steering range is ±51◦ and
±50◦ in the E-and H-plane, respectively. In the E-plane, at higher-frequencies,
the scan range is limited by the grating-lobe border (black dashed curves in
Fig. 2). Here, the element also experiences the scan blindness. On the other
hand, in the H-plane, we observe no scan blindness in contrast to the RGW
element design from [18]. The elimination of this phenomenon is attributed to
the E- and H-plane grooves that effectively create an aperture quasi-periodic
electromagnetic soft surface [22] [see the inset in Fig. 1(a)]. Fig. 4 demon-
strates realized mutual coupling levels between the central and three adjacent
elements for the proposed and ridge WG array from [18]. Both arrays show
quite similar coupling performance that proves the similarity of electromag-
netic processes in the open-ended elements. For comparison, simulated results
in the H-plane are also given for the elements without H-plane grooves (dashed
curves). For the grooved designs, we observe the expected high-frequency H-
plane mutual coupling suppression by up to 7 dB, which greatly improves the
scan range. Inside the beam-steering range, the simulated element radiation
efficiency is > 95%; the relative cross-polarization level is below -60 dB and
-17 dB in the E- and H-plane, respectively.

B9



Paper B

array aperture
WR10-to-RGW 

transition

(a) (b)
Figure 5: (a) Photograph of the manufactured 1-D open-ended RGW array (top

plate removed) and (b) the antenna in the CATR measurement setup.

2.2 1-D Array RGW Element

A linear array design is of practical interest as a building block (sub-array)
of the 2-D array antenna. Furthermore, mm-wave 1-D beam-steering arrays
have found their application for the indoor communication [23] and automotive
radar systems [24]. In these cases, the proposed open-ended RGW element
concept can be readily utilized. The 1-D element structure is detailed in
Fig. 1(b). As seen, the design has been, in general, inherited from the 2-
D array element. The main discrepancy is the two-groove structure formed
in the E-plane. The resulting aperture electromagnetic soft surface [see the
inset in Fig. 1(b)] allows to predictably terminate and stop the leakage of
electrical currents to the outer surfaces of the top and bottom metal plates.
To be consistent with the previous 2-D array element design, we have used
dH = 0.6λ0.

Again, the 1-D element design has been optimized with the maximum scan
range criterion (Section 2.1). A full-wave HFSS simulation model with the H-
plane PBC and perfect matched layers (along y- and z-axis) has been employed
for this purpose. The final design parameters are Lm = 676 µm, hm =
539 µm, Lg = 1200 µm. The simulated |Γ| map is presented in Fig. 2(c).
The 1-D element demonstrates a wideband impedance matching performance
with |Γ| ≤ −10 dB. The grating-lobe border limits the scan range for some
applications. However, this can be easily compensated by decreasing dH .
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(a)

Co-pol

Cx-pol

(b)

Co-pol

Cx-pol

(c)

simulated (1×19) 

measured

(dB)

(d)

Figure 6: Simulated and measured performance of the 1-D array RGW element: (a)
reflection coefficient (S11) and broadside realized gain; (b) E-plane and
(c) H-plane normalized embedded element patterns (EEPs) at 95 GHz;
(d) H-plane co-polarized frequency-angle 2-D EEP maps (the dashed
black lines indicate the grating-lobe border).

3 Experimental Study of the 1-D Array Element
At this research stage, the first prototype of the 1-D array has been designed
for the experimental characterization to verify the predicted RGW element
scan performance, as well as to test a manufacturing technology and assem-
bling tolerances. The 1×19 1-D array (Fig. 5) has been fabricated using a CNC
milling process. This array size was found sufficient to reconstruct the infinite
array environment as supported by results in Fig. 2(d) demonstrating simu-
lated |Γ| of the central array element [cf. Fig. 2(c)]. Since the standard WR-10
interface flange is much larger than dH , measuring the full array S-matrix (to
compute Γ) is practically not possible. Therefore, the beam-steering perfor-
mance of the element was characterized through embedded element pattern
(EEP) measurements [25]. To realize this, the central array element was ex-
cited using a WR10-to-RGW orthogonal transition [17] [Fig. 5(a)], while all
neighboring elements were terminated with matched loads. The loads were
made of carbon-loaded absorbing foam (ABS) WAVASORB FS from Emerson
& Cuming [20].
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3 Experimental Study of the 1-D Array Element

Element performance was measured at the WR-10 input flange in the com-
pact antenna test range (CATR) setup of Chalmers THz antenna chamber
[Fig. 5(b)]. The measured central element passive reflection coefficient (S11)
and the broadside realized element gain are given in Fig. 6(a) in compari-
son with the simulated curves. An additional insertion loss (∼0.7 dB) of the
WR10-to-RGW transition and an RGW feed line has been extracted from
back-to-back structure measurements and excluded from the measured gain
results. Some frequency ripples are observed for both S11 and gain measured
curves. The ripples are attributed to relatively high manufacturing errors
(≤ 20 µm) of the stepped ridge height in the transition and aperture areas.
Moreover, the realized gain is affected by imperfect ABS loads performance
(average reflection coefficient ∼17 dB [20]). The experimental embedded el-
ement radiation efficiency was estimated to be ≥ 91%, considering simulated
values of ≥ 97% and an average measured gain loss of 0.3 dB. Simulated
(for both the 1×19 array and the 1-D infinite array model) and measured
normalized EEPs at 95 GHz are compared in Figs. 6(b), 6(c) for the E- and
H-plane, respectively. A small (∼1 dB) H-plane broadside dip, observed for
the measured pattern, is due to the above-mentioned non-zero reflections in
the ABS-terminated channels. The measured cross-polarized EEP is slightly
asymmetrical that is, likely, attributed to the measurement setup. Fig. 6(d)
depicts the frequency-angle 2-D co-polarized EEP maps in the H-plane reveal-
ing a wide-angle flat-top EEP shape. Array edge effects have been studied
in simulations, from which we can conclude that already for the second edge
element the EEP shape in the ±50◦ range deviates by less than 2 dB from the
results in Fig. 6. Overall, simulated and measured results in the 85 – 105 GHz
range are in a very good agreement, verifying the expected wideband and
wide-angle RGW element beam-steering performance with low sensitivity to
manufacturing and assembling tolerances.

Table 1 summarizes the beam-steering performance of the previously re-
ported mm-wave (100+ GHz) array elements implemented in different tech-
nologies. The proposed designs outperform the state-of-the-art W- and D-
band antenna solutions based on AoC, AiP, and dielectric rod arrays [4]–[6],
[8], as well as leaky-wave metal antennas [13], [14] in terms of wide-angle, wide-
band beam-steering capabilities with high radiation efficiency. The demon-
strated 2-D array element performance has been, thus far, achieved for the
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open-ended ridge WG elements [15] and rectangular WG elements[26] only at
much lower frequency bands (L- and X-band), employing impedance-matching
dielectric sheets and WG insets.

4 Conclusions and Future Work
In this letter, we have proposed the open-ended ridge gap waveguide (RGW)
antenna element concept for 1- and 2-D array configurations. This RGW el-
ement is easily manufacturable from two split blocks which can be thereafter
assembled contactlessly. The latter provides that the element is suitable for
the integration of active electronics inside its structure to enable electronic
beam steering at high mm-wave frequencies. The results of the infinite array
simulation model have been verified through the experimental study of the
1-D array element. At W-band, the 2-D array element demonstrates a wide-
band (≥ 20%) and wide-angle (≥ 50◦) beam-steering performance with high
radiation efficiency (≥ 89%, with 0.3 dB additional loss included). The future
work aims at the development of a 2-D array prototype as well as at integra-
tion of phase-shifting circuitry into the element’s RGW. A quasi-optical feed
architecture [27] is being considered for efficient array elements excitation.
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1 Introduction

Abstract

In this paper, we discuss mutual coupling effects in 2-D beam-
steerable antenna arrays based on open-ended ridge and ridge
gap waveguide radiating elements. Considering potential ap-
plications for beyond-5G systems in W-/D-band, the radiat-
ing elements are designed full-metal realizing a high radiation
efficiency. Various decoupling structures based on electromag-
netic soft surfaces are applied to suppress the surface waves
over the array apertures. The infinite array approach is used
to analyze antenna unit cells in an isosceles triangular lattice,
which results in the active reflection coefficient over a scan and
frequency range. The latter is used to extract the values of the
mutual coupling coefficients between the elements. The anal-
ysis demonstrates the effect of decoupling structures realizing
a steep drop of the mutual coupling magnitude (≤ −20 dB)
for closely-spaced array elements. This results in a wideband
(≥ 20%) and wide-scan (≥ 50o) element beam-steering perfor-
mance.

1 Introduction
While beyond-5G future wireless communication proposes the W- (75-110 GHz)
and D-band (110-170 GHz) as the promising operating frequency range, owing
to a relatively low atmospheric absorption loss and centimeter-level position-
ing accuracy [1], [2], the study in phased array antennas (PAAs) for 100+ GHz
is increasing in demand facing various technological challenges. To compen-
sate for an increased material dissipation and free-space path loss at these
frequencies, such PAA designs are required to be high-gain and high-efficient
with wide-angle scanning capabilities.

State-of-the-art solutions mainly adopted Antenna-On-Chip (AoC) and System-
in-Package (SiP) implementations to realize scalable active PAAs [3], [4].
However, at least 30-40% of radiation efficiency is typically lost due to high
material loss. On the other hand, W-/D-band full-metal PAAs have been
proposed recently demonstrating higher radiation efficiency (≥ 50%) and po-
tential wide-scan ability [5]–[7]. More recently, we have demonstrated several
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full-metal PAAs based on the open-ended ridge gap waveguide (RGW) [8], [9].
In general, open-ended ridge waveguide (WG) PAAs have been widely applied
for microwave frequency radar applications [10]. However, their hollow metal
structure significantly increases manufacturing complexity at 100+ GHz fre-
quencies. At the same time, the RGW-based architectures can resolve this
problem owing to the inherently contactless design, with the wideband and
wide-angle beam-steering performance being preserved.

...

feed

...

x

z

y

(a) RGW

..
.

feed

...

(b) RGW with E-pl. grooves

...

feed

...

(c) RGW with E- & H-pl. grooves

...

feed

...

(d) RGW with AMC pins

Figure 1: RGW array elements with various decoupling structures.

In this contribution, we further investigate the beam-steering performances
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of various open-ended WG and RGW array elements focusing on the elements
mutual coupling analysis. In particular, we study the effects of adding frag-
ments of electromagnetic soft surfaces (grooves, pins, and their combinations)
in the array aperture that facilitates the adjacent elements decoupling and
thus extends achievable beam-steering range.

2 Open-Ended WG and RGW Elements in an
Infinite Array Environment

To cross-compare beam-steering capabilities and mutual coupling effects of
various PAAs, the Ansys HFSS finite element method electromagnetic solver
was used to analyze antenna unit cells (UCs) in the isosceles triangular array
lattice with periodic boundary conditions (PBC) (details can be found in [8],
[9], [11]). At the first study stage, the active reflection coefficient (Γ) was found
versus frequency and scan angle for WG and RGW UCs with various decou-
pling structures; next, the mutual coupling coefficients of the corresponding
array elements were calculated from the Γ results, where a post-processing
approach is used to avoid a time-consuming simulation of a large-scale finite
array fragment [12].
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Figure 2: Simulated active reflection coefficient (Γ) maps for the RGW elements
with different decoupling aperture structures. Black dashed lines show
grating lobe borders due to Floquet high-order modes (m = −1, n = −1
and m = 0, n = −1) propagation.C6
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Table 1: Comparison of θmax for various array elements, |Γ| ≤ −10 dB over the
20% relative bandwidth (85–105 GHz) criterion.

±θmax, E-plane ±θmax, H-plane
WG ±37◦ ±17◦

RGW ±31◦ ±39◦

WG + E-pl. grooves ±37◦ ±28◦

RGW + E-pl. grooves ±47◦ ±33◦

WG + E-/H-pl. grooves ±41◦ ±26◦

RGW + E-/H-pl. grooves ±51◦ ±50◦

RGW + AMC pins ±51◦ ±60◦

2.1 Optimization of the Beam-Steering Performance
The considered UCs include open-ended WG and RGW structures with vari-
ations of decoupling structures. The basic design concepts and some results
were discussed in [8], [9]. In general, UCs were optimized to reach the largest
beam-steering elevation angle (θmax) through the criterion of |Γ| ≤ −10 dB
over the 20% relative bandwidth (85–105 GHz). The full-wave simulation re-
sults are summarized in Table. 1. Various configurations of the RGW array
element are demonstrated in Fig.1, where the decoupling structures include
E- and H-plane grooves (E- and H-plane are yz- and xz-plane, respectively)
[8],[9] [Fig.1(b),1(c)], and a bed of pins protruding over the UC aperture. The
pins parameters are tuned to get the artificial magnetic conductor (AMC)
surface response [see Fig.1(d)]. This way, the AMC structure realizes the sur-
face wave bandgap region, i.e., a 2-D electromagnetic soft surface [13]. This
technique has been widely used to suppress mutual coupling in wide-angle
scanning printed PAAs [14]. The blue reference planes in Fig. 1 show where
the decoupling structures start along z-axis. A detailed design description of
the WG arrays can be found in [8].

Referring to Table 1, we can see that the standard WG UCs in the H-plane
are limited by θmax ≤ 30◦ even with E-/H-plane grooves in the aperture, while
the RGW UCs here typically demonstrate larger θmax (≥ 50◦). This is owing
to a higher elements decoupling in both D- and H-plane of the RGW arrays
(see below).

To further understand how the beam-steering performance is affected by
various RGW element aperture modifications, in Fig. 2, we plotted |Γ| maps
in the full visible scan range for two selected frequencies. These results are
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Figure 3: (a) The open-ended waveguide unit cell (the RGW element with E- [xz-
plane] and H-plane [yz-plane] grooves is shown) in the array environment
and (b) array isosceles triangular lattice configuration.

discussed in connection with the post-processed mutual coupling coefficients
in the following subsection.

2.2 Mutual Coupling Analysis
A general view of the UC inside an infinite isosceles triangular array lattice
is depicted in Fig. 3(a). The lattice geometry is shown in Fig. 3(b) with the
reference element placed at the (0,0)-position. Here, the distances a and b

represent the inter-element spacings in the H- and E-plane (0.6λ0 and 0.5λ0,
λ0 – free-space wavelength at 95 GHz) respectively, which are the common
parameters for all above-discussed UC designs. The array mutual coupling
coefficients between the reference (0, 0)- and (i, j)-element (Sij) can be cal-
culated using the 2-D Fourier series expansion of Γ, with Sij representing
the (i,j)-th Fourier coefficient in the (Ψx,Ψy′) phase space, where Ψx and
Ψy′ are the phase differences between adjacent elements along x- and y′-axis
[Fig. 3(b)], i. e., Ψx = 2πau/λ, Ψy′ = 2πbv/λ+ Ψx/2 [11], [15]. Here, u and
v are the scan direction cosines (u = sinθscosϕs, v = sinθssinϕs). Note that
Ψx,Ψy′ ∈ [−π, π] that in general includes the invisible region of the (u, v)
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space.
To consider both accuracy and time-efficiency, the resolution of ∆Ψx =

∆Ψy′ = 6◦ was used in numerical integration, the results of which are shown
in Fig. 4.

As Fig. 4(a) and 4(b) show, the RGW UC demonstrates lower |S00|, but
slightly higher coupling with the 3rd and 4th elements in the H-plane com-
pared with the conventional WG. For i ≥ 5, the |Si0| drops faster at higher
frequencies for the RGW element. Overall, this results in the larger H-plane
θmax of the RGW element. When E-plane grooves are added to the WG/RGW
UCs, coupling magnitudes show a significant reduction in the D-plane [y′z-
plane, Fig. 3(b)]. This is correlated with the results observed in Fig. 2(a)-2(d)
where Γ for the RGW element is significantly improved in the E- and D-planes
(nearby the grating lobe borders) after adding the E-plane grooves. At the
same time, the coupling level increases in the H-plane for both WG and RGW
elements [see Fig. 4(c) and 4(d)]. However, it is surprising that the resulting
H-plane θmax has different trends for these elements, as |θmax| increases from
17◦ to 28◦ for the WG element, and decreases from 39◦ to 33◦ for the RGW
element. This interesting phenomenon is likely the result of a specific mutual
coupling destructive superposition and should be investigated further.

When both the E- and H-plane grooves are added, the mutual coupling
between elements becomes well-suppressed in both principal planes [Fig. 4(e)-
4(f)]. However, the RGW element demonstrates a significantly larger H-plane
scan range, which is likely due to a phase relation between S00 and Si0. The
RGW element performance improves further as the AMC pins are applied
over the aperture: despite that the mutual coupling magnitudes are still very
close to the grooved RGW element (see Fig. 4(f)-4(g)), its |Γ| ≤ −10 dB
range covers almost all possible (u,v) values inside the grating-lobe-free visible
region over all operating frequencies [see Fig. 2(h)]. The main improvement
here is observed in the H-plane scanning range, which is the most noticeable
at the high frequencies. To reveal the reason behind this, Fig. 5 gives a more
comprehensive comparison of the mutual coupling magnitudes between several
adjacent elements of two RGW arrays. The mutual coupling is, in general,
well-suppressed for both arrays. However, we can see that in the H-plane
of the AMC-loaded element the high-frequency suppression is more intense,
which is the main reason for the extended H-plane scanning range.
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Element Index

(g) RGW with AMC pins

Figure 4: Extracted coupling coefficient magnitudes in the D- and H-plane for var-
ious WG and RGW radiating elements in the infinite array environment.
The elements numbering is given in Fig. 3(b).

S(i,j) (dB) at 
95 GHz

105 GHz

(a) RGW with E-/H-pl. grooves

S(i,j) (dB) at 
95 GHz

105 GHz

(b) RGW with AMC pins

Figure 5: Extracted coupling coefficient magnitude maps for the central (0,0) and
neighboring (i,j) RGW elements in the infinite array environment at 95
and 105 GHz.
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3 Conclusion
In this paper, we analyzed the beam-steering performance of the open-ended
ridge waveguide (WG) and ridge gap waveguide (RGW) array elements with
the thorough investigation of the elements mutual coupling effects. Various
decoupling structures were proposed to suppress the mutual coupling magni-
tude. The results evidence that the RGW elements with the grooved aper-
ture perform larger H-plane scan angles (±50◦) over a relatively wide band
(≥ 20%) as compared with the conventional grooved WG elements. The latter
improvement is not obvious since the H-plane coupling magnitudes for both
element types are quite close. Therefore, it is believed that coupling phases
could significantly contribute to the observed effect. Moreover, by adding the
artificial magnetic conductor pins above the RGW element aperture, the fur-
ther suppression of the mutual coupling level can be achieved that allows for
the superior beam-steering range of ±51◦ / ±60◦ in the E- / H-plane over the
≥ 20% (85-105 GHz) frequency bandwidth.
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1 Introduction

Abstract

Several methods for electromagnetic waves matched termina-
tion and attenuation in a ridge gap waveguide (RGW) are
experimentally investigated at W-band. At these frequencies,
the implementation of matched loads and attenuators is es-
pecially complicated due to small sizes of RGW design fea-
tures that limits application of traditional waveguide absorb-
ing structures (e.g., absorbing sheets and finlines, ferrite insets,
carbonyl iron walls, etc.). The following three techniques are
considered: (i) filling an RGW gap with a carbon-loaded foam;
(ii) covering a ridge (and pins) with a carbonyl iron paint; (iii)
selective nickel plating of an RGW line segment. It was found
that the first method exhibits a great broadband absorbing
performance and can be easily implemented in a lab environ-
ment, whereas the second method can realize a more accurate
and predictable attenuating performance. Finally, nickel plat-
ing allows for designing resonant RGW terminations and is
more interesting from the industrial perspective.

1 Introduction
Gap waveguide (GWG) technology has attracted a lot of interest recently be-
ing applied in the areas of antenna and microwave circuits design [1], [2]. The
contactless GWG structure greatly alleviates manufacturing accuracy require-
ments as compared with classical hollow metal waveguide designs. This advan-
tage is especially important at high millimeter(mm)-wave frequencies (W- and
D-band) where existing manufacturing technologies almost reached their ac-
curacy limits [3]. Likely, the ridge gap waveguide (RGW) is the most widely
used GWG component owing to its relatively compact transverse sizes and
wideband single-mode operation [4]. The RGW has been utilized in various
mm-wave devices [1], [2] such as array antennas, power distribution networks,
filters, couplers, etc. On another note, many traditional waveguide compo-
nents are yet to be developed in the RGW technology. This, e.g., is related
to RGW attenuators and matched terminations (loads) that, to the authors’
knowledge, thus far have not been reported. There is a great practical need
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Figure 1: The basic RGW structure with design dimensions (in µm).

in this type of devices for termination of multi-port mm-wave circuits. That
includes design of RGW directional couplers and circulators, array antenna
laboratorial measurements, and many other applications.

Conventional microwave and mm-wave waveguide loads employ different
absorbing insets such as resistive sheets [5], ferrites [6], carbonyl iron blocks
[7], etc. In most cases, these elements are precisely located in the waveguide
with a proper impedance matching taper. However, at W-band and higher
frequencies, a realization of such designs inside a contactless and physically
small RGW becomes either very complicated or even impossible. In this con-
tribution, we report on experimental results of RGW waves attenuation and
termination at W-band. A regular RGW is considered as a basic structure
that has been differently loaded with several absorbing materials: (i) filled
with a carbon-loaded foam; (ii) covered by a carbonyl iron paint; (iii) se-
lectively nickel-plated. The presented initial experimental results allow for
formulating design guidelines for future industrial and laboratorial mm-wave
RGW matched loads and attenuators.

2 Basic RGW and Test Structures
Fig. 1 demonstrates a geometry of the basic RGW used in this study. Two rows
of pins are employed at each side of the central ridge, which was found enough
to prevent any unwanted mm-wave energy leakage. The RGW dispersion
diagram (for a single-period pin structure) is given in Fig. 2 Kildals:RGW.
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Single-mode 
operation band

Q-TEM mode

Figure 2: Dispersion diagram of the basic RGW.

It can be found that a single quasi-TEM mode operation regime was realized
in the (80 – 160) GHz range. At the same time, the RGW can be practically
used approximately above 82 GHz (the weak-dispersion region).

Four test aluminum RGW designs have been fabricated using CNC milling
to study different RGW termination methods. These structures are presented
in Fig. 3: 10- and 20-pin back-to-back (B2B) and open-ended (OE) RGWs.
All structures are interfaced with the measurement equipment through the
standard WR10 waveguides that was realized using a wideband orthogonal
WR10-to-RGW transition [8]. In Fig. 3, the red lines indicate the measure-
ment reference planes separating the RGW volume being loaded with different
absorbing materials in the following section. In order to exclude the influ-
ence of the WR10-to-RGW transitions, a dedicated TRL calibration kit was
manufactured and used in measurements. First, all test designs were mea-
sured without absorbers. The corresponding results are presented in Fig. 4.
As seen, for the B2B designs, some S11 peaks reach values above –20 dB.
This is due to the limited manufacturing accuracy of the TRL calibration
standards. The calibration realizes an acceptable measurement performance
above 85 GHz (where the LINE standard provides a sufficient phase delay). In
Fig. 4, simulated S21 (B2B structures) and S11 (OE structures) are presented
for comparison. These results were computed in Ansys HFSS using Groisse
surface roughness model (Rq = 0.5 µm). The measured insertion loss of the
basic RGW at 95 GHz is estimated as 0.5 dB/cm.
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10-PIN OE

10-PIN OE

20-PIN OE

20-PIN OE 20-PIN B2B

10-PIN B2B

WR10 transition OE area

Figure 3: Geometries of the test RGW designs (left), including 10- and 20-pin back-
to-back (B2B) and open-ended (OE) structures (red lines depict positions
of the measurement reference planes). The manufactured prototype and
the measurement setup (top right). Microscope images of the WR10-to-
RGW transition and the OE termination (bottom right).

3 RGWs Loaded with Absorbing Materials

3.1 Carbon-Loaded Absorbing Foam

To create the first implementation of the matched RGW termination we used
a carbon-loaded absorbing foam WAVASORB® FS from Emerson & Cum-
ing. The foam can be classified as a dielectric loss absorbing material, i.e.
the electromagnetic energy loss occurs due to a high dielectric loss tangent
[9]. At the time of publication, measurements of absorber electromagnetic
properties in W-band are ongoing. We used foam patches of approximately
300-µm thickness that were directly inserted into the air gap of the RGW.
To improve the impedance matching, the foam patches were tapered in the
H-plane with 60 deg. tapering angle, as shown in Fig. 5(a). Measured results
(Fig. 5) evidence a great absorption performance: measured S21 for both 10-
and 20-pin B2B structures is below –50 dB for the frequencies above 85 GHz.
The foam introduces some impedance mismatch, as can be seen by the in-
creased level of S11 and S22. The average mismatch level is –15 dB. The
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(a) (b)

(c)

Figure 4: Measured and simulated S-parameters of the test RGW designs without
absorbers: (a) 10-pin B2B structure; (b) 20-pin B2B structure; (c) OE
structures.
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Figure 5: (a) The H-plane tapered foam absorber inserted into the 10-pin B2B
structure. Comparison of measured S-parameters with and without the
foam absorber: (b) OE structures; (c) 10-pin B2B structure; (d) 20-pin
B2B structure.

authors have found that the mismatch can be further improved by reducing
the foam patch thickness to 150-200 µm and using an additional fixture for an
accurate foam mounting. On the other hand, employing the foam absorber for
a precise attenuation can be tricky due high loss per unit length and difficulty
of controlling the foam patch length.

3.2 Carbonyl Iron Paint
Next, the application of the carbonyl iron paint was investigated. We used the
off-the-shelf coated carbonyl iron based paint in urethane acrylic resin MF-500
from MWT Materials Inc. The paint has been characterized up to 20 GHz
and no data is available for W-band at the time of publication. In general,
carbonyl iron paints at microwave and low mm-wave frequencies demonstrate
both dielectric and magnetic absorbing properties [10], [11]. However, taking
into account typical complex permeability dispersion curves of carbonyl iron,
the authors believe that at W-band the dielectric loss should provide the major
contribution to the absorption mechanism.

Several methods of the RGW painting have been tested. First, only ridge
was painted, as shown in Fig. 6(a). In the second case, both ridge and pins
were covered with the paint. The paint thickness is the crucial parameter
defining insertion loss per unit length and a quality of impedance matching.

D8



3 RGWs Loaded with Absorbing Materials

Since, the painting was done manually, it was hard to control the thickness
precisely. The estimated paint thickness after curing is in the range of 50-
70 µm. We have found that covering the pins provides almost no change in
the attenuation performance. It was expected since most of the mm-wave field
energy is concentrated between the ridge and the top metal plate. Two test
structures (20-pin B2B and OE) were painted and measured. The correspond-
ing results are demonstrated in Fig. 6(b), 6(c). As seen, the paint is capable
of realizing a quite strong attenuation – the S21 of the B2B structure is be-
low –20 dB. At the same time, it is harder to control impedance matching as
compared with the absorbing foam. On the other hand, since the loss per unit
length is not as high as for the foam absorber, the paint can also be exploited
for a fixed attenuator design. It is believed that using a painting stencil can
greatly improve both impedance matching and performance repeatability.
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Figure 6: (a) The RGW with the carbonyl iron paint covering only the ridge or
both the ridge and pins. Comparison of measured S-parameters with and
without the paint: (b) 20-pin B2B structure; (c) 20-pin OE structure.
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Figure 7: Photographs of the selectively nickel-plated test structures.

3.3 Selective Nickel Plating

Nickel is a conductive ferromagnetic material, whose electromagnetic prop-
erties were comprehensively reported at low microwave frequencies [12], [13].
It was shown both theoretically and experimentally that a real part of nickel
permeability (µr) approaches 1 around 10 GHz. A very limited information
is available on nickel characterization at mm-wave and THz frequencies. In
[14], the authors studied the effect of surface finish on antenna performance
at V-band (60 GHz) reporting the increased dissipation for nickel-based de-
sign. This phenomenon was attributed to a moderate electrical conductivity
of nickel that is noticeably lower as compared with copper and aluminum.

In this study, we likely for the first time experimentally investigated the
effect of nickel plating on the waveguide transmission loss at high mm-wave
frequencies. The test structures were selectively nickel-plated using commer-
cial electroplating process (Fig. 7). The top metal plate of the RGWs was
also selectively covered with nickel. The estimated nickel thickness is around
5 µm that is sufficiently thicker than the skin depth at W-band. Measured
results for all four test structures are presented in Fig. 8. The main observa-
tion is the increased insertion (for the B2B structures) and reflection (for the
OE structures) loss. The measured insertion loss per unit length is approx-
imately 2.5 dB/cm. An attempt was made to match the simulation model
with measurements by tuning the nickel bulk electrical conductivity (σ). It
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(a) (b)

(c)

Figure 8: Comparison of measured S-parameters with and without the selective
nickel plating: (a) 10-pin B2B structure; (b) 20-pin B2B structure; (c)
OE structures.
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was found that using σ = 107 S/m (cf. [12]), Rq = 0.5 µm, and µr = 1 gives
a noticeably smaller loss (around 1 dB/cm). Therefore, a further study on
the nickel performance should be elaborated to reveal an origin of the high
insertion loss.

The demonstrated performance of the nickel-plated RGW suggests its possi-
ble application for W-band fixed attenuators or narrowband (resonant) matched
terminations. The latter implementations can be based on the coupled res-
onators concept.

4 Conclusions
We have considered several methods of a regular RGW loading at W-band:
(i) filling the air gap of the RGW with a carbon-loaded foam; (ii) covering the
ridge (and pins) by a carbonyl iron paint; (iii) selective nickel plating of the
RGW segment. Absorbing capabilities of the employed materials have been
demonstrated experimentally. Summarizing the results, the following main
conclusions can be drawn.

• Using the foam absorber is an inexpensive and convenient method for
designing wideband well-matched RGW terminations. It is seen as an
appropriate solution for creating low- to medium-power loads during
laboratorial testing of RGW mm-wave circuits and array antenna mea-
surements (e.g., for the embedded element pattern measurements).

• The carbonyl iron paint can be effectively used to create wideband RGW
attenuators and terminations. Controlling the paint thickness is crucial
for obtaining the required attenuation and good impedance matching.
The method requires using a painting stencil and can be potentially
employed for both laboratorial and industrial purposes. The power-
handling capabilities of the method are yet to be investigated.

• The nickel-plated RGWs have demonstrated the insertion loss per unit
length of 2.5 dB/cm. This value was found to be higher than expected
based on the non-magnetic model of nickel. Whether the increased loss
is attributed purely to a low electrical conductivity or there are yet some
magnetic phenomena at W-band is still the question for future research.
However, the revealed absorption performance of nickel suggests its ap-
plication for creating mm-wave attenuators and resonant matched loads.
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1 Introduction

Abstract

A realization of the quasi-optical (QO) feed concept for lin-
ear millimeter-wave (sub-)array antennas is demonstrated in
gap waveguide technology. The proposed feed architecture em-
ploys an input transition from a ridge gap waveguide (RGW)
to a groove gap waveguide (GGW), a radial (H-plane sectoral)
GGW section, and a transition to an output RGW array. A de-
sign decomposition approach is presented to reduce simulation
complexity. Several 20-element QO feed implementations are
investigated at W-band demonstrating a 20% relative band-
width (85–105 GHz), 0.5 dB insertion loss, and a capability of
an amplitude taper control within the 10–20 dB range.

1 Introduction
The fast development of modern mobile communication networks, radar and
sensing systems determines the growing demand in millimeter(mm)-wave an-
tenna solutions [1], [2]. High mm-wave frequency bands, such as W- and
D-band, are of particular interest for existing and envisioned radio applica-
tions due to a wide available frequency bandwidth, relatively low atmospheric
attenuation, high spatial resolution and positioning accuracy that could be
achieved for physically small antenna terminals. On the other hand, a high
free-space path loss and limited power-generation capabilities can significantly
reduce system operation range at these frequencies. In view of these factors,
high-gain phased array antennas (PAAs) with a versatile dynamic beam con-
trol have been largely exploited for such systems at high mm-wave frequencies
[3]. A design complexity is another severe challenge that makes many tradi-
tional PAA architectures unavailable due to high production cost and/or tight
manufacturing tolerances. Today, probably the most popular W/D-band PAA
solutions employ the antenna-on-chip (AoC) and antenna-in-package (AiP)
technologies [4]. However, despite high integration potential and affordability,
AoC and AiP implementations are typically narrowband, limited in beam-
steering range and radiation efficiency.

Recently, we have proposed a linear (sub-)array concept combining a low-
order (1-bit) phase resolution and a spatial quasi-optical (QO) beamforming
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network [5]. This PAA concept is illustrated in Fig. 1(a) where an array of Nx

radiating elements with integrated 1-bit phase shifters is excited through a QO
tapered feed. As shown in [5] based on the approach developed in [6], the QO
feed can be effectively used as a low-loss alternative to conventional corporate
PAA feeds, with its non-linear output phase distribution being deliberately
utilized for phase quantization errors randomization.

In this contribution, we concentrate on a gap waveguide (GWG) QO feed
implementation at W-band (85 – 105 GHz), as demonstrated in Fig. 1(b). The
GWG technology [7], utilizing a 2-D electromagnetic bandgap (EBG) surface
(bed of nails in this study) between two parallel metal plates to stop electro-
magnetic waves propagation, can offer low-loss contactless waveguiding and
radiating structures. In [8], we demonstrated a GWG array element design
that can be co-integrated with phase-shifting electronics and thus be employed
in beam-steering PAAs as opposed to most reported GWG antennas that are
fixed-beam. In this way, the GWG QO feed can be used to realize a complete
beam-steering W-band PAA system with a fully contactless design greatly al-
leviating manufacturing and assembling tolerances. Previously, several GWG
H-plane horn antennas, employing tapering ridge gap waveguide (RGW), have
been reported [9], [10]. In the case of a linear PAA, a wideband impedance
matching between a tapering RGW and an array of the output channels is
complicated. In that regard, in this study, we propose a QO feed based on a
radial (sectoral) groove gap waveguide (GGW) connecting an array of output
RGW channels with an RGW input. In particular, the following technical
problems will be addressed: (i) impedance matching of the RGW input and
output channels; (ii) compensation of an edge elements mismatch; (iii) min-
imization of transmission coefficients frequency ripples; (iv) controlling the
QO feed output amplitude and phase distributions.

2 GWG Quasi-Optical Feed Design
The proposed design is based on the bed of nails EBG surface that forms
sidewalls of both the RGW and radial GGW. Main design dimensions are
presented in the inset of Fig. 1(b). A single-mode operation bandwidth of
the basic RGW spans 80–160 GHz. A dispersion diagram and losses analysis
for this RGW can be found in [11]. Thus, the QO feed comprises three main
parts: (i) the input basic RGW with a transition to the GGW input; (ii)
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Figure 1: (a) A linear (sub-)array antenna with a QO beamforming network com-
prising a QO feed and N-bit integrated phase shifters [5]. (b) An imple-
mentation of the QO feed in GWG technology. The inset demonstrates
a basic RGW structure (units: µm).
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the linearly tapering or radial GGW; (iii) the array of the output RGWs with
transitions to the radial GGW output. An inter-element spacing of the output
array dx = 1.896 mm = 0.6λ0, where λ0 is the free-space wavelength at the
central design frequency f0 = 95 GHz. The targeted design bandwidth is 85
– 105 GHz.

As discussed in [5], [6], for PAAs with a low-order phase resolution (e.g.,
1-bit) a crucial design parameter is the QO feed focal ratio F/(Nxdx), where
F is the focal distance (Fig. 1(a)). In the case of the 1-bit phase control, the
optimum focal ratio is around 0.8 – 1.0 for a 10 – 20 dB amplitude taper. In
this study, the focal ratio has been chosen as 1.0 (a GGW sidewalls tapering
angle is 26.5◦) that allows having a regular widening of the GGW, where for
each two EBG periods (PEBG = 0.632 mm) along z-axis the sidewall shifts
for one period along x-axis. It helps to generate a more homogeneous field
in the GGW area, which results in stabilized transmission coefficients over
frequency.

Since a direct optimization of the QO feed with Nx = 20 represents an
electrically large simulation problem, we have developed a decomposition ap-
proach allowing a separate design of the input and output GGW-to-RGW
transition structures. That will be detailed in the following subsections. For
all simulation models, aluminum has been used with 0.5-µm surface roughness
(Groisse model).

2.1 Output RGW-to-GGW Transition: Central Elements
The receiving performance of the central output RGW channels can be simu-
lated using the reciprocity principle by representing the channel as an element
of an infinite transmitting 1-D array. Fig. 2 illustrates such simulation model
with assigned sidewall (±x-direction) periodic boundary conditions (PBC),
absorbing boundary conditions (ABC) in front (−z-direction) of the element,
and aluminum walls at ±y-direction. Thus, optimizing element’s active reflec-
tion coefficient Γout for a given scan angle θs results in the matched receiving of
an incident wave from the θin = θs direction (inside the QO feed), as depicted
in Fig. 1(a). To provide a required impedance matching, we have introduced a
wideband matching circuit comprising a 2-step RGW impedance transformer
and an EBG sidewalls transition from the 2- to a 1-pin configuration. Fig. 3
shows the final Γout for different θs after a full-wave model optimization in
Ansys HFSS. As seen, the element is well-matched for θs ≤ 30◦. When θs
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approaches 40◦, the impedance matching significantly degrades, which resem-
bles the scan blindness phenomenon in conventional 2-D arrays [12]. In such
the 1-D array this effect can be expected when an equivalent grating-lobe-free
condition sin (θs) < λ/dx − 1 (λ is a free-space wavelength) is violated. The
latter limits a minimum F/(Nxdx) for a given dx/λ0.

2.2 Output RGW-to-GGW Transition: Edge Elements
For the output RGW elements positioned close to the edge, the PBC imposed
in Section 2.1 are not relevant due to the proximity of the GGW sidewalls. A
5-element full-wave model has been created to reconstruct the edge elements
operation conditions. Fig. 4 depicts the model for three various configurations
(O1 – O3) of the QO feed edge area. The first three edge elements have unique
parameters of the matching circuit, whereas elements 4 and 5 are fully identical
to the central element. In the xz-plane, the model is surrounded by the ABC.

The designs of the edge elements have been optimized by minimizing their
|Γout| for the case of scanning along the θs = 26.5◦ direction (parallel to the
sidewall):

Γout m =
5∑

n=1
Se

mn exp (−j(n−m)kxdx), m = 1...3, (E.1)

where [Se] is the S-matrix of the 5-port network; kx = 2π/λ sin (θs). Opti-
mized Γout for the output configuration #1 is shown in Fig. 5. In general,
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Figure 3: Frequency dependencies of the output periodic element’s active reflec-
tion coefficient for different scan angles θs. Design parameters (in µm):
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Figure 4: Different configurations of the QO feed edge area: (a) configuration #1
(O1) – 5 additional rows of pins; (b) configuration #2 (O2) – 7 additional
rows of pins; (c) configuration #3 (O3) – 5 additional rows and 4 columns
of pins.
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Figure 5: Active reflection coefficients for the edge elements of the configuration
O1 (Fig. 4(a)), θs = 26.5◦. Design parameters (in µm): L
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(1,2,3)
m2 = 434, 477, 462.

a well-matched performance can be achieved for the elements of all config-
urations. However, each configuration, as will be shown in Section 3, has a
different effect on the overall QO feed characteristics.

2.3 Input RGW-to-GGW Transition
A separate model for the input transition has been developed to optimize input
impedance matching and investigate the primary (illumination) field of the QO
feed. Fig. 6 details three different input configurations (I1 – I3). The model is
surrounded by the ABC in the xz-plane. The three designs exploit the same
structure of the wideband impedance-matching circuit (Fig. 2). The crucial
difference between the configurations is the organization of the RGW-to-GGW
transition, which is created by an opening of the input RGW sidewalls. For
I1, the transition is formed by 1.5PEBG shift of the one row of pins, whereas
the following three rows are shifted by PEBG (one-and-three scheme). The
two-and-two scheme (1.5PEBG first row shift) is used for the I2 that allows
having a wider first GGW section. Finally, the widest input GGW (2.5PEBG

first row shift) is utilized in I3 together with the two-and-two scheme.
A good impedance matching performance has been achieved for all config-

urations as shown in Fig. 7. From the electromagnetic perspective, the input
RGW-to-GGW transition can be seen as: (i) a transition from the input RGW
to a stepped rectangular GGW; (ii) a transition from the stepped GGW to
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Figure 6: Different configurations of the QO feed input: (a) configuration #1 (I1)
– the input aperture is formed by the consequent shift of one and three
rows of pins with 1.5PEBG shift of the first row (the inset demonstrates a
ridge structure in the transition region); (b) configuration #2 (I2) – the
input aperture is formed by the consequent shift of two and two rows of
pins with 1.5PEBG shift of the first row; (c) configuration #3 (I3) – the
same as configuration #2 but with 2.5PEBG shift of the first row. The
instantaneous E-field distributions are given at 95 GHz.

the radial (H-plane sectoral) GGW when the local transverse size of the GWG
is much larger than 2PEBG. Thereby, a transverse structure of the primary
field will be defined by an excited modal content of the radial GGW, which,
in turn, depends on a modal content excited in the stepped GGW. The latter
will be demonstrated below.
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Figure 7: Input reflection coefficient for the three configurations from Fig. 6.
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3 Full QO Feed Performance

3.1 Frequency Performance

We have designed several QO feeds using different combinations of the input
and output transition configurations. Three exemplary designs are demon-
strated in Fig. 8 together with simulated magnitudes of S-parameters. In all
cases, output configuration O1 has been used. As seen, the input configu-
ration I1 realizes the minimum output amplitude taper. The modal content
of the radial GGW predominantly consists of TE01 and TE03 modes (with
respect to the radial direction) that effectively increases illumination of the
edge elements. At the same time, the I2 configuration excites mainly TE01,
which results in a higher amplitude taper. When the wide I3 configuration
is used, the input stepped rectangular GGW becomes over-moded, with both
TE10 and TE30 (with respect to z-axis) excited. In the radial waveguide,
this initial GGW field generates a complex multi-modal field content with
high directivity determining a very high amplitude taper. Summarizing, it
was found that the configurations I1O1 and I2O1 realize a good transmission
flatness over frequency with the maximum ripple below ±1 dB (85 – 105 GHz
range).

To demonstrate the effect of the edge elements matching, we have simulated
the I2O1 QO feed where all output RGW elements have the same (periodic
model) matching circuit. Results, presented in Fig. 9(a), clearly demonstrate
the increase in frequency ripples for the edge elements transmission coeffi-
cients. It was also found that the the output configuration O3 noticeably
deteriorates the transmission performance flatness (Fig. 9(b)) due to signifi-
cant field reflections from the extended corner regions. In all considered cases,
a simulated dissipative loss is below 0.5 dB.

3.2 Amplitude and Phase Distributions Analysis

Fig. 10 presents the output amplitude and phase distributions for different QO
feed configurations. In this plot, we also demonstrate analytical curves ap-
proximating elements amplitude (Ai) and phase (φi) according to the cosine-
on-pedestal and cylindrical phase front models [5]:

Ai = C + (1 − C)cos
(
πxi/(Nxdx)

)
. (E.2)
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Figure 9: Frequency performance of (a) configuration I2O1 without optimized edge
elements, (b) configuration I2O3.

φi = −2π/λ
(√

x2
i + F 2 − F

)
, i = 1...Nx. (E.3)

where C is the parameter defining the amplitude taper. As seen, the con-
figuration with I2 input realizes almost ideal cylindrical phase distribution
with 16 dB amplitude taper. When I1 input is employed, the taper can
be reduced. However, the amplitude distribution becomes more frequency-
dependent. This is due to a complex modal content of the radial GGW. For
the elongated output configuration O2, the taper can be further reduced to
10–12 dB.

4 Conclusion
In this contribution, we have considered the quasi-optical (QO) feeds for mm-
wave linear (sub-)array antennas in gap waveguide (GWG) technology. The
holistic design approach has been introduced that relies on the design de-
composition principle where both input and output transition parts can be
developed using the dedicated electromagnetic models with reduced simula-
tion complexity. The approach has been utilized to develop and investigate
several W-band GWG QO feeds with different input and output configura-
tions. The obtained simulation results evidence wideband (85–105 GHz) and
low insertion-loss (< 0.5 dB) feed performance with stable transmission char-
acteristics (±1 dB maximum frequency ripple). Future research directions will
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Figure 10: Amplitude (left) and phase (right) distributions for different QO feed
configurations.
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1 Introduction

Abstract

State-of-the-art design solutions for electronically scanned ar-
ray antennas are mostly limited to microwave to low mm-wave
frequency bands, while the demand for new designs at higher
frequencies (i.e. frequencies beyond 100 GHz) is rapidly grow-
ing. We attempt to fill in this knowledge gap by presenting
a new linear array antenna architecture as a building block of
2D arrays that can enable efficient beam steering and a sim-
plified array design. This concept is based on the combination
of a low-loss quasi-optical (QO) feed, providing predefined an-
tenna port excitation, with 1-bit phase shifters which are co-
integrated with the array antenna elements. In this study,
we formulate the array design problem as minimization of the
sidelobe level (SLL) through an optimum quasi-randomization
of phase errors. An analytical expression for the optimum fo-
cal ratio of the QO feed has been derived to establish the re-
lationships between the key design parameters. These results
are validated through numerical simulations revealing that the
optimum focal ratio leads to the minimum SLL.

1 Introduction
An increasing demand in millimeter-wave (mm-wave) radio systems for wire-
less communication and sensing drives the development of high-performance
mm-wave phased array antennas (PAAs) with beam-steering capabilities. In
particular, E-, W-, and D-bands have already been widely allocated for com-
munication and radar applications and are being considered for future (e.g.
beyond 5G) networks deployment [1]. However, high dissipation losses, com-
ponents cost, and tight manufacturing tolerances at these frequencies severely
restrict suitability of the existing design solutions and manufacturing tech-
nologies. These complexities steer the research towards non-conventional PAA
architectures, where specific design trade-offs can provide relatively high elec-
trical performance with a simple PAA structure.

Recently, the concept of low-order (1- and 2-bit) phase control was applied
to beam-steerable PAAs to realize compact and energy-efficient designs at
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< 30 GHz bands [2]–[5]. This approach is especially promising for higher
frequencies. In fact, at high mm-wave frequencies, the state-of-the-art mono-
lithic digital phase shifters (PSs) typically provide 2.5–3 dB insertion loss
per bit [6]. At the same, the PAA gain loss due to 1-bit phase quantization
errors is around 3.8 dB and almost 1 dB for 2-bit quantization [7]. Thus,
at W-band, 1-bit and 2-bit based architectures demonstrate similar antenna
gain and efficiency, while the 1-bit PAAs have an advantage of a simpler and
more compact design. The key challenge of such designs is phase quantization
sidelobes appearing due to periodic PAA aperture phase errors [8], which are
especially severe for the 1-bit PAAs. As studied in [7], parasitic mirror lobes
occur during beam-steering when a 1-bit PAA is exited with a linear phase
and a simple rounding-off method is used to set the PS phase. This effect can
be reduced via phase quantization error randomization, as demonstrated in
[9].

In this work, we investigate the 1-bit PAA concept for the applications at
∼100 GHz bands. A new linear array antenna architecture is proposed as a
building block of 2D arrays which can enable efficient beam steering, while
overcoming the major physical constraints and power loss at these frequencies.

2 Proposed 1-bit PAA architecture
The proposed linear PAA architecture is illustrated in Fig.1. It includes an
array of Nx radiating antenna elements with inter-element spacing dx. The
elements are excited through a planar quasi-optical (QO) beamforming net-
work. This network comprises a QO feed – representing a low-loss alterna-
tive to conventional corporate feed networks for mm-wave large-scale arrays
(Nx > 10) – and Nx 1-bit PSs which can be co-integrated with the individual
array elements. The PS’s states differ from element to element between 0 and
180◦ values depending on a beam-steering direction. The QO feed is a crucial
component for efficient feeding that also realizes a beam-steering functionality
in conjunction with the 1-bit PSs. The design principle of such a hybrid (QO
feed + PSs) beamforming network can be described in the following way. Due
to the 1-bit phase quantization, it is necessary to have a certain nonlinear
initial phase distribution at the array ports (see the reference plane at the
input ports of the PSs in Fig. 1). This nonlinear distribution is essential to
eliminate the 1-bit parasitic mirror lobes [4], [7]. It can be considered as a
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Figure 1: A 1D sub-array building block of the proposed 1-bit beam-steering
phased array architecture at W-band.

phase error quasi-randomization method realizing the performance close to
the phase-added method [9]. In hardware, this initial excitation can be im-
plemented by feeding the sub-array through a tapered waveguide section with
the focal ratio F/(Nxdx) (cf. [10]), where F is the focal length (see Fig. 1).

The main advantage of this architecture is its highly-integrated and simple
design, which can be manufactured in a standard waveguide technology and,
as opposed to corporate feed PAAs, conveniently realizes the nonlinear initial
phase distribution for high Nx. In fact, using the space (optical) PAA feed-
ing to deliberately destroy the periodicity of phase quantization errors was
proposed a long time ago in [11] and is used in 1- and 2-bit transmitarrays
with a focal source [3], [5]. Nevertheless, there are still open questions that we
address in this study: (i) What is the optimum initial phase distribution in
terms of the lowest 1-bit PAA sidelobe level (SLL)? (ii) What is the optimum
QO feed design realizing the latter?

In [7], these questions were addressed for 1-bit PAAs with a uniform am-
plitude distribution. In this paper, we extend this approach to non-uniform
amplitude distributions and provide an in-depth analysis of the SLL perfor-
mance showing that the maximum SLL can be effectively reduced by using
the optimum QO feed focal ratio.
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3 1-Bit Array Far Field

3.1 Radiation Model

We consider a linear array of Nx elements (Fig. 1). Neglecting the edge effects,
the array far field can be represented as

EF F (θ) = Fe(θ)
Nx∑
i=1

Aiexp(j[Φi + φΣ
i ]), (F.1)

where Fe is the embedded element pattern (azimuthal dependence is omitted);
Φi = k0xisin(θ), xi = [i− (Nx +1)/2]dx, k0 = 2π/λ0 is the wavenumber, λ0 is
the free-space wavelength; Ai and φΣ

i are the i-th element excitation amplitude
and phase. The latter can be expressed through the output phase φQO

i at the
reference plane and the 1-bit PS phase φP S

i :

φΣ
i = φQO

i + φP S
i . (F.2)

On the other hand, φΣ
i = Φ0

i + δφi, where Φ0
i = −k0xisin(θs) is an ideal

element phase, θs is a beam-steering angle, δφi is a phase quantization error.
The excitation through the QO feed is approximated by a cylindrical phase
front emanating from the focal center at the distance F from the reference
plane (Fig. 1):

φQO
i = −k0

(√
x2

i + F 2 − F
)
. (F.3)

In (F.3), we assume the QO feed propagation constant equals k0. At the
same time, the amplitude distribution is modeled as the cosine-on-a-pedestal
function [8] (with the taper parameter C), which was found to be a reasonable
approximation for the QO feed with y-oriented E-field (Fig. 1):

Ai = C + (1 − C)cos
(
πxi/(Nxdx)

)
. (F.4)

Since we are dealing with the 1-bit phase quantization, φP S
i switches be-

tween 0 and 180◦ values during beam steering [7], and thus we need to find
an optimum value of F that will provide “the best” δφi randomization over
the PAA aperture.
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3.2 Optimum Quasi-Optical Feed Design

Let us consider the AF, which is given by the summation factor in (F.1).
Following the procedure used in [7], [12], we can represent the PAA AF in the
spectral domain as a superposition of radiation from the continuous apertures
with phase distributions Φmh(x). Indices m and h denote the grating lobe
and phase quantization orders, respectively. Thus, each spectral term Fmh,
h ̸= 0, gives the contribution to the AF due to the phase quantization errors.
We will herein refer to these terms as phase quantization lobes (PQLs). For
electrically large PAAs with Nxdx >> λ0, the stationary phase method can
be used to estimate PQL values [7]:

Fmh(θ) = (−1)m(Nx−1)√2π√
−jd2Φmh(x0)/dx2

A(x0)
1 +Mh

ejΦmh(x0), (F.5)

Φmh(x) =Φ(x) + Φ0(x)+

Mh(Φ0(x) − φQO(x)) − 2πmx
dx

,
(F.6)

Mh
dφQO(x0)

dx
= k0sin(θ) − k0sin(θs)(1 +Mh) − 2πm

dx
, (F.7)

where M = 2p, and p = 1 is the number of PS bits. In (F.5)–(F.7), all
continuous functions

(
A(x), φ(x)

)
are equal to the discrete equivalents at

array grid points xi. We can now require PQL power values to remain constant
and equal to K2

h for any m. This leads to the differential equation

d2φQO(x)
dx2 = − 2πA2(x)

K2
hM |h|(1 +Mh)2 . (F.8)

It is now up to us to choose any value of K2
h. However, from (F.7) and (F.8)

we can find that decreasing K2
h leads to the Fmh PQL widening. In [12], it was

suggested that the PAA SLL can be minimized if PQLs do not overlap. We will
employ the same approach here. From (F.5), we can see that the PQL width
is determined by A(x0), which is non-zero only for x0 ∈ [−Nxdx/2;Nxdx/2].
According to (F.7), PQLs are equidistantly distributed in the u-space, where
u = k0sin(θ) − k0sin(θs)(1 + Mh), with the period 2π/dx. Thus, requiring
that the PQL width be equal 2π/dx we arrive at
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M |h|
(
dφQO(Nxdx/2)

dx
− dφQO(−Nxdx/2)

dx

)
= 2π
dx
. (F.9)

Integrating (F.8) one time and employing (F.9), we find the optimum K2
h opt:

K2
h opt = Nxd

2
x

(1 +Mh)2

[
C2 + 4C(1 − C)

π
+ (1 − C)2

2

]
. (F.10)

Next, integrating twice both sides of (F.8) and setting integration constants
to 0 we can find the sought-for optimum initial phase distribution φQO

opt :

φQO
opt (x) = − 2π

K2
h optM |h|(1 +Mh)2 ×[(

C2 + (1 − C)2

2

)
x2

2 − 2C(1 − C)N2
xd

2
x

π2 cos
(

πx

Nxdx

)
− (1 − C)2N2

xd
2
x

8π2 cos
(

2πx
Nxdx

)]
. (F.11)

The PQLs with lower |h| have the highest peak values and, thus, affect the
SLL to a greater extent. Therefore we consider |h| = 1. Since the QO feed can
physically realise φQO as described by (F.3), we need to relate it to (F.11). To
do this, we first represent (F.3) as φQO(x) ≈ −k0x

2/(2F ), F/(Nxdx) > 0.5,
and use the cosine function approximation cos(Θ) ≈ 1 − Θ2/2, Θ < 1. Then,
from (F.11), we can find the approximate value of the optimum focal distance
Fopt:

Fopt ≈ MNxd
2
x

λ0

[
C2 + 4C(1 − C)

π
+ (1 − C)2

2

]
. (F.12)

It should be mentioned that the employed two-term cosine expansion gives
a high error for Θ > 1. Therefore, (F.12) tends to underestimate Fopt for small
C. Finally, we can find the normalized PQL power as Q2

h = K2
h opt/F

2
00, where

F00 is the main lobe field intensity (see (13) in [7]) F00 =
∫ Nxdx/2

−Nxdx/2 A(x) dx =
Nxdx(C + 2(1 − C)/π).

Q2
h = 1

Nx(1 +Mh)2
[C2 + 4C(1−C)

π + (1−C)2

2 ]
(C + 2(1 − C)/π)2 . (F.13)
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The highest PQL power is observed for h = −1. It determines the expected
lower bound of the average SLL, which was found to be similar to the average
phase error SLL of a PAA with phase errors uniformly distributed between
−π/M and +π/M [9]. Let us consider two special cases.

• Uniform amplitude distribution (C = 1):

Fopt ≈ MNxd
2
x/λ0, Q2

−1 = 1/Nx. (F.14)

• Cosine amplitude distribution (C = 0):

Fopt ≈ MNxd
2
x/(2λ0), Q2

−1 = π2/(8Nx). (F.15)

The last result evidences that the average SLL for the tapered distribution
is almost the same as for the uniform one. This is due to the quasi-random
nature of PQLs.

4 Numerical Simulations
In this section, we provide the far-field simulated results for linear PAAs, as
computed from (F.1). For all the considered cases of the PAAs, the inter-
element spacing is chosen dx = 0.6λ0 and the embedded element pattern has
the shape as shown in Fig. 2. The linear array radiating element has been
designed to enable grating lobe-free and impedance-matched beam steering
up to |θs| = 45◦. The amplitude taper has been computed as −20log(A(x1)).

The simulated SLL performance for different array parameters is given in
Fig. 3 versus the QO feed focal ratio F/(Nxdx). Here, we consider: maximum
SLL, first SLL, and mean SLL. Each metric is computed first for each θs and
then averaged over the −40...40◦ beam-steering range. The mean SLLs are
relatively invariant with focal ratio variations, and generally depend only on
Nx, as predicted by (F.13). The computed values, however, are slightly (1-
2 dB) higher, which is believed to be due to higher-order PQLs. For electrically
large array apertures (Nx > 10), the increase in the amplitude taper from 0 to
10 dB effectively reduces the first SLL. Nevertheless, the two above-mentioned
trends are no longer valid for small Nx with high taper values, when the PAA
aperture is electrically small and PQLs cannot be effectively reduced. On the
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Figure 2: Normalized embedded element radiation pattern.

other hand, such configurations are rarely used for 1-bit PAAs. An important
observation in Fig. 3 is that the maximum SLL curves demonstrate well-
observable local minima. Positions of these minima are quite close to the
expected values of optimum focal ratios (vertical dashed lines) as obtained
from (F.12). The computed optimum value is underestimated for the tapered
distributions, as we have discussed in Section 3.2. However, the demonstrated
results clearly indicate the existence of the optimum focal ratio in terms of
maximum SLL minimization. It is also important that the SLL improvement
is more significant for tapered distributions, which is usually the case for the
QO feeds. Fig. 4 shows achievable minimized maximum SLL as was found
from numerical results analysis for different Nx and tapers.
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Figure 4: Averaged (over |θs| ≤ 40◦ beam-steering range) maximum SLL versus
the number of array elements for different tapers at the optimum (nu-
merically defined) focal ratio F/(Nxdx) of the quasi-optical feed.
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Figure 5: Averaged (over |θs| ≤ 40◦ beam-steering range) gain degradation due
to phase quantization errors for different array configurations versus the
focal ratio F/(Nxdx) of the quasi-optical feed.

The array gain degradation due to the phase quantization errors was es-
timated as |

∑Nx

i=1 Ai|2/max(|AF (θ)|2). The averaged results are shown in
Fig. 5. With increasing of Nx, we can observe that the degradation reaches
its asymptotic value sinc(π/2) (see (13) in [7]).
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To illustrate the effect of the focal rati o on the far-field performance, the
computed PAA radiation patterns are given in Fig. 6 for three configurations:
Nx = 10, 20, 40 with Taper = 0, 10, 20 dB, respectively. Each configuration
is considered for the optimum (left column, as found from Fig. 3), lower, and
higher F/(Nxdx). It can be observed that while the mean SLL remains almost
identical, the optimum focal ratios provide balanced SLL distributions over the
entire visible angular space, and thus the maximum SLL is effectively reduced
for the optimum cases. We, therefore, can summarise that the QO feed,
providing the excitation phase distribution (F.3), indeed has the optimum
focal ratio that depends on the distribution taper and realizes the lowest
maximum SLL performance.

5 Conclusion
We have considered the optimum QO feed design for the linear PAA with
the 1-bit phase resolution. The approach is based on the array PQLs non-
overlapped distribution that provides “the best” phase quantization error ran-
domization and realizes steerable radiation patterns with minimized maxi-
mum SLL. The main design relations for the optimum QO feed focal ratio
were found analytically and verified numerically considering array channels
amplitude distribution with an arbitrary taper. The proposed approach pro-
vides fairly accurate initial configuration of the QO feed. Further correction,
of course, can be required to compensate for the edge and coupling effects
as well as for non-perfect electrical performance of integrated PSs. The lat-
ter is a subject of future work. The extension of the method to the case
of a 1-bit planar array (obtained by stacking of Ny linear arrays) is quite
straightforward if the amplitude and phase distributions can be presented as
A(x, y) = Ax(x)Ay(y), φQO(x, y) = φQO

x (x) + φQO
y (y). The average power

SLL is then ∝ 1/(NxNy).
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