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Abstract—Energy-efficient and highly-compact beam-steering
array antennas at W- and D-band frequencies are considered as
future enabling technologies for beyond-5G applications. How-
ever, 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 investigating
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 simulated
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.

Index Terms—phased array antennas, beam steering, W-band,
waveguide antenna element, ridge gap waveguide.

I. INTRODUCTION

The development of future beyond-5G (B5G) wireless com-
munication applications, products, and services strongly relay
on innovative antenna technologies 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, tighter manufacturing tolerances and extra difficul-
ties of integrating active integrated 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 ap-
plications (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 capabilities 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 nanometer 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 wideband and wide-angle beam-steering performance
with high radiation efficiency.

In the present work, we investigate and cross-compare
various types of antenna elements as potential candidates for
wideband and wide-scan 2D electronically 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 several modifications with respect to standard
implementations in the form of E- and H-plane grooves. Fur-
thermore, a triangular uniform array grid is chosen 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 implementation 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].

The structure of the paper is the following: Section II
presents the designs of the considered array antenna elements
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(a) Initial configuration of the open-ended ridge WG array element.
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(c) Front view of the ridge gap WG
(RGW) element aperture with optional
E-plane grooves.

E-groove

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

Fig. 1. Various types of array antenna elements

in the infinite array setup; Section III illustrates the simulated
results of different array antenna elements; Section IV ana-
lyzes 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 V.

II. 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.

A. 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 0.5\,
(Ao is the free-space wavelength corresponding to the central
design frequency fj). 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 > 0.5)¢ 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
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Fig. 2. Infinite array model

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 0.5)\¢ and 0.6\
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 [12],
[10]. 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
between the radiating WG elements [13]. 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 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)].

B. 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 er-
rors and assembling misalignment. Such closed WG structures
create additional implementation challenges when attempting
the integration with active electronics and control lines trac-
ing [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 contactless
structure, which thereby allows for low-cost manufacturing,
especially at high millimeter wave frequencies [14]. Also,
the gap provides the desired extra 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
element 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.
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ITII. SIMULATION RESULTS

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.
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
fo = 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 (|T'|) for the beam steering in the E- and H-planes
is shown in Fig. 3.

First, the results for the initial ridge WG element configura-
tion are presented [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 studied frequency-
scan angle range. As seen, the impedance matching degrades
when both the scanning angle and bandwidth increase. The
exemplified targeted impedance bandwidth (BW) goals of
10% and 20% (|T'| < —10 dB) are depicted by the pairs of
dash-dotted lines. In the E-plane, the maximum scan angle
(Omaz) reaches 56° for the 10% BW and 37° for the 20%
BW at higher BW edge. However, |I'| > —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 optimized
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, 6,,,, reaches 47° and 37° for the 10% and
20% BW goals, respectively [Fig.3(b)]. In the H-plane, 0,4,
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 been improved further,
as compared to the above-described configurations. In the E-
plane, 0,,,, reaches 52° and 41° for the 10% and 20% BW
goals, respectively. In the H-plane, the improvement is most
pronounced with 6,,,,, increase to 40° and 26° for the 10%,
20% BW cases. No scan-blindness effects are observed in both

T (dB), H-plane

-,
w5 i RON
50 i i S 50 4
i I §~ 10
i i 0
S40_. L. L (A N T ! o 40
5 37 % 1 1 d Py
e 4 i i i 20 G -8
Z 30 i i i i £30
£ E ! ! i g 250 LS N O\ 0
51 1 i i H S i i i
%20 i H ; i o B2, | ! H
i 1 1 i 17 i i 12
3 1 1 H H
10 i H H i 10 5 i
4 i i ! =
i i 1 BW=10% 1 14
3 ] ; : 40 ! Bw=20% !
) = - o - -BW=207 5
80 8 90 95 100 105 110 80 8 90 95 100 105 110
frequency (GHz) frequency (GHz)
(a) Ridge WG array antenna element
I'| (dB), E-plane I'| (dB), H-plane
60 Il , fplane _ P || (dB), H-p| o
50 4, 10 50
A1 _8._. sy VI ~ 10
i i ! <
~ 40 | . -15
> Bl F S == 0 20
E) ! ! ] !
g 0 ‘ i i , ............ - AN 25
= : i i : ; S
s i A ) i N
b5 ! i i ! . : ; 30
%20 i i i i 30 : : .
il N i i @
8 i i : d !
10 i H H i 4 1 -40
el B 10 iy BW=10% i
H 0 l : 40 I Bw=20% | -45
0 k= 0 -
80 105 110 80 8 90 95 100 105 110

frequency (GHz)

frequency (GHz)

(b) Ridge WG array antenna element with E-plane grooves
|| (dB), E-plane | (dB), H-plane

60 n-5 60
‘\
. 10
7 SO e
50 1 i N, 0
! ! ~ |1-15
A i
1 1 -20
SA0Z T i o= ~ 40 YN -10
> LA i : S
EN gk s 0 2
g% [ i 20§ 15
§ i [ T 3§ %
250 ! i i ! % 5 : !
i ! ! d -40 - ! ! N
il | IO i i i
o | FilE Poed 0 | i
i h , -50 | » i
0 e » 55 0 h |
80 8 90 95 100 105 110 %0 8 9 95 100 105 110

frequency (GHz) frequency (GHz)

(c) Ridge WG array antenna element with the E- and H-plane grooves
|T'| (dB), E-plane || (dB), H-plane

60 \ 60
~ 5 ?
-,
< ., -10 5
50 -10
26 5~ 50
............................... ) s
—~ 40 0 40 0
s RS UE SN .
D D
30 32

-30

scan angle (¢
scan angle (°)

V= 0 o
80 85 90 95 100 105 110 80 85 90 95 100 105 110
frequency (GHz) frequency (GHz)

(d) RGW array antenna element

|| (dB), E-plane || (dB), H-plane

60 N 60 0
‘ﬂ
~
50 So |70 50 -10
8NN f
H 1
! ! a0 0 e SN0 S 0
! ! s 3 ! !
T T 20 =N 1 1
i i s 30 i i -30
E L g i i
! ! %20 i i 40
i i . i i
! I 30 ' l
10 1 . 1 10 1 i -50
1 BW=10%. s e BW10%
o +--BWE20% ¢ - WE20%. ..
0
80 8 90 95 100 105 110 80 85 90 95 100 105 110

frequency (GHz) frequency (GHz)

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

Fig. 3. Active reflection coefficient (in dB) for various ridge WG and RGW
array elements. The black dashed line indicates the grating lobe-free border.
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design cases: (i) the RGW antenna element with E-plane grooves (solid lines)
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lines). CDF is cumulative distribution function.

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 |I'| of the proposed RGW array
antenna element. In this case, 6,4, 1S 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 ob-
serve 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: 6,,,, in the H-plane has been
increased to 40° and 39° for the 10% and 20% BW cases.
This interesting phenomenon is accompanied by additional
H-plane |I'| 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 propagation along the E-plane grooves and
will be explored during future studies.

IV. BANDWIDTH VS. SCAN RANGE TRADE-OFFS

In the above analysis, we have defined the operation band-
width by the |I'| < —10 dB impedance matching crite-
rion. In practice, this criterion can be relaxed, 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 |I'| 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(z) = P(|I'| < x), where P denotes the probability
function. Simulated results of ridge WG array element with E-
and H-plane grooves are introduced here for a more complete
comparison.

In the E-plane, both array elements have > 90% of ||
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 |[I'| < —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 |I'| points fulfill
| < —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 |T'| < —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 defined for the 90% CDF
level for [I'| < —10 dB) is achieved over the scan range of
440° in both E- and H-planes. A wider scan range of £50°
is possible for a relaxed criterion of [I'| < —7 dB. The RGW
element with the grooves outperforms 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.

V. CONCLUSION

We have considered several possible implementations of
array antenna elements for future BSG 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 array beam-steering performance with high radiation
efficiency. The full-wave simulation results reveal two best
element configurations, among the considered 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% bandwidth
('] < —10 dB). This promising beam-steering capability,
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along with possible contactless RGW interface towards ac-
tive electronics, makes this RGW array element a suitable
candidate for future 100+GHz electronically scanned array
antennas. The experimental study of the proposed antenna
concepts 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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