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ABSTRACT An all-metallicmulti-layered parallel-plate slot array antenna operated in the 60-GHz bandwith
wide impedance bandwidth and high-gain characteristics is proposed. The 16× 16-slot antenna is composed
of 2× 2-slot subarrays perpendicularly-fed by a hollow waveguide corporate feeding network. The subarray
is partitioned into three functional layers including a bottom one for feeding, a mediate one for radiating and
a parasitic one atop for bandwidth enhancement. An undesired resonance of a high-order mode introduced
with the parasitic layer is eliminated by loading metal grids between the slotted plates. The contribution of
the parasitic layer on bandwidth improvement is verified by a measured 19.2% bandwidth of the antenna
with reflection below−10 dB. The removal of the dielectric plate loaded in the conventional double-layered
counterpart also contributes to the better performance of the array. The all-metallic feature exempts the
design from dielectric loss and beneficial for realizing a higher gain. A high aperture efficiency over 90% is
realized over a 19.3% bandwidth and an antenna efficiency over 70% is obtained over a 18.5% bandwidth
for the fabricated prototype antennas. The measured realized gain is up to 33.2 dB and the antenna efficiency
is 87.2% at 62.0 GHz.

INDEX TERMS Slot array, planar array, parallel-plate waveguide, all-metallic, corporate feed, wideband
antenna, high-gain antenna.

I. INTRODUCTION
From millimeter-wave to terahertz band, planar slot waveg-
uide antennas have been one of the most attractive categories
due to advantages of high efficiency, compact geometry, easy-
to-control aperture distribution and simple installation. They
are widely used in applications, such as radars [1], [4], wire-
less access communication [5], [6], and power transmission
systems [7], [8].

In planar arrays, slots are usually etched serially on
the walls of hollow rectangular waveguides (HRW), ridged
waveguides, post-wall waveguides (PWW, also known as
substrate integrated waveguides namely SIW), gap waveg-
uides (GWG), and parallel-plate waveguides (PPW). Proper
modes should be excited and fed to slotted parts in these
waveguides to finally create a radiation into the free space.
Three main schemes to feed are series, corporate, and
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partially corporate. The series feeds feature shorter path lead-
ing to less loss. The corporate feeds feature wide bandwidth
at the expense of longer path. Another way to classify the
feed topology relies on the positional relationship between
the feeding and radiating parts. If both parts are integrated in
the same layer, the array is single-layered [9], [12], otherwise
multi-layered [13], [14]. The multi-layered ones usually have
more compact apertures because the feeding parts are super-
imposed beneath or over the radiating parts, sharing the same
aperture size.

Conventionally, for the multi-layered slot arrays, the per-
pendicular feed scheme is applied only for propagating
energy from the bottom feed waveguide to the upper radiating
layer. In the radiating part, the radiation on slot apertures are
still excited in serial. Therefore, the array still suffers from
long-line effect and limited bandwidth.

In [15], the perpendicular-corporate excitation of multiple
radiating elements became feasible. An 8 × 4-way full cor-
porate feed network excites 1 × 2-slot SIW cavities in the
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middle layer uniformly, with the two slots exciting a single
open-ended cavity in the third layer respectively. However,
the array has only 44.4% antenna efficiency at 60 GHz due
to high dielectric loss by LTCC technology, despite of a wide
17.1% impedance bandwidth for VSWR < 2.
ByHRW, a double-layered array comprising cavity-backed

2 × 2-slot subarrays perpendicularly-fed by a corporate net-
work was presented in [16]. The four slot elements on the
cavity top surface are excited perpendicularly by a shared
coupling slot beneath in parallel. The vertical transmission
gets more efficient than that in [15] because the middle
layer containing power dividers causing extra insertion loss
is exempted. The 16×16-slot array shows a measured 12.1%
bandwidth for VSWR < 2 and an antenna efficiency high
as 83.6% at 61.5 GHz. In [17], the bandwidth was further
enhanced to 21.5% by superior design methods.

Thereafter, amounts of slot arrays based on the multi-
layered perpendicularly-corporate-fed 2 × 2-element con-
figuration have been designed by the HRWs [18], [20],
PWWs [21], [25], GWGs [26], [30], PPWs [31], [33] or
hybrid of them. Except the designs utilizing PPW in the
radiating layer, the others all have a cavity section fenced by
solid walls, metal posts or pins. And in most cavities, two
pairs of inductive stubs formed by solid blocks, posts or pins
are embedded to eliminate undesired high-order modes [16],
[24],[28]. To obtain a wide impedance bandwidth, vari-
ous complicated modifications have been made either in
the feeds, or radiating elements, or both of them in these
designs.

In PWW based designs, [22] and [23] introduce patches as
impedance transformers between the feed layer and loaded
radiating cavities on the top layer, [25] makes stacked
gradually perforated substrates for stepped cavities to bet-
ter match the impedance with the free space to reduce
reflection. Removing a little part of the substrate under
slot apertures to tune the Q-value [34] and inserting a
via-hole below the slot to introduce one more resonance [35]
are also proved to be useful bandwidth enhancing solu-
tions according to researches on single I-shaped narrow slot
elements.

In GWG based designs, pins of electromagnetic band
gap (EBG) structures constructing the cavity walls [27] are
also used to produce tuning effect. Shorter pins between the
plates yielding capacitance can contribute to significant band-
width enhancement both in power dividing junctions [28]
and cavity subarrays [29]. For ridge GWG feeds, more
complex ridge terminals engender better matching effect as
well [26], [27],[29], [30].

For designs utilizing the PPW in the feed part, in [31],
although four blocks were used in the radiating cavities to
improve bandwidth and polarization discrimination of the
subarrays, the realized bandwidth for VSWR< 2 of the com-
plete array was only about 6% because the subarrays were
fed serially by the plane waves in the folded PPW network.
For designs utilizing the PPW in the radiating parts, the

cavity walls are exempted and no vertical structures exist
between the parallel plates. To enhance the bandwidth,
loading parasitic slotted plates was presented as a solution.
However, despite of superimposed third, or fourth slotted
plates added over the basic double-layered PTFE-loaded
arrays, the bandwidth enhancement in [32] and [33] wasmod-
erate. Furthermore, owing to air slits between stacked copper
and PTFE plates in assembly, the equivalent relative per-
mittivity of the parallel-plate region deviated, the measured
bandwidth and efficiency degraded a lot from the simulated
ones.

In thismanuscript, based on the perpendicularly-corporate-
fed 2×2-element configuration, an all-metallic triple-layered
16×16-slot array composed of PPW-based radiating part and
HRW-based feeding part is proposed. In the corporate feed
circuit made mainly from cascading HRW power dividers,
the transitional structure bridging the dividers and the feed
port is modified into a stepped type, to realize a wider band-
width of the feed part. In the radiating part, no dielectric
substrate is loaded, different from the conventional designs
in [32] and [33]. With a simpler triple-layered all-metallic
geometry, the proposed subarray realizes a wider impedance
bandwidth and higher efficiency, indicating a new feasible
solution different from the conventional designs. Namely,
the PPW based subarrays without an integrated substrate can
achieve a comparable or even better performance compared
to conventional substrate-loaded designs. The removal of the
substrate will not only ease the antenna from significant
deterioration of performance due to assembly error occurred
in [32] and [33], but also facilitate this type of antenna to work
in temperature-sensitive environment where no substrate is
preferred. Ultimately, the proposed array antenna combines
advantages of wide impedance bandwidth, high-gain, high-
efficiency, and simple geometry in a balanced way, verified
by measured results.

II. CONFIGURATION OF ANTENNA
The geometry of the all-metallic triple-layered parallel-plate
16× 16-slot array antenna is illustrated in Fig. 1. The copper
plates are categorized into three layers numbered as #1-#3
from the bottom up. A 64-way corporate feed circuit com-
posed of 6-level cascading T-junction equal power dividers is
designed in Layer #1 by laminated diffusion-bonded plates,
with one feed aperture for WR-15 waveguide at the back
and uniform 8× 8 coupling slot apertures atop. Above these
are separate plates that are stacked together and fastened
by screws at corners. An air layer braced by a frame and
a plate with uniformly arrayed 16× 16 radiating slots con-
stitute Layer #2. The remains belong to the parasitic layer
#3. In the air region between the radiating slot plate and
the similar parasitic slotted plate, there is an intermediate
grid layer comprising evenly-spaced thin strips distributed in
parallel, with equal vertical distance from the both plates. The
wave propagates perpendicularly across the layers and form
a boresight radiation.
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FIGURE 1. Exploded view of the 16× 16-slot array antenna.

FIGURE 2. Exploded view of the 2× 2-slot subarray.

III. DESIGNS OF SUBARRAY AND FEED NETWORK
A. WIDEBAND AND HIGH-GAIN TRIPLE-LAYERED
PARALLEL-PLATE 2×2-SLOT SUBARRAY
As shown in Fig. 2, a single square 2× 2-slot subarray (size:
1.72λ0×1.72λ0, where λ0 is the free space wavelength at the
design frequency of 61.5 GHz) extracted from the periodic
array includes all three layers. In Layer #1, a straight short-
ended rectangular waveguide is modeled, as a simplified
alternative of the practical last-level half T-junction of the
feed circuit. A rectangular coupling slot is set on the top
widewall with an offset from the waveguide symmetrical
plane. In Layer #2, there are 2 × 2 rectangular slots of the
same dimensions allocated uniformly on the top plate. The
Layer #3 has an analogous composition as the Layer #2,
except that there is a grid located at the central height of
the parallel-plate region. With a spacing of half periodicity
of the subarrays, thin strips parallel to polarization direction
are arranged evenly along the cross-polarized direction.

FIGURE 3. Parallel-plate subarrays, (a) double-layered with
substrate [36], (b) triple-layered with substrate [37], (c) triple-layered
all-metallic, (d) triple-layered all-metallic with grid (the proposed).

The proposed subarray went through several innovations
mainly in the radiating part as illustrated in Fig. 3, from
a conventional double-layered design with a dielectric sub-
strate (PTFE, εr = 2.17, thickness= 0.254mm) to the present
triple-layered all-metallic one [36], [37]. Firstly, [36] ana-
lyzed the double-layered PTFE-loaded model shown in
Fig. 3 by a computational method. The optimum dimen-
sions realizing an impedance bandwidth of 13.2% for
VSWR < 1.5 were obtained by running a genetic algorithm
based on the analysis. To further enhance the bandwidth,
a third parasitic slotted plate was set on the top of the
basic double-layered model with an air layer beneath, form-
ing the third layer, as shown in Fig. 3b. It was optimized
by the same methods and shows an optimum bandwidth
of 16.0% [37].

1) ADDITION OF THE PARASITIC THIRD LAYER
The influence of loading a parasitic plate atop is illustrated
firstly in this manuscript by the eigenmode analysis on mod-
els in Fig. 3(a) and Fig. 3(b). The optimum parameters of
the double-layered and triple-layered subarrays with sub-
strate loaded are listed in TABLE 1. Since both subarrays
are geometrically symmetric, we can extract a quarter part
of the radiating part respectively, namely one slot element,
and apply proper boundary conditions, as shown in Fig. 4,
to compare the eigemodes generated. For the coupling slot,
perfect electrical conductor (PEC) boundary is set on the
symmetrical plane perpendicular to the slot transverse direc-
tion, and perfect magnetic conductor (PMC) boundary is set
on the symmetrical plane perpendicular to the longitudinal
direction. In the radiating part, two pairs of periodic boundary
condition (PBC) boundaries are applied on the peripheries,
and perfect matching layer (PML) boundary is set atop with
a distance of λ0 from the top slot aperture.

The electrical field distribution on the parasitic and
coupling slot apertures of two effective modes in the
triple-layered model are plotted in Fig. 5, with corresponding
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TABLE 1. Parameters of the substrate-loaded double-layered and
triple-layered subarrays (Unit: mm).

FIGURE 4. Quarters of subarrays in eigenmode anlysis.(a) double-layered
with substrate, (b) triple-layered with substrate.

FIGURE 5. Electrical field distributions of two eigenmodes on the
coupling and parasitic slot apertures in the conventional
substrate-loaded triple-layered subarray, (a) first mode, (b) second mode.

low Q-values (quality factors) and resonant frequencies in
the band from 54 GHz to 68 GHz. The influence of the
third layer on the bandwidth is shown by comparing the fre-
quency characteristics of reflection of the double-layered and
triple-layered subarrays in Fig. 6. The star marks denote the
allocations of the resonant eigenmodes contributing to radi-
ation in respective model. The triple-layered model has one
more mode resonating in high frequency band at 63.8 GHz.
Its first mode also resonates at lower frequency point than that
of the double-layered model, thus expanding the frequency
span where the VSWR of the subarray is less than 1.5. It is
verified that the introduction of the third layer facilitates
a wider impedance bandwidth. Gain of the triple-layered
subarray also sees an increase from that of the double-layered
one, especially around the two eigenmode resonant frequency
points, as displayed in Fig. 7.
It is proved that loading a parasitic plate works for enhance-

ment of bandwidth but the effect is still modest. Instead
of adding more layers as in [32] and [33], this manuscript
presents a different proposal removing the substrates between
the plates. The following work shows that the dielectric

FIGURE 6. Frequency characteristics of reflection and key eigenmodes of
conventional substrate-loaded double-layered and triple-layered
parallel-plate 2× 2-slot subarrays.

FIGURE 7. Gain of conventional double-layered and triple-layered
parallel-plate 2× 2-slot subarrays (with substrate).

substrate is not necessary between the plates for such a
parallel-plate design. Furthermore, along with the removal
of the substrate beneath the radiating slots, reduced dielec-
tric loss will lead to higher radiation efficiency. The triple-
layered all-metallic model shown in Fig. 3(c) was firstly
analyzed and optimized based on the same computational
methods utilized in [37]. However, occurrence of unde-
sired high-order modes in the parasitic third layer for the
all-metallic designs is inevitable. Since there are no stubs
or pins between plates depressing high-order modes as the
other cavity-backed designs, to address this problem, the
grid-loaded model shown in Fig. 3(d) is proposed. The mech-
anism and effect of loading the grid between the plates are
clarified as follows.

2) REMOVAL OF SUBSTRATE IN THE SECOND LAYER AND
INTRODUCTION OF GRID IN THE THIRD LAYER
Eigenmode analysis was conducted on the all-metallic triple-
layered subarray in Fig. 3(c) and two eigenmodes were dis-
covered. The first mode resonates at 57.5 GHz with a Q-value
of 14.9, and the second resonates at 64.9 GHz with a Q-value
of 12.0. Both resonances shifted to higher frequency points
compared to those of model in Fig. 3(b). As a result, the
reflection level still stays low and the gain remains high up
to 67 GHz, as shown in Fig. 8.
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FIGURE 8. Gain and reflection of triple-layered all-metallic parallel-plate
2× 2-slot subarray.

FIGURE 9. Electrical field distributions on the symmetrical planes of the
air region in the third layer at 56.5 GHz. (a) All-metallic triple-layered
subarray without grid, (b) all-metallic triple-layered subarray with grid
(proposed).

However, it can be observed that at about 56.0 GHz, dete-
rioration of the gain occurs. It results from an intensive reso-
nance of a high-order mode in the air region of the Layer #3.
The electrical field distributions on the symmetrical planes of
the region at 56.5 GHz are displayed in Fig. 9. In Fig. 9(a), the
field intensity is strong at the positions where three thin grid
strips are inserted as shown in Fig. 3(d). Most energy is stored
in the region and unable to be radiated. Thus, by loading
the grid into the subarray, the boundary condition forces
the tangential components of electrical fields on the metal
conductors to be zero so that the intensive electrical fields
along the strips are eliminated and the mode is removed,
as illustrated in Fig. 9(b). As the fields at this frequency
point in the proposed model gets weaker, the power flows
mainly upward to the free space, and finally the realized gain
is possible to restore to a normal level denoted by the red
curve in Fig. 10.

The parameters in the proposed all-metallic grid-loaded
parallel-plate slot subarray are tabulated in TABLE 2. Its fre-
quency characteristics of gain and reflection are shown by
red curves in Fig. 10, with comparison to the other two
conventional triple-layered designs depicted in Fig. 3(b)
and Fig. 3(c). The subarray has reflection below −14 dB
(VSWR < 1.5) from 56.0 GHz to 67.5 GHz, realizing an
impedance bandwidth of 18.6%, not only much enhanced
from the 7.7% of the triple-layered parallel-plate designs
in [31], but also improved from the 13.1% (57.0 GHz to

FIGURE 10. Gain and reflection of the proposed all-metallic grid-loaded
triple-layered parallel-plate 2× 2-slot subarray.

TABLE 2. Parameters in the proposed all-metallic grid-loaded
parallel-Plate slot subarray (Unit: mm).

FIGURE 11. Transverse equivalent networks for radiating parts comprised
of Layer #2 and Layer #3 of the triple-layered (a) conventional
substrate-loaded subarray, and (b) proposed all-metallic grid-loaded
subarray.

65.0 GHz) in [36] and 16.0% (55.5 GHz to 65.1 GHz) in [37]
realized by the authors. Moreover, the high-gain band is also
extended especially at the high frequency end.

The design of the all-metallic subarray in Fig. 3(c) was
realized by the same methods introduced in [36]. The pro-
posed grid-loaded subarray in this manuscript shown in
Fig. 3(d) is designed by the ANSYS HFSS simulations.

3) PHYSICAL INTERPRETATION BY EQUIVALENT NETWORKS
The parallel-plate 2× 2-slot subarrays in Fig. 3 can be
regarded as uniform planar leaky-wave antennas featuring
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a broadside radiation [38]. The slotted plates in the radiat-
ing parts can be modeled as a partially reflecting surface
and represented by a shunt susceptance denoted as jB [39].
Transverse equivalent networks for radiating parts comprised
of Layer #2 and Layer #3 of the triple-layered conventional
substrate-loaded subarray shown in Fig. 3(b) and the pro-
posed all-metallic grid-loaded subarray shown in Fig. 3(d) are
modeled in Fig. 11.

The radiating parts are excited by the electrical fields or
equivalent magnetic currents on the coupling slot. This source
is modeled as a voltage source Vs. Y0 and Y1 are the admit-
tances in the air and dielectric regions, respectively. With the
removal of the dielectric substrate, Y1 (= G1 + jB1) disap-
pears. The introduction of the grids replenishes the effects
of this change and makes the impedance matched again.
Because the strips of the grids are parallel to the polarization
direction, they are inductive and can be represented by a
reactance jX1. Take the thickness of these strips into account,
capacitive −jX2 are cascaded into the circuit [40]. There is
a minus in this item, so it can be equivalent to a capacitive
susceptance jB2. Their series connection with the remained
network makes compensation for the eliminated imaginary
component jB1. The shunt connection of them and jX1 with
the remained network compensates for the eliminated real
component G1.

B. CORPORATE-FEED NETWORK
Besides the wideband subarrays, the feed network should also
be wideband for good performance of the full array. For the
64-way corporate feed circuit, reflection performance of the
cascading power dividers and the transitional E-bend section
should both be optimized to guarantee a low level at least
within the impedance bandwidth of the subarrays.
The description of the junction power dividers can be found

in [16] and [38]. An 18.1% fractional bandwidth (55.7 GHz
to 66.8 GHz) with reflection below −25 dB is realized here
for the last level H-junction divider (composed of two back-
to-back T-junctions).

As to the E-bend transition, the proposed structure of the
E-bend connecting to the first level T-junction is shown in
Fig. 12, together with a conventional one. In the conventional
design, a short-end waveguide branch with wider broad wall
is set above theWR-15 aperture, playing the role of matching
impedance between the feed port and the branch of next
power divider. At the discontinuous joints of the branches,
pairs of inductive windows or irises and inductive walls are
set up to yield reactant tuning effects. Wide bandwidth can
be achieved by introducing more branches with gradually
sized wide walls. In the proposed design, instead of mul-
tiple cascading branches of staged wide wall sizes in the
H-plane, several steps are utilized directly connecting the
WR-15 aperture and the trunk of the first T-junction, to match
the impedance. Three steps are designed here. More steps
will lead to more fabrication cost. The height of the steps
should be multiple of plates thickness from the beginning of
design for sake of fabrication. The parameters of the proposed

FIGURE 12. E-bend with the first T-junction divider. (a) conventional [35].
(b) proposed.

FIGURE 13. Parameters of the proposed E-bend with the first level
T-junction power divider (top and section views): a0 = 3.76, a1 = 3.72,
a2 = 3.01, a3 = 2.96, b0 = 1.88, b1 = 1.91, b2 = 1.20, c1 = 0.34,
c2 = 0.55, c3 = 0.56, s1 = 9.13, s2 = 2.72, tc1 = 0.20, tc3 = 0.60,
dw = 0.35, dl = 1.33, w1 = 0.24, l1 = 0.19, w2 = 0.15, l2 = 0.08,
unit: mm.

FIGURE 14. Comparison of performance between the conventional and
proposed E-bend transitional structures connecting to a T-junction
divider.

model are shown in Fig. 13. The frequency characteristics
of the two types of E-bends connected to a T-junction are
shown in Fig. 14. The impedance bandwidth with reflection
less than −25 dB is improved from the conventional 15.5%
(56.3 GHz to 65.8 GHz) to 19.4% (55.3 GHz to 67.1 GHz),
larger than the bandwidth of the aforementioned subarray or
H-junction.

The reflection performance the feed part including the
transitional structure is shown in Fig. 15. A bandwidth of
17.5% with level below −25 dB is obtained from 55.8 GHz
to 66.5 GHz, owing to the low reflection of each component.
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FIGURE 15. Simulated frequency characteristics of reflection of the
proposed full structure all-metallic parallel-plate 16× 16-slot array.

C. SIMULATED RESULTS OF ARRAY ANTENNA
With arrayed subarrays along both axes of an orthogonal
coordinate system to form a 16× 16-slot scheme, fed by the
64-way corporate network, excited via a standard WR-15
waveguide aperture, the full antenna shows simulated reflec-
tion performance plotted in Fig. 15. An 18.2% bandwidth for
VSWR< 1.5 from 56.1 GHz to 67.3 GHz is acquired. And
according to the comparison between the feed and the subar-
ray, the bandwidth of the array antenna is consistent with and
mainly restricted by that of the subarray. In the simulation,
the metal plates are assumed as copper (the conductivity:
5.8 × 107 S/m), and all slots are chamfered in consideration
of fabrication.

Figure 16 displays comparison of simulated radia-
tion patterns between the conventional double-layered
substrate-loaded and the proposed triple-layered all-metallic
grid-loaded 2 × 2-slot subarrays at 61.5 GHz. Figure 17
displays those of corresponding 16× 16-slot arrays. Because
the subarrays are deployed in the same uniform distribution
pattern with the same periodicity, the array factors are the
same. The radiation pattern of the array is the product of the
array factor and subarray radiation pattern. In Fig. 16, main
lobes of subarrays are almost similar in both planes, except
the depth of first nulls and angular positions have a little
difference. The first nulls of the proposed subarray locates
at θ = ±35◦, so the proposed array realizes nulls at these
positions, exempted from the high grating levels observed in
the conventional design.

IV. FABRICATION AND MEASURED RESULTS
A. FABRICATION
Two same array antennas are fabricated numerated as Ant. 1
and Ant. 2. The components and assembled array antenna
are shown in Fig. 18. At fringes of the array, margins of
around one wavelength (4.0 mm-wide in the xoz-plane and
4.8 mm-wide in the yoz-plane) are set for convenience of
assembly. At the four corners of all plates, screws holes are
preset. Plates of Layer #2 and Layer #3 are tightly stacked and
connected to Layer #1 by screws. Diffusion bonding technol-
ogy is utilized for the fabrication of Layer #1, providing a

FIGURE 16. Simulated radiation patterns in the (a) E-planes and
(b) H-planes of conventional double-layered substrate-loaded and
proposed triple-layered all-metallic grid-loaded 2× 2-slot subarrays at
61.5 GHz.

FIGURE 17. Simulated radiation patterns in the (a) E-planes and
(b) H-planes of conventional double-layered substrate-loaded and
proposed triple-layered all-metallic grid-loaded 16× 16-slot arrays at
61.5 GHz.

foundation of reliable performance of the hollow waveguide
feed network [41]. The copper plates used have thickness of
0.2 or 0.3 mm. The thickness of each component and plate
allocation are written in corresponding brackets in Fig. 18.
For those sections where only air exists, copper margin
frames furnish bracing. In the yoz-plane, the dimension of
the air section will be prolonged for around 1/4λ0 (1.3 mm)
to maintain a proper boundary condition for subarrays at the
verge. Base on previous experience, over-etching error of
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FIGURE 18. Fabricated array antenna with flange (Unit: mm).

FIGURE 19. Measured frequency characteristics of reflection of full
structure all-metallic grid-loaded parallel-plate 16× 16-slot arrays.

FIGURE 20. Influence of error in air thickness (hp) in Layer #3 on the
reflection characteristic of the subarray.

0.02 mm is assumed for all slots in wet-etching process and
it is compensated in advance.

B. MEASURED RESULTS
1) REFLECTION
The measured frequency characteristics of reflection of both
antennas are plotted in Fig. 19, in comparison with the
simulated result. The curves start from 56.0 GHz due to
the limitation of the available band of the vector analyzer.

FIGURE 21. Measured directivity and realized gain of full structure
all-metallic gird-loaded parallel-plate 16× 16-slot arrays.

The measured reflection coefficients in dB of both antennas
degrade from the simulated a little, but still in general agree-
ment with it on positions of peaks and nulls. A measured
impedance bandwidth up to 19.2% for VSWR< 2.0 is real-
ized from 56.0 GHz to 67.9 GHz. It is almost of the same
range as the simulated bandwidth for VSWR< 1.5.

It can be observed that significant deviation in refec-
tion levels mainly locates at points around 58.0 GHz and
67.0 GHz, where two resonances of the subarray exist and
relatively high reflections occur in the feed circuit (in Fig. 15).
Therefore, the error could either come from the subarrays or
the feed part. To figure it out, parametric analysis is conducted
on the radiating part firstly. It turns out that there is high
possibility that the error in height of the air region in Layer #3
led to this deterioration. As shown in Fig. 20, as the thickness
hp of air (hp = 2tva + tg) increases, the reflection level of
the subarray will get higher in the band, especially around
58.0 GHz and 64.5 GHz. Besides this, two nulls in reflection
levels around 57.0 GHz and 62.0 GHz are observed to shift a
little to the lower frequencies. Identical phenomenon can be
seen from the results of the measure arrays. This error may
come from the deformation of the plates (especially the one
atop with parasitic slots) because they are attached by only
four screws at the array corners. If the screws are fastened
too tight, factual height of the air region may get larger
than the designed value. Adding more screws at the margins
will assure better flatness and reduce this error. Secondly,
according to the performance of feed part shown in Fig. 15,
if the reflection levels at 58.0 GHz and 67.0 GHz are further
depressed in case of any error introduced by fabrication, the
reflection performance of the arrays displayed in Fig. 19
will get improved and more closed to the simulated one as
well.

2) DIRECTIVITY, GAIN AND EFFICIENCY
The measured directivity and realized gain of antennas are
plotted in Fig. 21 with efficiency. The simulated realized gain
of the proposed array shows significant gain enhancement
in comparison to the conventional double-layered substrate-
loaded array. It is resulted from the widened bandwidth and
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FIGURE 22. Relative electrical field distribution on the antenna apertures
at 61.5 GHz, of Ant. 1 (a) amplitude, (b) phase, Ant. 2 (c) amplitude,
(d) phase.

FIGURE 23. Deformation of a strip in the grid of Ant. 2.

reduced dielectric loss of the proposed subarray. The mea-
sured directivity keeps high in the whole band, indicating a
high aperture efficiency over 90%. The measured realized
gain (conductor and mismatch loss included) is about 0.5 dB
less than the simulated in average, which is acceptable. Larger
deviation from 57.0 GHz to 59.0 GHz corresponds to the
aforementioned deterioration in reflection among this fre-
quency range. The antenna has antenna efficiency above 70%
almost in the whole impedance bandwidth. At the centered
62.0 GHz (fc), the realized gain of the array is 33.2 dB and
antenna efficiency is 87.2%.

3) NEAR-FIELD DISTRIBUTION
The relative amplitudes of electrical fields distributed over
the antenna apertures at the designed frequency 61.5 GHz are
illustrated in Fig. 22. The fields are generally uniform among
the periodic subarray apertures both in amplitude and phase.
There is some variation in phase at the fringes in the yoz
plane (H-plane) due to the difference of boundary conditions
from the assumed periodic boundaries of a single subarray,
as the array is finite. For Ant. 2, a deformation of one strip in
the grid plate took place accidentally as shown in Fig. 23,
accounting for the degradation of uniformity of the field
distribution.

FIGURE 24. Measured and simulated radiation patterns in the E-plane
and H-plane of Ant. 1 at (a) 56.0 GHz, (b) 62.0 GHz, and (c) 68.0 GHz.

4) RADIATION PATTERNS
The measured radiation patterns of the fabricated antennas in
E-plane (xoz-plane), H-plane (yoz-plane) are given in Fig. 24
and Fig. 25 at 56.0 GHz, 62.0 GHz, and 68.0 GHz. Good
agreement is achieved in both planes between the measured
and simulated results. The measured cross polarization lev-
els also stay at low levels below −40 dB, as shown by
the dashed curves. The agreement between simulated results
and symmetry of patterns got a little worse for Ant. 2 than
Ant. 1 because of the aforementioned deformation of one
strip. The field radiation pattern of Ant. 1 at the 45◦-plane
at 62.0 GHz is shown in Fig. 26. The difference between
the simulated and the measured sidelobe levels around θ =
55◦ may come from a slight plane misalignment of several
degrees in the measurement.

C. DISCUSSION
The measured results verified the wideband, high-gain,
and high-efficiency features of the proposed all-metallic
parallel-plate 16× 16-slot array antenna. A comparison
conducted between the several conventional planar slotted
arrays working in the V- and E-band based on similar
perpendicularly-corporate-fed 2× 2-element configurations
are listed in TABLE 3. Compared with varies conventional
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TABLE 3. Comparison of planar slotted array antennas with perpendicularly-fed 2× 2-element subarrays designed in V- or E-band.

FIGURE 25. Measured and simulated radiation patterns in the E-plane
and H-plane of Ant. 2 at (a) 56.0 GHz, (b) 62.0 GHz, and (c) 68.0 GHz.

FIGURE 26. Radiation pattern of Ant. 1 at the 45◦-plane at 62.0 GHz.

complicated cavity-backed designs and parallel-plate designs
with dielectric substrate loaded, the proposed all-metallic

design still stands out by its simple geometry and good elec-
trical performance.

V. CONCLUSION
Based on the 2× 2-slot multi-layered parallel-plate subar-
ray perpendicularly-fed by waveguide corporate feeding net-
work, a 16× 16-slot all-metallic array antenna is designed,
fabricated and measured. Wide impedance bandwidth up to
18.6% for VSWR< 1.5 and high-gain characteristics are
obtained by applying a parasitic layer on the top and remov-
ing a substrate between plates in the subarray. A grid layer
constituted of thin strips is loaded between the plates to
remove undesired high-order mode resonance which imposes
negative influence on radiation. The feed circuit especially
the E-bend transitional part is modified from conventional
designs into a stepped type for wider impedance bandwidth
as well. The measured antennas prove a 19.2% bandwidth
for VSWR< 2.0 and high antenna efficiency over 70% in the
band from 56.0 GHz to 67.9 GHz. The difference between the
measured and the simulated reflection levels mainly results
from deformation of the thin top plate after assembly. Setting
more screws at the margins will reduce the error. For one
fabricated prototype, the measured realized gain is 33.2 dB
and antenna efficiency is 87.2% at 62.0 GHz. The all-metallic
parallel-plate radiating parts are easy to fabricate and conve-
nient to be slot-coupled by other types of transmission lines
besides the hollow waveguides used in this design. It is the
first realization of such a parallel-plate all-metallic slot array
antenna, of which geometric simplicity, wideband and high
efficiency characteristics are demonstrated simultaneously.
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