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ABSTRACT A wideband wide-scanning open-ended rectangular waveguide phased array in a triangular
lattice is presented. Dielectric or metamaterial wide-angle impedance matching superstrates have been
widely used in phased arrays to improve the scanning performance. However these dielectric-containing
covers cannot solve the problem of scan blindness caused by the surface waves, or even further aggravate
the surface wave effect. The modulated surface structures, which consist of the impedance-gradient structures
and the surface wave bandgap structures are designed to maximize the wideband wide-scanning performance
of the array. The proposed array achieves 40% bandwidth (8-12 GHz), while covering a scanning range of
+65° in the E-plane (VSWR < 2.3) and H-plane (VSWR < 2). The practical working frequency band occupies
the whole potential operating frequency band between the waveguide TE ¢ cutoff frequency and the onset
frequency of the first grating lobe. An 11 x 11 prototype is fabricated and measured. Good agreement is

achieved between the simulated and measured results.

INDEX TERMS Open-ended waveguide, phase array antenna, scan blindness, surface wave bandgap.

I. INTRODUCTION

Phased array antennas, due to their agile scanning beams, are
highly desirable in various domains, such as wireless com-
munication systems [1], radio telescopes [2], and radars [3].
In the design of a phased array, its working bandwidth and
scanning range are of the prime concerns. Scan blindness
has been considered as a critical obstacle to realize wide-
band wide-angle scanning for phased array antennas [4], [5],
because it can occur prior to the incipient grating lobe angle
and even appears at an angle not far from broadside. It is
observed as the almost total reflections of the input energy in
the array feeding ports when steering the beam to particular
angles. This phenomenon is associated with the guided modes
supported by the array [6]. Under certain Floquet excitations,
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the guided wave mode can be strongly excited, resulting in
significant impedance mismatch, thus the array is unable to
radiate.

Studies of scan blindness have been conducted in var-
ious types of antenna arrays, and began from the experi-
mental observation of unexpected deep nulls in the active
element patterns of the rectangular waveguide phased arrays
without dielectric covers [7]. In 1968, Farrell and Kuhn [8]
predicted the behavior of an element in an infinite phased
array of rectangular waveguides by using a modal method
of analysis. They observed that the nulls are related to the
radiation cancellation of higher order modes in both the
waveguide and the external free space. In the same year,
Kanittel and Oliner [9] investigated the relationship between
nulls and possible guided waves for the waveguide end-slot
array. At the angle of blindness, the surface waves on
the corrugated surface derived from the actual array may
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be related to the mechanism that creates a E-plane scan
blindness.

The guided wave can also be a surface wave that is sup-
ported by a dielectric slab. In 1984, Pozar and Schaubert [5]
demonstrated a comprehensive study of infinite dipole array
printed on a dielectric substrate. A simple theory, based on
coupling from Floquet modes to surface wave modes on the
substrate, is shown to predict the occurrence of scan blind-
ness. In the vertical printed dipole array, scan blindnesses
were also observed. In 2020, Koo and Nam analyzed the scan
blindness in a T-printed dipole array. The main cause of scan
blindness was to be a quasi-TEM guided wave mode, which
was predicted using the dispersion relation curve obtained
from the equivalent circuit [10]. Similar to the dipole array,
the microstrip patch array printed on a dielectric substrate is
also likely to produce the scan blindness [11].

In 1996, the E-plane scan blindness caused by the TM,
parallel-plate waveguide modes in a single-polarized tapered-
slot array was pointed out [12]. In 2008, another type of scan
blindness in the single-polarized triangular lattice tapered-
slot array which is caused by the half-waveguide mode was
identified [13]. In 2014, comprehensive analyses were con-
ducted on the linearly polarized tapered-slot array [14]. Two
new types of resonances, namely a parallel-plate cavity mode
and a low-order half-waveguide mode were demonstrated to
cause scan blindnesses for E-plane scanning.

Along with the mechanism researches for scan blindness,
its elimination methods for various kinds of phased arrays
have also been proposed [4]. From the fundamental principle,
the elimination methods can be divided into two classes
roughly, (1) destroy the linear phasing of the guided wave
mode or the Floquet mode, and (2) suppress the guided wave
mode within the antenna operating frequency band. For the
first class, subarraying can eliminate or reduce mismatch due
to the scan blindness, but the price paid for this improve-
ment is the arise of the grating lobes [15]. For the second
class, metallized cavities have been used in slot arrays [16]
and patch arrays [17] to suppress the surface wave in the
dielectric substrates. The defected ground structures (DGSs)
have been applied to reduce the mutual coupling between
array elements and eliminate the scan blindness in microstrip
phased arrays [18]. While this method will break the ground
plane and may cause strong backward radiation. The electro-
magnetic bandgap (EBG) structures or metamaterials which
can suppress surface waves propagation inside its forbidden
bandgap have been used to eliminate scan blindnesses in
dipole arrays [19], patch arrays [20] and waveguide end-slot
arrays [21]. This is an effective method but only fits for planar
printed apertures. Some other parasitic structures also found
effective for specific types of antennas, such as the slits and
stubs in the T-printed dipole array [10], triangular notches in
the tapered-slot antenna array [14] and vias in the probe-fed
patch array [11]. However, litter research has been done in
modulating the scan blindness in the open-ended waveguide
phased array [22].
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Apart from the problem of scan blindness, the active
input impedance of the unit cell varies significantly versus
scanning angle due to the mutual coupling among array
elements [23], which usually cause impedance mismatching
and dramatically decrease the antenna efficiency at large
scan angles. To alleviate this problem, wide-angle impedance
matching (WAIM) technology has been employed [24].
It can be realized by the dielectric slabs [9], [25], metasur-
faces [26] or metamaterials [27] placed above the phased
array aperture, thus improving the wide-scanning perfor-
mance in the desired frequency band. While these dielectric-
containing WAIM covers will further aggravate the surface
wave effect, thus deteriorating the scanning performance at
high frequencies.

In this paper, we cast our eyes on the open-ended waveg-
uide phased array. Due to the features of simple struc-
ture, good reliability and high power handling capability,
the waveguide arrays are highly valued for many radar and
communication systems. A wideband wide-scanning open-
ended rectangular waveguide phased array with modulated
surface structures in a triangular grid is proposed. The scan
blindnesses in the array without any dielectric covers are
displayed clearly in the active reflection coefficient spec-
trums. Pyramidal dielectric protrusions (¢, = 2.2) are used
to overcome the impedance matching deterioration at large
scanning angles, especially in the H-plane. While the periodic
protruding dielectric structures on the array aperture can also
support the surface waves, just like the dielectric slabs. This
will further aggravate the influence of the scan blindness
effect at high frequencies. Tapered waveguide walls have
been found to help construct broad surface wave bandgaps in
both E- and H-planes, thus eliminating the scan blindnesses
in the desired frequency band. Finally, the pyramidal dielec-
tric structures are combined with the tapered metallic walls
to maximize the wideband wide-scanning performance of
the open-ended waveguide array. A wideband end-launcher
coaxial-to-rectangular waveguide transition is designed to
feed each array element. The proposed array can work over a
band of 8-12 GHz (40%) when scanning to 65° in the E-plane
(VSWR < 2.3) and H-plane (VSWR < 2). An 11 x 11 pro-
totype is fabricated and measured to validate our design. The
measured and simulated results are in good agreement.

This paper is organized as follows. Section II provides the
analysis and design of the infinite open-ended waveguide
array, including the radiating element and feeding structure.
Section III presents the simulated and measured results of the
fabricated 11 x 11 array prototype. Finally, a brief conclusion
is drawn in Section I'V.

II. INFINITE ARRAY ANALYSIS AND DESIGN

The configuration of the proposed dielectric-filled metallic
open-ended waveguide phased array is illustrated in Fig. 1.
The elements are configured in a triangular lattice. The
enlarged view of the array element shows the modulated sur-
face structure in detail, which is composed of the pyramidal
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H-plane

FIGURE 1. Schematic view of the proposed open-ended rectangular
waveguide phased array with modulated surface structures.

dielectric protrusion and tapered metallic walls. Each array
element is fed by a SMP connector through a in-line coaxial-
waveguide transition inside the waveguide, forming a com-
pact configuration. To show the merits of the proposed array,
we begin the design from a basic rectangular waveguide array
without any covers.

A. BASIC RECTANGULAR WAVEGUIDE ARRAY

For a phased array in the rectangular lattice, the distance
between the elements should not exceeding half of the wave-
length (a < Aio/2) for avoiding the formation of grating
lobes at scanning the main beam electronically. Meanwhile,
the cutoff wavelength of the fundamental mode (TE ;o mode)
in a rectangular waveguide is determined by

ATE, = 2a1\/§, (D

where a; is the long edge width of the rectangular waveg-
uide. To propagate in a rectangular waveguide filled with air,
the free-space wavelength of the propagation mode should
satisfies Ag < A7g,, = 2a, thatis a > Ao/2. While this
contradicts the condition of no grating lobes. In order to
overcome this problem the open-ended waveguide is usually
filled with the dielectric material with €, > 1, thus raising
the bandwidth by lowering the cutoff frequency of the waveg-
uide fundamental mode. In addition, the triangular lattice is
employed to expand the element spacings, thus broadening
the waveguide aperture.

Fig. 2(a) shows the lattice arrangement of the proposed
array, where a; and by is the length and width of the waveg-
uide inner diameters, respectively. The E- and H-plane ele-
ment spacings are a and b. A larger a; is beneficial for
reducing the lowest cutoff frequency, while it cannot be too
large taking account of the machining of the thin waveguide
walls. The open-ended waveguide element fed by a wave
port is shown in Fig. 2(b), which is filled with the PTFE
materials. The PTFE material is FABM220 with a relative
permittivity of ¢, = 2.2 and a dielectric loss tangent of
0.0007. In a two-dimensional infinite array with the triangular
lattice, the grating lobes will not appear in the scan region if
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FIGURE 2. (a) The lattice arrangement of the proposed array with key

parameters; (b) Topology of the dielectric-filled rectangular waveguide
unit cell.
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FIGURE 3. Active reflection coefficients |I'| of the proposed array unit cell

in an infinite-array environment as a function of frequencies and scan
angles. (a) E-plane; (b) H-plane.

the following conditions are satisfied simultaneously [4]:

1 A
a s ————, 2
sina 1 4 sin Gpax
1 An
2b < 3)

coso 1 4 sinBpax

where Opnax 1S the maximum scan angle, X, is the free-space
wavelength corresponding to the highest operating frequency,
and o = 60° for the equilateral triangular grid. The structure
parameters of the basic rectangular waveguide array are cho-
sen as Ay, = 12 GHz, Ophax = 90°, a = 0.58A, = 14.5
mm, b = +/3/2a = 12.5 mm, a; = 0.5561; = 13.9 mm,
by = 0.3961; = 9.9 mm.

The unit cell shown in Fig. 2 was simulated under periodic
boundary conditions using the full-wave simulation software,
which can indicate the infinite array performance. Fig. 3
shows plots of the active reflection coefficients |I"| as a func-
tion of frequencies and scan angles in the E- and H-planes.
Solid black lines are the theoretical onsets of the first grating
lobes when scanning in the E- and H-planes. Dashed black
lines are the cutoff frequencies of the fundamental mode
(TE 9 mode) in the rectangular waveguide element. From the
reflectance spectrums, the loci of scan blindnesses charac-
terized by |I'| = 1 can be identified clearly. It can be seen
that a complete scan blindness band occurs before grating
lobes enter the visible space only in the E-plane. In addition,
the impedance matching for beam scanning in the H-plane is
worse than that in the E-plane. These results are consistent
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FIGURE 4. Simulated physical images of scan blindness occurrence in the
basic rectangular waveguide array. (a) Active reflection coefficients for
different scan angles in the E- and H-planes at 12 GHz; (b) Active element
patterns in an infinite array (comparison of the E-plane, H-plane and
ideal cosé curve).

with previous observations [8]. The surface wave modes on
the corrugated array face account for the generation of scan
blindness bands [9]. Besides, we find that the scan blindness
bands also occur in the H-plane, but they appear after the
onset of the first grating lobes. And more scan blindness
bands occur at high frequencies in both E- and H-planes,
which can be attributed to the high order surface wave modes.
Therefore, for the E-plane scan, the main limit is set by the
scan blindness rather than by the grating lobes. While for the
H-plane scan, the limit is the poor impedance matching for
large scan angles.

Fig. 4(a) plots the active reflection coefficients for different
scan angles in the E- and H-planes at 12 GHz. The scan
blindness can be seen more clearly, which is located at 73°
in the E-plane. At this angle, the active reflection coefficient
has a peak close to unity. And this will lead to the active
element pattern nulls in an infinite array. As seen in Fig. 4(b),
the pattern in the E-plane shows deep nulls at £73°, which
is quite different from the behavior of the H-plane pattern.
The ideal cosf curve for an active element pattern is also
plotted in Fig. 4(b). For this basic rectangular waveguide
array, the beamwidths in both E- and H-planes are much
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FIGURE 5. (a) Schematic view of the anti-reflection effect in the
two-dimensional pyramidal dielectric array surface; (b) Open-ended
waveguide unit cell with pyramidal dielectric protrusion.
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narrow in comparison with the ideal case, which indicates the
high scan losses at large angles.

B. WAVEGUIDE ARRAY WITH IMPEDANCE-GRADIENT
STRUCTURES

As shown in Fig. 3(a), good impedance matching can be
realized in the E-plane for large scan angles over most of
the potential operating frequency band between the TE;g
cutoff frequency and the onset frequency of the first grat-
ing lobe. The most serious problem that needs to be solved
is the impedance mismatch for H-plane scan. To address
reflections at the aperture-air interface of waveguide phased
arrays, dielectric covers [28], [29], protruding-dielectric load-
ings [30] and metamaterials [27] have been reported to offset
the encountered mismatch. In this paper, we use the pyra-
midal dielectric protrusions to improve the H-plane wide-
angle scanning. As shown in Fig. 5(a), two-dimensional
(2D) pyramidal dielectric array exhibits homogeneous prop-
erties, which can be equivalent to multilayer graded-index
slabs [31]. As the impedance-gradient structures, the pyrami-
dal dielectric arrays have been used as wideband wide-angle
anti-reflection surfaces in various electromagnetic frequency
bands, such as the absorbing structures in microwave ane-
choic chambers, and anti-reflection coatings in camera lens.

The pyramidal dielectric elements placed on the waveguide
array aperture can provide smooth impedance transforma-
tion from the waveguide aperture to free-space. Fig. 5(b)
shows the open-ended waveguide element with protruding
pyramidal dielectric structure, which has the same material
as the dielectric filled in the waveguide. Compared with the
dielectric slabs covered on the array aperture, the protruding
dielectric insertions can make the array structure more com-
pact and offer more design freedom.

Fig. 6 plots the active reflection coefficients |I'| as a func-
tion of frequencies and scan angles in the E- and H-planes
for different pyramidal dielectric heights k. By varying hg,
the H-plane scanning characteristics have been improved,
as shown in Fig. 6(d)-(f). But the pyramidal dielectric can
only improve the H-plane scanning range at low frequencies.
For 10-12 GHz, the active reflection coefficients are still high
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FIGURE 6. Active reflection coefficients |T'| as a function of frequencies
and scan angles in the E- and H-planes for different pyramidal dielectric
heights hs. (a)-(c) E-plane; (d)-(f) H-plane. (The results correspond to the
array unit cell shown in Fig. 5.)

when scan over 45° in the H-plane due to the influence of the
lowest scan blindness band. Besides, we can find that the scan
blindness bands in the E-plane move toward lower frequen-
cies as the height A increases, thus deteriorating the E-plane
scanning performance, as shown in Fig. 6(a)-(c). And the
first scan blindness band becomes broader for larger height
hg. Similar behaviour can be observed in the H-plane, where
the first scan blindness band appears prior to the first grating
lobes for the case of iy, = 23 mm. These phenomenons are
caused by the surface waves which the array can support.
The array with protruding dielectric elements is similar to the
dielectric-slab covered array, where surface wave modes can
propagate along the dielectric slab. And as the thickness of
the dielectric increases, the surface wave modes will move to
lower frequencies [32].

For the array element shown in Fig. 5(b), the best per-
formance can be obtained when A is set around 14 mm.
If we use £60° scanning with active VSWR < 2 (|I'] <
0.33) as the criteria, the infinite array can realize about 27%
bandwidth (7.62-10 GHz) in both E- and H-planes. For the
design of wideband wide-scanning open-ended waveguide
phased arrays, a dual-polarization circular waveguide array
is designed to scan a 60° half-angle cone over a 16% band-
width [29]. Smolders [28] constructed an X-band rectangular
waveguide array with 4096 radiating elements, and 30%
bandwidth was achieved when scanning £60° in the E- and
H-planes (VSWR < 2). A dielectric sheet combined with
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FIGURE 7. Open-ended waveguide unit cell with tapered metallic walls
(surface wave bandgap structure).

the metallic iris plate was employed to improve the wide-
band wide-scanning characteristics. Metamaterial WAIMs
have also been studied to obtain better wide angle scan-
ning capability in the circular waveguide phased arrays [27],
[33]. Perfect impedance matching can be realized even for
480° scan, but the bandwidth was only shown to be about
18%. To the best of our knowledge, 20%-30% may be the
practical bandwidth limit of open-ended waveguide phased
arrays by using previously reported WAIM techniques such
as irises, dielectric slabs, protruding dielectric insertions and
metamaterials.

C. WAVEGUIDE ARRAY WITH SURFACE WAVE

BANDGAP STRUCTURES

As described in the previous section, the WAIM layers can
only improve the array scanning characteristics over part of
the potential operating frequency range (from the TE g cutoff
frequency to the onset frequency of the first grating lobe).
The obstacle to realizing wider bandwidth, which is the scan
blindness band, has not been solved. To address this problem,
we proposed an ingenious design to modulate the surface
wave bands.

Based on the structure shown in Fig. 2(b), tapered metallic
walls are added on the waveguide aperture. There are two
pieces of tapered metallic walls on the broad side of the rect-
angular waveguide (Side A) and one piece tapered metallic
wall on the narrow side (Side B), as shown in Fig. 7.

The height &, of the tapered walls is the key parameter.
Fig. 8 plots the active reflection coefficients |I'| as a function
of frequencies and scan angles in the E- and H-planes for
different heights 4,,. Fig. 8(a)-(c) show the reflectance spec-
trums for the E-plane scan, and Fig. 8(d)-(f) are the H-plane
cases. As shown in Fig. 8(a) and (d), scan blindness bands
occur at around 10 GHz when £, = 8 mm. When increasing
hy,, the scan blindness bands will move toward lower frequen-
cies. For a proper A,,, the lowest scan blindness band can be
moved below the cutoff frequency of the TE|9 mode. In the
meantime, the second scan blindness band can be moved
above the the onset frequency of the first grating lobe exactly.
Thus a complete surface wave bandgap can be constructed
between the TE( cutoff frequency and the onset frequency of
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FIGURE 8. Active reflection coefficients |I'| as a function of frequencies
and scan angles in the E- and H-planes for different tapered wall heights
hm. (a)-(c) E-plane; (d)-(f) H-plane. (The results correspond to the array
unit cell shown in Fig. 7.)

the first grating lobe, as shown in Fig. 8(b) and (e). The height
hy, of the tapered metallic walls is crucial to the formation
of surface wave bandgaps. As shown in Fig. 8(c) and (f),
the second scan blindness band will enter into the operating
frequency range if we further increase .

D. WAVEGUIDE ARRAY WITH MODULATED

SURFACE STRUCTURES

By using the tapered metallic walls, broad surface wave
bandgaps can be constructed in both E- and H-planes, thus
effectively removing the scan blindnesses. But it’s clear that
the impedance matching within the operating frequency band
is really bad. Finally, we combined the pyramidal dielectric
protrusions with the tapered metallic walls to obtain opti-
mal performance. Fig. 9 shows the final topology of the
proposed radiating element with modulated surface struc-
tures, which consist of the impedance-gradient structures
and the electromagnetic bandgap structures. Fig. 10 presents
the active reflection coefficients of the radiating element
embedded in an infinite array. The optimal heights are
approximately hy = h, = 14 mm, and the other dimen-
sions keep the same with the basic rectangular waveguide
element shown in Fig. 2. Compared with the results shown in
Fig. 8(b) and (e), the impedance matching within the surface
wave bandgaps is greatly improved, as shown in Fig. 10. The
active reflection coefficients are less than 0.33 (VSWR < 2)
over 40% bandwidth (8-12 GHz) and more than +60° scan
range in both E- and H-planes.
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FIGURE 9. Open-ended waveguide unit cell with modulated surface
structures, which consist of the pyramidal dielectric protrusion and

tapered metallic walls.
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FIGURE 10. Active reflection coefficients |I'| as a function of frequencies
and scan angles in the E- and H-planes for the optimal heights

(hs = hm = 14 mm). (a) E-plane; (b) H-plane. (The results correspond to
the array unit cell shown in Fig. 9.)

FIGURE 11. Subarray schematic diagram within an 11 x 11 finite array
and the selected ports for S-parameter simulations.

E. MUTUAL COUPLING ANALYSIS

To gain insight to the effect of the tapered metallic walls
on mutual coupling, three types of 11 x 11 finite arrays
are simulated: the basic rectangular waveguide array (hy =
h, = 0 mm), the waveguide array with tapered metallic
walls (hy = 8 mm; h; = 0 mm), and the waveguide array
with both tapered metallic walls and pyramidal dielectric
protrusions (ks = hy,, = 14 mm). Fig. 11 shows the selected
ports for S-parameter simulations. Fig. 12 plots the simulated
transmission coefficients of the central port with four adjacent
ports.

The yellow curves in Fig. 12(a)-(d) correspond to the case
shown in Fig. 8(a) and (b), where there are scan blindness
bands at about 9-10 GHz in both E- and H-planes. We can
find that there are high humps in four yellow curves at
about 9-10 GHz, which indicates that the mutual coupling
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FIGURE 12. Simulated S-parameters for three types of waveguide
elements. (a) S21; (b) S31; (c) S41; (d) S51. (The selected ports are shown
in Fig. 11.)

between the elements is strong when scan blindness occurs.
The red curves in Fig. 12(a)-(d) correspond to the case shown
in Fig. 10, where there are board surface wave bandgaps
during the desired frequency band in both E- and H-planes.
In this case, the humps disappear and the mutual coupling has
been reduced. These comparisons show that proper height of
the tapered metallic walls can reduce the mutual coupling and
eliminate the surface waves. The cyan curves in Fig. 12(a)-(d)
correspond to the case shown in Fig. 3. In this case, the scan
blindness bands are at the edge of the frequency band, thus
the mutual coupling strength keeps the similar level with that
of the red curves on the whole. In addition, compared with
the cyan and yellow curves, the red curves are much flatter,
which means that the dielectric protrusions combined with
tapered metallic walls at proper height can make the array
performance more stable over a wide frequency band.

F. SQUARE WAVEGUIDE ARRAY IN THE SQUARE LATTICE
To prove the universality of our proposed design method,
the square waveguide array in a square lattice is also analyzed.
Fig. 13(a) shows the lattice arrangement of the square waveg-
uide array, where a; is the length of the waveguide inner
diameters. The E- and H-plane element spacings are both a.
Fig. 13(b) shows the unit cell with both pyramidal dielec-
tric protrusion and tapered metallic walls. The height of the
tapered metallic walls is A,,, and the height of the pyramidal
dielectric protrusion is /. The basic structure parameters are
chosen as A, = 12 GHz, G5« = 90°, a = 0.5A;, = 12.5 mm,
a; = 0.4681, = 11.7 mm. The thickness of the waveguide
walls is 0.8 mm.

Fig. 14(a) and (b) plots the active reflection coefficients
|T"| in the E- and H-planes for the basic square waveguide
array structure (hy = h,,, = 0). Similar to the triangular lattice
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FIGURE 13. (a) The square lattice arrangement of the square waveguide
array with key parameters; (b) Topology of the square waveguide unit cell
with both pyramidal dielectric protrusion and tapered metallic walls.
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FIGURE 14. Active reflection coefficients |T'| as a function of frequencies
and scan angles in the E- and H-planes for three types of waveguide
elements. (a)-(b) hs = hm = 0; (c)-(d) hs = 13 mm, hy, = 0;

(e)-(f) hs = hm =13 mm.

arrangement case, good impedance matching can be realized
in the E-plane for large scan angles over most of the potential
operating frequency band between the TE g cutoff frequency
and the onset frequency of the first grating lobe. A complete
scan blindness band occurs before grating lobes enter the
visible space in the E-plane. The impedance matching in the
H-plane is poor.

Fig. 14(c) and (d) plots the active reflection coefficients |I|
in the E- and H-planes for the square waveguide array with
only pyramidal dielectric protrusions (hy = 13 mm, h,, =
0). The impedance-gradient structures improve the H-plane
scanning performance significantly, while the influence of
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the surface wave effect in the E-plane has been further aggra-
vated. Fig. 14(e) and (f) plots the active reflection coefficients
|T"| in the E- and H-planes for the square waveguide array with
both pyramidal dielectric protrusions and tapered metallic
walls, the optimal heights are approximately iy = h,, =
13 mm. Broad surface wave bandgaps are constructed in both
E- and H-planes between the TE( cutoff frequency and the
onset frequency of the first grating lobe. In addition, good
impedance matching is obtained during the desired frequency
band. Finally, the active reflection coefficients are less than
0.33 (VSWR < 2) over about 25% bandwidth and more than
460° scan range in both E- and H-planes. Compared with the
triangular lattice array, this square lattice array has a relatively
narrow bandwidth due to the higher TE ;g cutoff frequency.
But the square array has symmetrical structure and can be
extended to a circularly polarized configuration easily.

The above results prove that our design method is effective
for both the triangular lattice arrangement and the square
lattice arrangement. From the results of above two cases,
some valuable design guidelines can be summarized. The
pyramidal dielectric protrusion can be considered as a multi-
section impedance transformer. Under the condition of taking
no account of the scanning blindness, the bandwidth of the
pyramidal dielectric protrusion increases with the dielectric
height h;. We need to achieve the desired bandwidth using
the lowest height 4. The tapered metallic walls are utilized
to construct surface wave bandgaps by adjusting the locations
of the surface wave bands. The scan blindness will appear
when the wave vector of surface wave mode matches that of
the Floquet mode, thus the frequency of the scan blindness
can be adjusted by modulating the wave vector of the surface
wave. Changing the height of the metallic walls is essentially
adjusting the wave vectors of the surface wave modes on
the array aperture. In both cases, the optimal heights of the
dielectric protrusions and metallic walls are both about half
wavelength corresponding to the highest working frequency.
This conclusion will facilitate the design of this kind of
antenna array.

G. FEEDING STRUCTURE

To practically implement a waveguide phased array, the feed-
ing network is also critical. In the section, the feeding
structures are designed for the rectangular waveguide array.
We need a coaxial-to-rectangular waveguide transition with
more than 40% bandwidth. Due to the limited space behind
each radiating element, end-launcher transition configuration
is preferred [34]. Mode conversion theories and impedance
matching techniques can provide guidelines to the fast design
of the transition. The final topology of the radiating element
with feeding network is shown in Fig. 15, which includes
five sections, 50 2 coaxial input, mode conversion section,
impedance transformer, rectangular waveguide, and modu-
lated surface structures. The ridge adapter and stepped ridges
are made of metal. Taking account of the processing and
assembling, section B is filled with air, and sections C and
D are filled with PTFE materials.
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(a) A Air
| i

A: 50 Q coaxial input

D : Rectangular waveguide
B : Mode conversion section E : Modulated surface structure
C : Impedance transformer

FIGURE 15. Final topology of the proposed array unit cell with feeding
network. (a) Oblique view; (b) Side view with detailed dimensions.

The design was carried out in a sectional manner. There
are two problems need to be considered, one is the mode
conversion from TEM mode in coaxial line to TE mode in
waveguide, and the other is the impedance matching between
the high impedance of waveguide and low impedance of
coaxial line. Section A can be realized by a SMP connector.
The mode conversion section (Section B) consists of two
parts. The first part is made up of the inner conductors of
the circular coaxial line and the square coaxial line, which
converts the TEM mode in the circular coaxial line to the
TEM mode in the square coaxial line. The second part is
a ridge adapter linking the square coaxial line to a ridge
waveguide, thus making the TEM mode in the square coaxial
line convert to the TE ¢ mode in the single-ridge rectangular
waveguide smoothly.

Stepped ridges in the waveguide can be used to accomplish
the impedance transformation. In view of the size and band-
width, a fourth-order Chebyshev type of impedance trans-
former is included. There are three kinds of characteristic
impedance definitions for the ridge waveguide, the Zpy (ratio
of power and voltage), Zy; (ratio of voltage and current), and
Zpy (ratio of power and current). For the transmission lines
with large changes in the cross sections, selection of voltage
integration lines for each part cannot be standardized. Hence,
Zpy is chosen in this design. The impedance Zp; of a single-
ridge waveguide can be estimated by empirical relations [34].
We used the full-wave electromagnetic simulation software
to obtain the relation between the impedance and the ridge
height.

Finally, the feeding network combined with the radiating
element was optimized in the infinite-array environment. The
detailed dimensions are presented in Fig. 15(b). Fig. 16 plots
the variation of impedance with frequency for each step.
As can be seen, the average impedance of each step is reduced
from around 450 €2 to around 50 2 gradually. Fig. 17 presents
the simulated active VSWR of the final configuration shown
in Fig. 15. As can be seen, the active VSWR of the proposed
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FIGURE 16. Variation of characteristic impedance of each step in the
feeding network with frequency.
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FIGURE 17. Simulated active VSWR of proposed array in the E- and
H-planes at five different scanning angles. (a) E-plane; (b) H-plane.

infinite array maintains < 2.3 when scanning up to 65° in the
E-plane, and maintains < 2 when scanning up to 65° in the
H-plane within 40% bandwidth (8-12 GHz).

IIl. PROTOTYPE FABRICATION AND MEASUREMENT

To experimentally verify the design of the proposed array,
an 11 x 11 rectangular waveguide array was fabricated and
measured. The measurement setup is shown in Fig. 18(a), and
the fabricated prototype is shown in Fig. 18(b). The overall
dimensions of the proposed array are 19.5 cm x 19.5 cm x
6.5 cm. The radiation patterns of the central element within
the array are simulated and measured when other elements
are loaded with 50 €2 matching loads.

To evaluate the impedance matching results of the array,
the active VSWR measurements of the central element were
conducted using an Agilent vector network analyzer. The
reflection and transmission coefficients of the central element
with all other surrounding elements were collected, while all
other ports are matched to 50 Q2. The active VSWR of an
element (p, g) within an array can be expressed as

M N .
Tpy(¢0, 60) = Z Z Spq,m,,e‘-"’m"'@“ﬁf’vo), )
m=1n=1

where (¢, 6p) is the array scan direction; Spg m, are the
S-parameters between elements pg and mn; ko is the
free space wavenumber; uy = kgsinfycos¢p,vg =
ko sin 6 sin ¢ are the u—v coordinates; M, N are the number
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FIGURE 18. (a) Measurement setup and environment; (b) Fabricated 11 x
11 prototype.
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FIGURE 19. Measured active VSWR of the array prototype in the E- and
H-planes at four different scanning angles. (a) E-plane; (b) H-plane.

of elements; and 7, is the coordinate position vector of
element mn. The measured active VSWR of the central ele-
ment under various scanning angles is shown in Fig. 19.
It can be found that there is no scan blindness over the whole
operating band. The measured active VSWR is comparable
to the simulated ones shown in Fig. 17, though with two
higher humps. The slight discrepancy can be attributed to the
truncation effect and the testing errors.

Fig. 20 shows the measured and simulated embed-
ded element radiation patterns of selected frequencies in
two principal scan planes, including 8 GHz, 10 GHz,
12 GHz. Measured and simulated co-polarized patterns are
in good agreement. The cross-polarization performance of
the embedded element is superior, which is more than 30 dB
below the co-polarization on average out to 60° for all planes.
Cross-polarization in the H-plane is too low to be measured
in the anechoic chamber. The measured cross-polarization
levels in the H-plane are a little higher than the simulated
results but still remain low levels. The embedded element
patterns have relatively good symmetry. Small ripples varied
within 2 dB can be observed in the measured co-polarized
patterns, which are mainly due to the small, finite size of
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FIGURE 20. Comparisons of measured and simulated embedded element
patterns for the central element in the proposed array. (a) E-plane @

8 GHz; (b) E-plane @ 10 GHz; (c) E-plane @ 12 GHz; (d) H-plane @ 8 GHz;
(e) H-plane @ 10 GHz; (f) H-plane @ 12 GHz.

the array and will decrease as the array size increases. The
embedded element patterns in the E- and H-planes at different
frequencies have wider 3 dB beamwidths, compared with the
active element patterns of the basic rectangular waveguide
array shown in Fig. 4(b). Thus the modulated surface struc-
tures can also widen the beamwidths of the active element
patterns effectively, which indicates the wide angle scanning
capability of the array.

Fig. 21 plots the measured and simulated radiation patterns
at 8 GHz, 10 GHz and 12 GHz for the scan at broadside, 15°,
30°, 45°, 60°, 65° in the E- and H-planes. The measurement
was conducted following the unit excitation active element
pattern method [35]. Apparently, the measured scanning radi-
ation patterns demonstrated good agreement with the simu-
lated ones of the finite array. The proposed array displayed
the ability to scan up to more than 60° in two principal
planes. It is worth noting that the maximum scanning angles
of the proposed array can only reach about 58° and 62° when
scanning to 60° and 65°, respectively. This beam pointing
deviation effect for large scan angles will be alleviated when
the array size is large enough. In all scan cases, the sidelobes
are well below —11 dB.

The measured realized gains versus frequency at broadside
and 60° scan in the E- and H-planes are plotted in Fig. 22,
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FIGURE 21. Measured and simulated radiation patterns for 0°, 15°, 30°,
45°, 60° and 65° scans in the principal planes. (a) E-plane @ 8 GHz;

(b) E-plane @ 10 GHz; (c) E-plane @ 12 GHz; (d) H-plane @ 8 GHz;

(e) H-plane @ 10 GHz; (f) H-plane @ 12 GHz.

30

20 F——= i

— - = Aperture limit (11x11)

—— Mea. Co-pol (Broadside)

10 f-—— Mea. Co-pol (E-plane 60°)
Mea. Co-pol (H-plane 60°)

—e— Mea. Cross-pol (Broadside)

0 [|~e— Mea. Cross-pol (E-plane 60°)

Mea. Cross-pol (H-plane 60°)

Realized Gain (dBi)

8 9 10 11 12
Frequency (GHz)
FIGURE 22. Measured co-polarized and cross-polarized realized gains of

the prototype array at broadside and 60° scan in the E- and H-planes,
along with the theoretical aperture limits.

along with the theoretical gain limits for the total aperture.
The ideal aperture limit is calculated using 47A/A2, where
A is the aperture area, and Ag is the wavelength in free
space. The dashed black curve is the total aperture limit of
the 11 x 11 array. The measured broadside co-polarized
gains (solid red curve) are very close to the total aperture
limits, which indicates a high aperture efficiency. Compared
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with the broadside co-polarized gains, the largest gain drop
at 60° scan in both E- and H-planes is less than 3.5 dB
across the entire frequency band. The proposed array has
good cross-polarization characteristic. The simulated cross-
polarized gains are too low, which are not plotted in Fig. 22.
The measured cross-polarized gains of the array at broadside
and 60° scan in the E- and H-planes remain at least 25 dB
lower than the corresponding co-polarized gains within the
operating band, as shown in Fig. 22. The measured higher
cross-polarized gains result from the measurement precision
limit of the anechoic chamber and the misalignments of the
array and the feeding horns.

IV. CONCLUSION

This paper presents a wideband wide-scanning open-ended
rectangular waveguide phased array in the triangular lattice.
The infinite array achieves 40% bandwidth (8-12 GHz) with
VSWR < 2 while scanning to 60° in the E-plane and 65°
in the H-plane. The scan blindnesses caused by the surface
wave are displayed in the active reflection coefficient spec-
trums and active element patterns clearly. The scan blindness
free design of the proposed array has been studied in detail.
The proposed modulated surface structures, which consist of
pyramidal dielectric protrusions and tapered metallic walls,
contribute to achieving optimal scanning performance over
the whole desired frequency band (from the waveguide TE g
cutoff frequency to the onset frequency of the first grating
lobe). The tapered metallic walls are utilized to construct
broad surface wave bandgaps in both E- and H-planes, thus
eliminating the scan blindnesses in the operating frequency
band. The pyramidal dielectric protrusions are employed as
a WAIM layer to maintain good impedance matching dur-
ing the beam scanning. A coaxial-to-rectangular waveguide
transition with more than 40% bandwidth is designed to feed
each array element. An 11 x 11 single-polarized prototype
array is fabricated and measured to validate the design. The
realized gains and radiation patterns show good agreement
with simulations. The measured results for the proposed array
show cross-polarization levels less than —25 dB over the
whole operating band at broadside and 60° scan in both
E- and H-planes. The merits of wideband, large scan volume,
compact size and stable structure make the array an excellent
candidate for various applications. It is worth noting that
the proposed waveguide array with feeding structures has a
relatively high profile, and it is kind of like Vivaldi array
in shape. While compared with the Vivaldi phased arrays,
the proposed design can be easily extended to a coincident
phase center circularly polarized array by using the circular
polarizer.
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