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ABSTRACT A design of an X-band dual-polarization slotted waveguide antenna (SWGA) array for high
polarization performance over 200 MHz bandwidth and wide scan in the azimuth plane, ideal for high-power
dual-polarized radar system, is presented. The proposed design uses a compact array unit cell where the
overall dimensions are reduced to 50% in comparison with that of the dual-polarization slotted waveguide
array antenna using the conventional rectangular waveguides. The new design overcomes the fundamental
limitation of zero electronically scanning, due to the large element spacing (1.2 ), when conventional
waveguides are used. Reducing the element spacing to 0.6 (in the azimuth plane), based on a partial Hplane waveguide, enables a 1D e-scanning range up to 84 (±42 ) in the azimuth plane perpendicular to the
waveguide axis. An active sub-array panel of 8⇥8 elements, excited with 8 high-power transmit and receive
modules, is proposed. This active sub-array can be scaled to obtain a large array without any constraints
in size and power. The proposed design uses longitudinal shunt slots on the partial H-plane waveguide for
V-polarization antenna and non-inclined edge wall slots on the conventional waveguide for H-polarization
antenna. The proposed design offers stable impedance, gain, cross-polarization isolation and excellent copolar pattern mismatch over the whole frequency band of interest. Having a cross-polarization isolation
better than -60 dB and co-polar pattern mismatch around ± 0.12 dB across the scanning range, make this
array unit cell (8x8 elements) a perfect candidate for high power e-scanned dual-polarized phased array
radar for weather observations.
INDEX TERMS array, compact antenna, dual-polarization, partial H-plane structure, slotted waveguide
antenna, wide scan.

I. INTRODUCTION

M

ODERN radar and communication systems demand to
design an antenna with polarization-agile ability since
the polarization diversity can significantly improve the system performance. Dual-polarized phased array antennas with
a low sidelobe, high efficiency and low cross-polarization are
in demand to improve the observational range and observation accuracy of radar systems [1], [2], and communication
systems [3], [4]. In general, the dual-polarized array antennas
are mainly formed by the microstrip patch antennas [5].
However, loss performance and some complications with
feeding techniques and with materials suitable for environments make slotted waveguide array antennas an attractive alternative solution, in particular at higher frequencies
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[6], [7]. Slotted waveguide array antennas (SWGAs) have
been used for decades, mostly for radar systems in civil
and military applications, their use dating at least from the
1950s, therefore their advantages and drawbacks from both
the mechanical and the electromagnetic standpoint are well
known. Slotted waveguide array antennas guarantee several
advantages such as high-gain, low-losses, low-profile, thermal stability, a precise control of aperture excitation, simple
feeding, high-power handling, robustness and reliability [8].
The two main types of slotted waveguide array antennas
are resonant and traveling wave antennas. In the resonant
type, one end or both ends of the waveguide is terminated
by short circuit. This results in a standing wave inside the
waveguide. In order to have maximum current perturbation
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and excite the slot in the waveguide wall, the slot is cut
where the maximum electric field is located. In the traveling
type, the waveguide is terminated by a matched load to
absorb the wave and prevent it from reflection and forming a
standing wave. The standing wave (resonant) type of SWGAs
is considered in this work [8].
In general, the main antenna configuration of SWGAs with
dual-polarization is achieved by interleaving two types of
linear SWGAs having orthogonal polarizations, namely, vertical and horizontal. The most basic dual-polarized SWGA
architecture can be found in [8]. In this architecture, the
same waveguide is used for both vertical and horizontal linear
polarizations. It comprises broad wall shunt slots for vertical
polarization and inclined edge wall slots for horizontal polarization. Although the architecture is simple and easy to design and manufacture, it has the major drawback of a limited
electronic scan capability due to the inter-waveguide spacing
and high cross-polarization level, high shoulder and sidelobes, especially for the horizontally polarized array due to
the inclined slots. To minimize the presence of the undesired
cross-polarization of the inclined edge wall slot waveguide,
several designs are developed to replace the inclined edge
wall slots with non-inclined edge wall slots [9]. In [10], the
excitation of the untilted slots is provided by placing wires
inside the waveguide. The untilted slot is excited by a pair of
transversely placed tilted wires. These wires are connected
between the broad walls and the side walls. The level of the
untilted slot excitation is controlled by the separation of these
two wires and their tilts. In [11], shaped irises are placed
inside the waveguide to excite the untilted slots.
In [12], two parallel waveguides radiating two orthogonal
linear polarizations are proposed. The horizontal polarization
is realized with an untilted edge wall slot array with slots
excited by pairs of irises, while the vertical polarization is
realized with a ridged waveguide longitudinal slot array. In
this design, the antenna at 9.6 GHz has a scan range of
±23 transverse the array axis in the elevation cut with a
cross-polarization level more than 25 dB below the main
beam peak. In [13], a dual-frequency dual-polarization slotted waveguide array antenna at Ka-band is proposed by interlacing a vertical-polarization longitudinal-slot ridged waveguide array working at 30 GHz and a horizontal-polarization
narrow-wall inclined-slot waveguide array working at 35
GHz.
In [14], a broadband dual-polarization slotted waveguide planar array antenna for X-band SAR application is
presented. The vertical polarization (VP) is realized with
a longitudinal-slot ridged-waveguide linear array antenna,
while the horizontal polarization (HP) is realized with an
untilted narrow-wall slot linear array excited by shaped irises
inside the waveguide. This structure allows ±20 beam scanning in across the elevation direction without grating lobes
because the width of two linear arrays together is up to 0.7 .
Another dual-band and dual-polarization slotted waveguide
array antenna, designed and tested in the L-band and C-band,
is presented in [15]. In this work, the L-band linear slotted
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waveguide array antenna is employed for single linear polarization which is vertical polarization (VP). However, a dualpolarization slotted waveguide array antenna is designed to
work in the C-band. Because the C-band dual-polarization
array antenna spacing is about 0.7 , this array antenna has
a limited-scan up to 40 (±20 ).
To improve the electronic scan capabilities to ±90 in the
azimuth direction without grating lobes, the separation of
the waveguides in array antenna has to be equal to 0.5 .
For the use of dual-polarization array antenna, one or both
waveguides used for both V- and H-polarizations has to be
much narrower than the conventional and ridged ones. To
meet the restricted transverse space, this waveguide should
be compacted.
In this paper, a dual-polarization slotted waveguide array
antenna, ideal for weather radar systems, is presented. The
proposed design enables for first time, an unprecedented 1D
e-scanning performance to cover 84 (±42 ) in the azimuth
plane. This design provides a co-polar pattern mismatch
about ±0.12 dB between the H- and V-polarization patterns,
and cross-polarization isolation better than -60 dB across the
scanning range. Therefore, this array unit cell (8x8 elements)
can be a perfect candidate for a high power dual-polarized
phased array radar for atmospheric applications. The paper
is organized as follows: Scanning performance limitations of
current dual-polarized SWGAs and the proposed solution are
presented in Section II . Then, in Section III, described the
design procedure in detail for the vertical polarization and
horizontal polarization antennas, separately. After that, the
HP and VP linear SWGAs are used to compose the dualpolarization planar SWGA. Finally, a conclusion of this work
is shown in Section IV.
II. SCANNING PERFORMANCE LIMITATIONS OF
DUAL-POLARIZED SWGAs
A. CURRENT LIMITATIONS OF CONVENTIONAL SWGAs

For planar slotted waveguide array antennas, the antenna
beam is electronically scanned in a direction perpendicular
to the waveguide axis by phase steering. In this case, each
slotted waveguide acts as one element in a one-dimensional
scanning array. Inability to fully steer the antenna beam in all
directions is one of the sever limitations of this antenna type.
However, there are some situations where one-dimensional
electronic scan is sufficient for single-polarization planar
slotted waveguide array antennas [8].
For single-polarized SWGA antennas, it is also possible to implement electronic beam steering using a conventional waveguide for each polarization (H-polarization or Vpolarization), separately in the plane perpendicular to the
waveguide axis, for example in [16], the linear array with inclined slots cut in the narrow wall of waveguide for horizontal
polarization is traditionally used to compose electronically
scanned array along the axis transverse to the waveguide .
However, the frequency scanning technique is usually used to
scan the beam along the waveguide axis [17], [18]. Frequency
or traveling-wave arrays usually offer limited scanning range
VOLUME 4, 2016
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(< 20 ). Typically those arrays require 200 MHz to 400
MHz, symmetry of beam patterns and low-sidelobe levels
are difficult to obtain. For single-polarization planar arrays
of radiating longitudinal slots cut in the broad walls of
rectangular waveguides may be electronically scanned in
the E-plane by including phase shifters between adjacent
waveguides. In this case of longitudinal offset slots in the
broad walls, the scanning range is limited because of the
broad wall dimension being greater than half wavelength in
free space. Conventional rectangular waveguides typically
have an ‘a’ broad wall dimension of 0.7 at the operating
frequency. Therefore, it is possible to scan the antenna main
beam to a maximum angle of 25 off broadside before grating lobes start appearing in the visible space [8]. However,
single-polarization planar arrays of radiating transverse slots
cut in the narrow walls of rectangular waveguides may be
electronically scanned in the H-plane by including phase
shifters between adjacent waveguides. These adjacent waveguides with edge wall slots may be placed with a spacing of
half wavelength in free space. Therefore, it is possible to
scan such arrays electronically over a wide angular range.
Conventional rectangular waveguides typically have an ‘b’
narrow wall dimension of 0.5 at the operating frequency.
Therefore, it is possible to scan the antenna main beam to
a maximum angle of 90 off broadside before grating lobes
start appearing in the visible space [8].
Recently, much attention has paid to wide scan dualpolarization slotted waveguide array antennas due to
high power capability and mechanical stability. A dualpolarization feature is achieved by combing side by side
two types of linear SWGAs having orthogonal polarizations,
namely, vertical and horizontal. The performance of current dual-polarized slotted waveguide array antennas using
conventional rectangular waveguides has a major limitation,
which is the scan in the plane perpendicular to the waveguide
axis is restricted. This is because the center-to-center spacing
of the dual-polarized structure is more than one wavelength
which will produce grating lobes in case the beam is scanned.
Simply, it is impossible to electronically scan in the plane
perpendicular to the waveguide axis for no grating lobes
being visible using the conventional waveguides.
The maximum element spacing (dmax ) for the dualpolarized slotted waveguide array antenna scanned to a given
scan angle (✓s ) is given by
dmax =

sin ✓GL + sin ✓s

where ✓GL is the angle of the first grating lobe and
free space wavelength at the operation frequency.

(1)
is the

For grating lobe radiation at grazing angle (✓GL = 90 ),
the equation is expressed as [19]:
dmax =
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1 + sin ✓s

(2)

B. PROPOSED SOLUTION USING A COMPACT SWGA
ARRAY UNIT CELL

To accomplish a scanning range from -45 to +45 across
the used waveguide and avoid grating lobes, compact waveguides for both V- and H-polarizations need to be developed
to reduce the unit cell dimension below 0.6 . Using the
new technique, the unit cell dimension is significantly reduced in comparison with that of the dual-polarization slotted
waveguide array antenna using the conventional rectangular
waveguides.
TABLE 1: Scanning performance of conventional and proposed dual-polarization linear slotted waveguide antennas
using a spacing of 1.2 , 0.7 and 0.6 at 9.4 GHz.

Element
spacing
maximum
scanning

Conventional
WR-90
WR-90
H-pol
V-pol

WR-90
H-pol

Proposed
WR-51
Customized
V-pol
H-pol
V-pol

1.2

0.7

0.7

1.2
0

50
( 25 to +25 )

0.6

0.6

84
( 42 to +42 )

Fig. 1 shows the grating lobe diagram analysis to illustrate
the impact of dual polarization unit cell spacing in the visible region at 9.4 GHz. Fig. 1a,c presents the case for the
conventional waveguide structure in azimuth is separated by
1.2 . In this case, the grating lobes in azimuth plane fully
overlap the visible region at any scanning angle. Therefore,
it is impossible to scan the antenna beam without grating
lobes appearing in the visible region. Fig. 1c shows that using
this spacing for a linear array with 32 elements will produce
grating lobes in the visible region eventhough the beam is not
scanned. In this case, conventional WR-90 waveguide structures are used for H- and V-polarizations. This work used a
compact waveguide structure where the unit cell spacing in
azimuth plane can be between 0.6 and 0.7 . Fig. 1d,e,f
illustrates the grating lobe analysis for both cases. For 0.7 ,
the WR-90 waveguide is used for H-polarization and WR51 waveguide is used for V-polarization. Because of 0.7
spacing, a scanning range up to 50 (±25 ) in the azimuth cut
can be obtained. A 0.6 spacing can be obtained with a customized waveguide structure. This element spacing increases
the scanning range up to 84 (±42 ). Fig. 1d,e illustrates both
cases, and Fig. 1f shows the ideal scanned patterns of a linear
array with 32 elements. Grating lobes appear only when the
array is scanned after ±42 . The scanning performance of a
dual-polarization slotted waveguide antenna using a spacing
of 1.2 , 0.7 and 0.6 is summarized in Table 1.
III. PROPOSED DUAL POLARIZATION ARRAY ANTENNA

In this paper, dual-polarization slotted waveguide array antenna comprises a (VP) linear array and a (HP) linear array.
A small array, as an array unit cell, is designed to verify
the proposed concept. Both VP and HP linear arrays used
to build dual-polarization compact planar array antennas will
be explained respectively.
3
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FIGURE 1: Grating lobe diagram using a conventional and proposed compact waveguide unit cell for dual-polarized array
antenna. In (a-b) Grating lobe and dual-polarized unit cell based on convectional WR-90 waveguides, in this case unit cell
spacing is 1.2 . (c) Array antenna pattern of 32x1 linear array with spacing of 1.2 . In (d-e) Grating lobe analysis for a dualpolarized unit cell based on proposed compact waveguides using standard waveguides; WR-51 for V-pol and WR-90 for H-pol for
0.7 and 0.6 . (f) Array antenna pattern of 32x1 linear array with spacing of 0.6 . Grating lobe only appears after e-scanning
is larger than ±42 .
A. VERTICAL POLARIZATION LINEAR ARRAY

The partial H-plane waveguide is a rectangular waveguide
with a quarter reduction in the cross-sectional area which
is implemented by a concept of folded waveguide [20].
Recently, structures such as filters were designed based on
partial H-plane waveguides. It has been widely utilized to
design a compact waveguide filter named as a partial Hplane filter [21]. Nowadays, these structures are being used
to design linear slotted waveguide array antennas with single
polarization [22], [23].
The partial H-plane waveguide is a transversely folded
rectangular waveguide that has a partially inserted metal vane
in the H-plane [24]. The dominant and second modes of
the rectangular waveguide are TE10 and TE20, respectively.
Since these modes do not depend on the waveguide height,
it is possible to reduce the height for these modes. Thus,
the flat waveguide can be transversely folded once, which
results in a quarter reduction in the cross-sectional area of the
waveguide forming a compact structure. As shown in Fig. 2,
the first two modes of a partial H-plane waveguide can have
the same dispersion characteristics as those of a conventional
rectangular waveguide, while its cross section is one quarter
[25]. Therefore, both conventional and compact waveguides
4

can achieve the same usable bandwidth. These two modes
can be separately controlled if required for different applications. This new type of compact waveguide brings up
numerous possibilities to use this waveguide for microwave
applications that have space and weight limitations [22].
In [25], dispersion characteristics of the partial Hplane waveguides are theoretically investigated by applying
Galerkin’s method in Fourier domain to obtain the propagation constant and consequently, the fields in the structure.
The E-field distributions of dominant mode of conventional waveguide are the same as of the partial H-plane
waveguide if it is unfolded with respect to the metal vane.
Thus, a partial H-plane antenna can be constructed by using
the same structure, broad wall longitudinal shunt slot, of
conventional slot antenna.
For a longitudinal shunt slot on a conventional waveguide,
a model of the antenna may be constructed by considering
the slots as shunt admittances linked by sections of ideal
transmission lines, shown in Fig. 3 [26], [27]. The active
admittance of each slot in the slot array, Yna , in the equivalent
model usually includes both the self impedance, Yn , and the
effect of the mutual coupling with the remaining slots.
The procedure for the design of a linear array of longituVOLUME 4, 2016
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dinal slots fed by rectangular waveguide proposed by Elliott
[8] depends on two design equations:
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FIGURE 2: Dispersion characteristics of an X-band conventional rectangular waveguide with a = 22.86 mm and b = 10.16
mm and a partial H-plane rectangular waveguide (a = 11.43
mm, b = 6 mm, and metal vane height and thickness: 9.5 mm
and 0.1 mm).
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FIGURE 3: The equivalent circuit model of a resonant slotted
waveguide array antenna with shunt conductances.
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FIGURE 4: Normalized resonant conductance gn (x0 ) vs. slot
offset x0 of isolated longitudinal shunt slot in a standard WR90 (with a = 22.86 mm and b = 10.16 mm) at 9.4 GHz.
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2
2

Ys
G0

+

1 Vscoupl
Vs

(6)

where Ys is the admittance of the slot, G0 is the characteristic
conductance of the waveguide, x0 is the slot offset, Vs is the
slot voltage, Vn is the modal voltage at Ys , 2L is the slot
length.
The design equations will be solved iteratively; more details about the iterative design algorithm for standing wave
arrays are presented in [8], [28]. The aim of the design
procedure is to determine the length and offset of each slot
in such a way as to achieve the desired voltage distribution
on the different slots.
In [29], Stevenson derived a formula for the normalized
resonant conductance of a single longitudinal slot as a function of its offset x0 from the centerline as follows
Gs
a/b
⇡
⇡x0
= 2.09
cos2 ( ) sin2 (
)
G0
/k
k
a

(7)

where Gs is the conductance of the slot.
The equation indicates that the normalized conductance
of the longitudinal slot in the broad wall of a rectangular
waveguide is offset dependent as shown in Fig. 4 using a
standard WR-90 at 9.4 GHz. It is shown that by adjusting
the slot offset from the center line of the waveguide, the slot
conductance can be controlled and then the slot excitation.
The design of the partial H-plane slot array antenna is
described in this section. The structure of 1-D resonant slot
array antenna using the partial H-plane waveguide is shown
in Fig. 6a,b. The slot length is nearly 0.5 , and its width is
assumed to be very small. To be excited in phase for all slots,
the array with slots spaced 0.5 g apart and with alternating
slots on the opposite side of the center line is employed.
The designed array follows the uniform array with a sidelobe
level (SLL) of 13.26 dB, and the operation frequency is 9.4
GHz. The slot offsets of xn ’s, which control the conductance
and excitation level of each slot, are determined from the
equation. The designed parameters are listed in Table 2.
The thickness and width of each slot in the resonant slot
array antenna are 1.27 mm and 1.533 mm, respectively. The
thickness (d4 ) and length (d7 ) of the metal vane are set to be
0.5 mm and 9.5 mm, respectively. The longitudinal slot is cut
in the narrow wall of the partial H-plane waveguide parallel
5
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FIGURE 5: The variation of the normalized conductance with
the angle of inclination of shunt slot in the narrow wall of a
standard WR-90 with a = 22.86 mm and b = 10.16 mm at 9.4
GHz.

to the waveguide with an offset xn = 2 mm from the center
line. The polarization is perpendicular to the waveguide axis.
The excitation is mainly controlled by the offset. It is the
maximum at the edges and zero at the center. In order to
radiate in the boresight, the longitudinal slot antennas are
arrayed by a spacing of a half guided wavelength, and the
offset direction is opposite among the adjacent slots.
A partial H-plane waveguide to coaxial adapter is used
where a probe was inserted into a rectangular cut-out in
the H-plane vane at the center of waveguide structure. The
adapter was optimized using a commercial full wave simulator (HFSS) where the cut-out width and depth were optimized
to maximize the return losses.
B. HORIZONTAL POLARIZATION LINEAR ARRAY

The second commonly used slot array antenna is the edge slot
waveguide array antenna which has slots modified in sidewall
of the waveguide to obtain a beam pattern in the H-plane. For
an edge slot antenna, to obtain the desired shunt conductance
value which is determined by a tilted angle of sidewall slot,
the slot is cut into the sidewall and wrapped around the broad
wall of the waveguide because the height of the sidewall
of the conventional waveguide is usually smaller than the
resonant length of the slot. Each slot is approximately half
a free space wavelength long and is spaced by a half guided
wavelength from its adjacent slots at the design frequency if
a standing wave feed is used to obtain a radiating element of
in-phase. In order to excite each slot with in-phase spaced by
a half guided wavelength, the adjacent slots in sidewall are
oppositely inclined with respect to the vertical centerline.
In [29], Stevenson derived the values of the resonant
conductance, normalized to the waveguide conductance, for
a slot in the narrow wall of the rectangular waveguide using
transmission-line theory and the waveguide modal Green’s
functions. The conductance of narrow wall (edge) shunt slot
is given by
6

g

4

sin ✓in cos( ⇡2

a3 b

1

(

g

g

sin ✓in )

)2 sin2 ✓in

!2

(8)

where ✓in is the inclined angle of the slot relative to the
vertical direction ‘b’.
As shown in Fig. 5, with increasing the inclination angle,
the slot conductance in the narrow wall of the WR-90 waveguide increases.
The reason for the inclination is that the non-inclined
slot disrupts a negligible current in the narrow wall of the
waveguide when TE10 dominant mode propagates inside the
waveguide. Consequently, the slot will not radiate because a
very week electric field is excited in the slot. However, the inclined slot does interrupt the wall current by an amount controlled by the slot tilt. Unfortunately, the excitation technique
applied to the edge wall slots using the inclination has some
drawbacks. In addition to the desired longitudinally polarized
electric field, the inclination produces a vertically polarized
electric field, which is often undesirable. The presence of the
unwanted polarization increases the cross-polarization levels.
Non-inclined narrow-wall slots in the waveguide generate the horizontal polarization with suppressed crosspolarization. The slots have to extend into the neighboring
broad walls of the waveguide to be resonant. The edge slots
in the narrow wall need to be excited with a pair of irises
inside the waveguide and not by slot tilt in order for minimum
cross-polarization generation. The excitation of the edge slots
is controlled by the iris dimensions and locations.
The structure of 1-D resonant slot array antenna using noninclined narrow-wall slots in the conventional waveguide is
shown in Fig. 6a,b. To be excited in phase for all slots, the
array with slots spaced 0.5 g apart and with two excitation
irises at each side of the slot sitting on opposite broad walls
is employed. The designed array follows the uniform array
with a sidelobe level (SLL) of 13.26 dB, and the operation
frequency is 9.4 GHz. The designed parameters are listed
in Table 2. The thickness and width of each slot in the
resonant array antenna is 1.27 mm and 1.533 mm, respectively. The polarization is parallel to the waveguide axis. The
iris’s dimensions and locations, used to excite the slots, are
optimized and the obtained values are listed in Table 2.
The design of a linear slotted waveguide array antenna begins by determining the aperture distribution, and hence the
slot excitation, required to achieve the beamwidth, gain, and
sidelobe level needed at the center frequency. The radiated
power and resonant conductance of a slot is proportional to
the square of the voltage excitation of the slot. The normalized resonant conductance gn of the nth slot, for a given
aperture voltage distribution, is given by
gn =

a2n
N
X

(9)

a2i

i=1

where, N is the number of slots in a linear array, and an
VOLUME 4, 2016
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FIGURE 6: Geometry of proposed dual-polarized slotted waveguide antenna unit cell. (a) Side view of dual-polarized element
and feed structure, and (b) 3D view of dual-polarized antenna element.
TABLE 2: Summary of the dimensions of V-pol and H-pol linear slotted waveguide array antennas.

H-pol
V-pol

Cross section
(mm ⇥ mm)
a⇥b
22.68⇥10.16
11.43⇥6

Frequency
(GHz)
f
9.4
9.4

ls
–
15.4

ws
1.533
1.533

Slot
(mm)
ts
hs
1.27
3.75
1.27
–

xn
–
2

lg
22.2704
22.2704

Iris dimensions
(mm)
dx
dy
dz
2.5
2.5
6.5
–
–
–

TABLE 3: Radiation parameters of the dual-polarization slotted waveguide array antenna with eight slots.
Type
Conventional antenna (H-pol)
Compact antenna (V-pol)

Bandwidth (%)
2.23
2.29

is the voltage excitation for the nth slot. For the uniform
illumination, gn =1/N .
Once the the slot conductance is obtained based on its
voltage excitation, the slot placement and orientation can be
calculated using (3-8).
Performance of the antenna unit cell (8-slot linear array) is
analyzed using HFSS. The S-parameters and gain of the basic
unit of both V- and H-polarizations are depicted in Fig. 7a,b.
The reflection coefficients of the VP and HP units are lower
than -10 dB over the frequency range from 9.3 GHz to 9.5
GHz. The bandwidth for |Svv| (or |Shh|) < -10 dB is about
2.3% (9.3 GHz – 9.5 GHz). The isolation (|Shv|) between
the V- and H-ports of the antenna is higher than 60 dB. In
addition, the realized gain of the proposed antenna versus
the frequency is exhibited in Fig. 7b. It is shown that the
variation of the gain for both polarizations over the frequency
bandwidth is about 0.5 dB.
Fig. 7c,d shows the co- and cross-polarization gain radiation patterns at several frequencies in the band (9.3 GHz,
9.4 GHz and 9.5 GHz) in elevation plane (along the waveguide axis) of H-pol array antenna and V-pol array antenna,
respectively. The unit cell has two arrays for V-pol and one
VOLUME 4, 2016

Gain (dBi)
16.72
17.23

SLL (dB)
12.96
14.65

Cross-polarization level (dB)
-60
-60

array for H-pol to have close effective aperture. It is observed
that the radiation patterns of both antennas are stable over the
frequency band. The maximum SLL is –13 dB with crosspolarization level of -60 dB below the main lobe for both HP
and VP arrays. Performance comparison of the linear array
antenna for both polarizations (H and V) is summarized in
Table 3.
C. DUAL-POLARIZED PLANAR ARRAY ANTENNA

The structure of the dual-polarization planar SWGAs array
is shown in Fig. 8a,b. With the VP and HP linear arrays
designed using HFSS, the dual-polarization planar array antenna is composed of a 8x8 VP sub-array and a 8x8 HP subarray. When the vertical polarization linear array is designed,
the effect of the horizontal polarization array is considered,
and vice versa. Both waveguides used for the VP and HP
linear arrays have the same guided wavelength, thus both
antennas have the same length. In the back, at the centers of
the linear arrays, 50⌦ probe adapters for both polarizations
are arranged. It is arranged with HP and VP waveguide arrays
side by side, eight linear arrays for each, in which the HP
waveguide linear arrays are higher than the VP waveguide
7
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linear arrays, as shown in Fig. 8b. The width of two linear
arrays together is up to 0.58 in order to obtain a ±42
beam scanning.
The simulated radiation pattern scanning performances of
the proposed planar array antenna for both polarizations in
the azimuth plane perpendicular to the waveguide axis at 9.4
GHz with uniform illumination are shown in Fig. 8c,d. The
main beam direction can scan from 45 to +45 with a step
of 15 . At the maximum scanning angle of ±45 in the Eplane of the V-polarization array antenna, the gain decreases
by 3.2 dB, meanwhile the sidelobe degradation is 1 dB. However, in the H-plane of the H-polarization array antenna, the
gain decreases 2.6 dB and the sidelobe degradation is 1.0 dB
when the scanning angle reaches ±45 . Another advantage
of this design configuration is a high polarization purity in all
scanning angles with the cross-polarization level better than
-60 dB in the main beam directions. We can also observe that
the sidelobe levels in all scanning angles are lower than 13
dB. The array also enables individual excitation for each 1x8
8

element sub-array. Amplitude tapering can be applied using a
6-bit attenuator for sidelobe reduction. The radiation pattern
scanning performances of the proposed planar array antenna,
using a Taylor 25 dB (n̄=3) amplitude distribution, for Vand H-polarizations in the azimuth plane perpendicular to the
waveguide axis at 9.4 GHz are depicted in Fig. 8e,f. For both
VP and HP, the main beam is scanned from 45 to +45
with a step of 15 . At the maximum scanning angle of ±45
in the E-plane of the V-polarization array antenna, the gain
decreases by 3.2 dB, meanwhile the sidelobe degradation is
1 dB. However, in the H-plane of the H-polarization array
antenna, the gain decreases by 2.6 dB and the sidelobe
degradation is 1.0 dB when the scanning angle reaches ±45 .
It can be seen that the maximum SLL is –24.5 dB with crosspolarization level of -60 dB below the main lobe for HP array.
The maximum SLL is –25 dB with cross-polarization level
of -60 dB below the main lobe for VP array. In order to
design a dual-polarization slotted waveguide array antenna
with low SLL, a tapering amplitude distribution is required.
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The desired amplitude distribution is a two parameter Taylor
distribution with 8 elements, ñ=3 and sidelobe level of -25
dB. The definition of the parameter ñ and the details of the
Taylor distribution can be found in [30].
Fig. 9 illustrates the overlapped normalized e-scanned gain
of the 8x8 array antenna at 9.4 GHz. Co-polar pattern mismatch and cross-polarization isolation are key metric parameters for dual-polarimetric radars used in weather application.
In this application, cross-polarization isolation is below 40 dB, and less than ± 0.2 dB is the maximum tolerable
mismatch between H- and V-polarization co-polar patterns
[1], [2]. Using this proposed design, a cross-polarization level
below -60 dB and a co-polar pattern mismatch around ±0.12
dB were obtained over a scanning range of 84 (±42 ).
The proposed array unit cell of 8x8 elements can be easily
integrated with active modules for 1D e-scanning capability.
This active array can be used to create a large aperture array
for 2 x2 antenna beamwidth. Conventional or customized
electronics using GaAs or GaN can be used for the frontend modules (FEC), where power levels from 1 to 20 Watts
per 8-element sub-array can be easily obtained. RF-CMOS
technology is commercially available for control module
(CM). CMOS technology enables high integration of 7-bit
digital phase shifters, 7-bit digital attenuators, high isolation
T/R and polarization switches and gain blocks [31], [32]. The
proposed solution with active components is very attractive
for airborne and weather radar applications that require 1D
e-scanning beam patterns, high power and high polarization
purity.
D. FEEDING TECHNIQUE AND STRUCTURE

The standard rectangular waveguides are preferably used as
transmission lines for high power applications. Like other
transmission lines, these waveguides have a characteristic
impedance which requires matching for maximum power
transfer. Therefore, there is a need for an adapter between
50⌦ coaxial cables and the rectangular waveguides, a socalled coax-to-waveguide adapter. This adapter will introduce the coaxial cable mode to the rectangular waveguide
mode. Coupling loops and probes are common ways to inject
or remove microwave signal to the waveguide. The probes
couple to an electric field of a certain mode inside the waveguide and the loops couple to a magnetic field of the same
mode, but both an electric and a magnetic field will be set up
in each case because the two are inseparable. The majority
of commercially available coax-to-waveguide adapters are
monopole probes. Resonantly-fed slotted waveguide array
antennas have been in use for a long time. The end feed
and center feed are the most common ways to feed the onedimensional slotted waveguide array antennas with standingwave excitation. In the end feed configuration, the waveguide
array antenna is fed from one end of the waveguide and
terminated by a short circuit at the other end. The feed needs
to be positioned at odd multiples of g /4 or g /8 at the
center frequency from the waveguide feeding end and the
short circuit is g /4 away from the end slot. The normalized
VOLUME 4, 2016

conductance of the end-fed slotted waveguide array antennas
for the matching conditions at the feed is given by
N
X

gn = 1

N
X

gn = 2

(10)

n=1

where N is the number of slots in the waveguide, and gn is
the normalized conductance of the slot nth.
The center feed is another popular way to feed the onedimensional slotted waveguide array antennas where the
antenna waveguide is fed from the center and is terminated by
short circuits g /4 away from both end slots. A center feed
configuration is introduced to enhance the bandwidth as well
as to suppress the frequency dependent beam squinting [33].
In addition, more compact antenna system with symmetrical
radiation patterns is obtained. Similarly, the matching condition at the feed is given by
(11)

n=1

In this work, the center feed configuration is selected to
feed both conventional and partial H-plane waveguides. For
the V-polarization array antenna, the slotted partial H-plane
waveguide is used. A coaxial to partial H-plane waveguide
adapter with a conducting disc attached to the end of the
probe is used where a probe was inserted into a rectangular
cut-out in the H-plane vane at the center of the waveguide.
And a hole is drilled in the bottom wall of the waveguide
to insert the probe into the waveguide. The diameter dp
and length lp of the probe, the diameter d5 and thickness
d6 of the disc, and the rectangular cut dimensions wc , hc
will influence the impedance matching between the coaxial
transmission line and the partial H-plane waveguide. The
transition structure has been optimized using a commercial
HFSS simulator to realize the input impedance requirements
and the obtained values of all parameters are presented in
Table 4.
For the H-polarization array antenna, L-loop side launcher
coaxial-to-waveguide transition is used to inject energy into
a waveguide by setting up an H-field in the waveguide. By
L-shape loop coupling in a rectangular waveguide first a Hfield is produced which causes an E-field. A hole is drilled
in the narrow wall of the waveguide to insert the probe into
the waveguide and the L-loop is formed by soldering the
coaxial probe onto the broad wall of the waveguide and is
used to generate a current loop, then the current loop becomes
a proper excitation for the magnetic field of the dominant
TE10 mode. A simple L-shape transition structure has been
optimized using a commercial HFSS simulator to realize the
input impedance requirements and the obtained values of all
parameters are presented in Table 4.
As depicted in Table 5, the proposed ultra compact
high performance slotted waveguide array antenna is compared with the previous customized slotted waveguide antenna structures. The proposed antenna has better crosspolarization isolation and large scanning range because of
9
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TABLE 4: Summary of the dimensions of H- and Vpolarization feeding structures.
H-polarization array

d3
1.27

V-polarization array

dp
1.27

L-shape probe (mm)
d1
d3
d2
11.43
1.27
5.08
Disc-shape probe (mm)
lp
d5
d6
wc
hc
1
5.5
3.25
8
4.25

TABLE 5: Comparison of previous and proposed work.
Parameters
Frequency band
Bandwidth (MHz)
Waveguide types
Element spacing
Max. scanning range
Cross-pol isolation
Co-pol mismatch

Ref [14]
X-band
300
Partially
customized
0.7
40 (±20 )
<-40 dB
NA

Ref [15]
L-, C-band
200
Fully
customized
0.7
40 (±20 )
<-30 dB
NA

This work
X-band
200
Standard (0.7 )
Customized (0.6 )
0.7
0.6
84 (±42 )
<-60 dB
< 0.12 dB

the element spacing reduction of the proposed structure. In
addition, the proposed design discussed about the co-polar
pattern mismatch (<-0.12 dB), which is the critical parameter
for dual-polarization applications. The only trade-off of the
proposed structure is the narrow bandwidth compare to [14].
IV. CONCLUSION

The design of an X-band dual-polarized planar slotted
waveguide antenna (SWGA) array is presented. This design
provides very high isolation between V- and H-ports over
200 MHz bandwidth and wide-angle scanning performance
in the azimuth plane. The proposed design uses a compact
array unit cell where the overall dimensions are reduced to
50% in comparison with that of the dual-polarization slotted
waveguide array antenna using the conventional rectangular
waveguides. This design overcomes the fundamental limitation of zero electronically scanning, due to large element
spacing (1.2 ), when conventional waveguides are used.
Reducing the element spacing to 0.6
(in the azimuth
plane), based on a partial H-plane waveguide, enables a
VOLUME 4, 2016

1D e-scanning range up to 84 (±42 ) in the azimuth plane
perpendicular to the waveguide axis. The design uses longitudinal shunt slots on the partial H-plane waveguide for Vpolarization antenna and non-inclined edge wall slots on the
conventional waveguide for H-polarization antenna. Results
demonstrate 200 MHz bandwidth centered at 9.4 GHz (2.2 %
fractional bandwidth), in terms of radiation patterns and input
impedance match. Sidelobe level can be synthesized using
the attenuators for each sub-array (1x8 elements) in azimuth
plane. The polarization purity of the antenna is excellent with
a cross-polarization level better than -60 dB at the boresight
and scanned patterns up to ±45 . An active sub-array panel
of 8⇥8 elements, excited with 8 high-power transmit and
receive modules are proposed. This active sub-array can be
scaled to obtain a large array without any constrains in size
and power.
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