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Improved design for low-sidelobe non-resonant
slotted waveguide antenna
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Abstract: For fast design of millimeter-wave non-resonant slotted waveguide antennas (SWAs) with more accura-
cy, an improved analytical method is presented by introducing a modified factor into the traditional Stevenson’s for-
mula. The modified factor can greatly improve analytical calculation accuracy of slot displacement of longitudinal
shunt slots cut in the broad face of a waveguide. Generally, the traditional Stevenson’s formula is valid for only
narrow slots of a length-to-width ratio of 10 : 1. However, the proposed method allows for fast design of millimeter-
wave SWAs of very low-sidelobe levels and wide slots of an approximately 4 : 1 length-to-width ratio. A theoretical
explanation of the modification was provided. With the improved method, a prototype of non-resonant SWAs operat-
ing in 60 GHz band was designed and fabricated. The measured gain and sidelobe level are 14.8 dB and -25 dB.

Good agreement between the simulation results and measured data indicate the effectiveness of this improved method.
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Introduction

Slotted Waveguide Antennas ( SWAs) date back to
World War 11 and have been very popular from 1940s to
now because of their simplicity, high power handling ca-
pacity and relatively low profile. A comprehensive review
of SWAs is given in references [ 1-4].

SWAs with low sidelobes, high gain and tilt fan-
beams operating in travelling -wave mode has been exten-
sively studied. The design of longitudinal slots in a
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waveguide can be completed using the moment method or
famous Elliot’s design equations 7', However, they re-
sult in complex formula derivation and burdensome pro-
gramming and debugging, especially for designing an ar-
ray of a great number of slots. With rapid development of
high performance computers, SWAs can be designed
using the field-solver based commercial software like An-
soft HFSS, Feko, and CST Microwave Studio'®'. They
are effective methods but need tremendous computing re-
sources for large-aperture millimeter-wave SWA design.
Based on the traditional Stevenson’s formula, we
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present an improved analytical method for millimeter-
wave SWA design in this paper. This method is simpler
and faster than the field-solver based numerical methods
due to its analytical calculation of the SWA parameters.
With the proposed method, a 60-GHz SWA with low
sidelobe levels and wide slots was successfully fabricated
and demonstrated. Note that in this design mutual cou-
pling effects could be neglected since they are not strong
for the end-to-end arranged slots instead of parallel ar-
rangement.

1 Modification of Stevenson formula

Stevenson developed his formulas for representing
slot characteristics by making the following assump-
tions"** ;

(1) The walls of the waveguideare perfectly con-
ducting and of negligible thickness;

(2) The width of the slotis much less than its length;

(3) The waveguide transmitted only the TEIO
wave, and the length of the slotis nearly equal to A,/2;

(4) The slotis radiating over a perfectly conducting
ground plane of infinite extent.

Using transmission line theory and the waveguide
modal Green’s functions, Stevenson derived the values of
the resonant resistance and conductance, normalized to
the waveguide impedance, for various slot types along a
rectangular waveguide.

For longitudinal shunt slots cut in the broad face of
a waveguide, the conductance of the slot is given by'®';

g =g sin2(ﬂ) , (1)
a
2.09a\
o=y o2 @)
0

where A, is the free-space wavelength,g A, is the guide
wavelength , x is the slot displacement from the waveguide
centerline, and a, bare the waveguide width and height.

Therefore, slot displacement x from centerline is e-
qual to'® .

x = iarcsin( i) . (3)
w &

In millimeter-wave band, due to the strength of the an-
tenna structure and current manufacturing processes, the
thickness of the waveguide walls cannot be too thin, typi-
cally about 1 mm, which is on the same order of magni-
tude of the operating wavelength. And the width of the
slot cannot be too narrow. Obviously, the first and sec-
ond of Stevenson’s assumption cannot be satisfied for mil-
limeter-wave SWA design. Therefore, for millimeter-
wave wide-slot SWAs design, some modifications of
Stevenson’s formula should be made. Detailed derivation
and explanation of Stevenson’s formula is given in Ref.
[9]. In this paper only some important conclusions are
given in the following.

Firstly, according to Booker’s relation ') | the radi-
ation resistance R, of slots cut in an infinite ground plane
can be determined by the radiation resistance R, of the
complementary dipole antenna ;

2
_ Mo
RS - 4Rd ’ (4)

where 7, is the intrinsic impedance of the surrounding
medium. For free space,”, =120w. For a slot cut in the
waveguide wall, assuming that the waves from the slots
only radiate into half of the free space, the radiation con-
ductance will be half of the slot cut in an infinite ground
plane. Hence,

R
e (5)
2 (601)
Then the conductance of the longitudinal shunt slots cut
in the broad face of a waveguide is given by
2
g = ,1 (2£) igCosz(Tri)\o)sinz(q-r—x) . (6)
G'smy \ wl ab A, 21, a
For an infinitesimally thin slot, the resistance of the com-
plementary dipole antenna is
R, =73.1 , (1)
substituting Eq. (7) into Eq. (6) yields Eq. (1).
Typically, the resistance of the complementary di-
pole antenna increases as the slot becomes wider. So,
the actual conductance of the wide slot is smaller than
the value given by Eq. (1). This fact gives some clues to
modify the traditional Stevenson’s formula. From the a-
bove analysis, a scaling factor can be introduced into the
Stevenson’s formula as follows

x = iarcsin(k i) , (8)
™ &1
where the scaling factor k£ is greater than 1. In this pa-
per, the effective range of k£ will be determined by nu-
merical optimization. Our simulation results show that
when the value of the factor £ is about 2, the SWA re-
sults in good performance.

2 Antenn adesign parameters

The design of any SWAs is an amalgamation of two
individual antenna theories: one concerned with the
waveguide characteristics and the other with slots and
slotted arrays. Waveguide influences the type of wave
passing through the structure and frequency at which the
antenna operates. The slots influence the manner in
which the energy is manipulated.

2.1 Antenna design parameters

As is demonstrated in Fig. 1, a uniformly spaced
traveling-wave slot array can be designed to produce a
low-sidelobe fan beam pointing the peak of the beam to
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Matched load

Fig. 1  The relation between antenna beam tilt angle and
waveguide dimensions

B PSR R e ffy B2 G R



34 ZHAO De-Shuang et al:Improved design for low-sidelobe non-resonant slotted waveguide antenna 273

angle ¢. For longitudinal shunt slots cut in the same side
of the centerline of the broad face of a waveguide, the re-
lation between the tilt angle and waveguide dimensions
can be represented as follows if the reflections between
elements are negligible.
Ao
¢ 7 2sing » (9
where a is the width of the waveguide. The above formu-
la means that the tilt angle 6 is determined by only the
width of the waveguide and the free space wavelength.
Slot spacing doesn’t affect the tilt angle. Thus we can
freely choose the slot spacing regardless of the tilt angle.
The height b of the waveguide is set to be half of the
width.
2.2 Position of the feed and matched load
The position of the feed should be far enough from
the center of the first slot, which avoids the influence of
the high-order modes near the slot. A matched load ter-
minates the SWAs to prevent the formation of a secondary
beam due to reflected waves. Also, the distance between
the matched load and the center of the last slot should be
far enough.

3 Slots and array design

3.1 Width andlength of slots
The width of the slots is usually determined by
17200 < W < A,/10 . (10)

However for millimeter-wave SWAs, the width given
by Eq. (10) is too narrow. It will be difficult to fabri-
cate. The slots used in the simulations and experiments
presented in this paper have an aspect ratio of approxi-
mately 4 : 1, which makes them become wider and easier
for fabrication.

The length of the slots is about A,/2, which is near
the resonant length. In fact, the resonant length of the
slots is affected by the position of the slots along the
waveguide, its displacement from centerline, slot width,
and the frequency of operation. This parameter needs to
be optimized. In this paper we set the initial value of the
length equal to 0.492,.

Analytical methods are most conveniently formulated
for rectangular slots. But for fabrication, slots with round
ends are used. Therefore, it needs a conversion between
rectangular slots and round-end slot. Setting the area of
the round-end slot equal to the rectangular slot leads to

Lmund =Lr1’n+(1 _%)W ’ (11)

where L, is the resonant length for round-end slot, L,
is the resonant length for the rectangular slot and W is the
slot width.
3.2 Spacing between slot centers

To ensure the SWA with only one main lobe and no
grating lobes, the spacing d between slots must be satis-
fied with the following condition

AgA
d < =4 (12)
Ay + A,
ApA
In ourdesign we set to be 0. 84 ——£—,
Ao A,

3.3 Number of slots and slotted array length
Given the beamwidth and the beam tilt angle, the

slotted array length L is determined by
Ao
b= b, 61ppwcost » (13
where 0,,ppy is the HFBW | ¢ is the Taylor scaling factor,
By is the beamwidth factor, @ is the beam tilt angle.
Given the slots spacing and the array length, the
number of slots is determined by

N=[§]+l . (14)

where N is the number of slots, [ ] means rounding.
3.4 Taylor taper for array

Taylor taper is adopted in low-sidelobe array design.
Chebyshev weighting is practical for a small linear array,
but for large array, the amplitude weights at the edge of
the aperture increase. Increasing the edge taper brings
problems with edge effects and mutual coupling. Taylor
taper is similar to the Chebyshev taper but it is suited for
large low-sidelobe arrays. The difference is that Taylor

taper has the first n — 1 sidelobes on either side of the
main beam at a specified height. All remaining sidelobes
decrease at the same rate.
3.5 Conductance determination of slots

Figure 2 shows the equivalent circuit of the SWAs
for longitudinal shunt slots cut in the broad face of a
waveguide. In the figure g, represents the equivalent
conductance of the slots.

The slot conductance can be computed as follows if
the waveguide can be considered as lossless and if the re-
flection coefficient due to each slot is minimal.

& & g, 8 g=1

Y } I /.
ol ol o

[

Fig.2 The equivalent circuit of the SWA
K2 SWA RS0

K
:% , (15)
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where P, is the input power to the waveguide; p; is the

gﬂ

normalized power radiated by slot j given by A’ (j), the
calculated slot excitation; K is the power calibration fac-
tor given by
p,-P
e . (16)
P

For arrays with a large number of slots, the determi-
nation of the slot conductance by Eq. (15) is very accu-
rate since the coupling factor is low. However for arrays
with fewer slots, the coupling factor is higher, and the
slots create impedance mismatches.
3.6 Slot displacement from centerline

In Section 2, we made some modifications to the
traditional Stevenson formula for designing millimeter-
wave SWAs with wide slots. Therefore, the slot displace-
ment of the SWA in our design will be calculated using
the modified formula.

K =
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4 Design results

4.1 Determination of the modified factor

Figure 3 depicts the top view of the geometry of the
designed SWA. The SWA operates in 60 GHz band. It
was designed with the modified Stevenson’s formula and
numerically validated by Ansoft HFSS. All the thickness
of the waveguide wall is set to 1 mm. The beam tilt angle
is set to 60 degrees, and the total number of the slots is
21. The final design parameters are shown in Table 1.
The variables a, b, L W, d are all in unit of mm and

have the same meaning as the ones used in Ref. [5,11].

round 3

Matched load

Fig. 3 Top view of geometry of the designed wide-slot low-
sidelobe SWA

F3 FErr KR SWA [ JLfn 4544 OO0 5]

For the slot displacement calculation, firstly we val-
idate the effectiveness of the modification. Simulation ex-
periments and results for a non-resonant SWA consisting
of 21 broad-wall slots operating in 60 GHz band deter-
mined by different modified factors are given here. A
Taylor distribution for side-lobes lower than —35 dB is
used in the design. The power absorbed in the load is
approximately 4% .

Table 1 Design parameters of SWA
F1 SWAREHSH
a b Lypuna w d
2.887 1.4435 2.56 0.6 2.7

The radiation patterns obtained by using different
modified factor £ are shown in Fig. 4. Several conclu-
sions can be obtained from the numerical simulations .

(1) For k =1, the case of no modification, the
simulated sidelobes increase compared with the modified
ones. It indicates that our modification is effective.

(2) The effective range of the modified factor & for
—30 dB sidelobe design is:

l.6<sk<2.2

(3) When the value of k increases, the beamwidth
of the antenna is broadened and the gain of the main lobe
decrease. More energy is dispersed in sidelobes.

Based on the numerical validation, we find that £ =
2.0 is good for the millimeter-wave SWA design.

4.2 Fabricated SWA operating in 60 GHz band

The SWAwas fabricated with aluminum and meas-
ured with Agilent Vector Network Analyzer E8361A.
Figure 5 shows the photographs of the fabricated anten-
na. The SWA was fed by a standard WR-14 waveguide
from the back side. The transition from the WR-14
waveguide to the SWAs was realized by a vertical transi-
tional waveguide.

0 + k=1
: =
£ -10 | =il
e o=
= =1.
a 20 | — k=2
s k=22
= =
oy — - * =2
B -—-k=2.8
g
B 40 -

Fig.4 Normalized radiation patterns obtained by using differ-
ent k
B4 SRR kS5 2 85— 5507 18 P

(a)

(b)

Fig. 5 Photography of the fabricated SWAs. (a) top and (b)
bottom views
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Fig. 6 (a) Measured IS,, | of thgl(b) SWA; (b) Comparison
between the measured and simulated |S,, | of the SWA

K6 (a)SWA YIS, HEE; (b) SWA f91S,, I I (K5
D7 FLE 2 0] 64 e

We first measured |18,, | of the SWA. Fig. 6 (a)
depicts the measured curve. The curve shows that the
designed SWA is well matched. The — 15 — dB band-
width is more than 5 GHz. Fig. 6(b) compares the sim-
ulated and the measured S, -parameters of the SWA. Tt
can be found from the figures that the measured data a-
gree well with the simulated results. Although the meas-
ured operating frequency has a shift of about 600 MHz
from the simulated one, we find the relative frequency
shift is very small, about 1% . Such frequency shift
mainly results from the manufacturing errors, which
could be acceptable for most engineering applications.

dB(Gain Total)

1.631 3e+001
1.184 Oe+001
7.366 3e+000

=6.0353 9e+000
~1.052 Te+001

=1.500 le+001
~1.947 4e+001
| -2.394 Be+001

-4.631 Se+001
He+001
-5.526 le+001

Fig. 7 3D gain patterns at 60 GHz
K7 7£ 60 GHz 4bfY) 3D #4825 1K

Second, we investigate the radiation properties of
the SWA. Figure 7 shows the 3D gain patterns obtained
by the numerical simulations. As expected, the SWA has
a tilt fan beam. Figure 8 compares the measured H-plane
pattern of the designed SWA with its simulated one. The
measurement of the radiation pattern was performed in
the real environment, not in the microwave anechoic
chamber. The measured sidelobes are lower than
—25 dB. Due to the manufacturing errors and the envi-
ronment noise, the measured sidelobes are 8 dB higher
than the simulated ones. Despite the difference, it is
still an effective low-sidelobe design, whose sidelobe is
lower than —25 dB. The realized radiation gain of the
SWA is 14.8 dB and its efficiency is about 80% . Due

to metal losses and load absorption, the measured gain

and the measured efficiency are a little less than the ones

Fig. 8 Comparison between simulated and measured results of
H-plane patterns at 60 GHz
8 £ 60 GHz Kb H 1ii 7 fia &1 iy 00 (L5 07 LML HU A

obtained by the numerical simulations. In simulations,
the maximum gain is about 16. 3 dB and the simulated
efficiency is above 90% .

5 Conclusion

An improved analytical method for millimeter-wave
wide-slot low-sidelobe SWA design is successfully devel-
oped in this paper by introducing a modified factor into the
traditional Stevenson’s formula. The traveling-wave SWA
operating in 60 GHz band was well designed and measured.
The good agreement between simulations and measurements
validates the effectiveness of the new method.
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