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Abstract

This paper describes a rigorous and efficient pro-
cedure for designing large circularly-polarized 
antennas, especially oriented to radar applica-
tions. Specifically, it deals with the optimized 
design of large arrays of resonant shunt slots 
loaded with parasitic dipoles, by proposing an 
approach to tune up the standard uniform array 
design. Such method turns out to be fundamen-
tal when external mutual couplings among radi-
ators exhibit strong levels. This is the case treat-
ed in this paper, where radiators are etched on a 
single-layer electrically thick dielectric sheet. For 
validation purposes, two challenging prototypes 
are designed, fabricated and measured, report-
ing here the most representative results.

Keywords. Slot arrays, waveguide slot array, cir-
cular polarization, radar antennas, parasitic di-
poles, steerable antennas, monopulse antennas, 
array design, array optimization.

1. Introduction

Radar applications in millimeter-wave band call 
for very efficient and versatile antennas capable 
to meet all required specifications, such as con-
formal low profile, robust mechanical structure, 
low sidelobes, steerable operation or cosecant-
shape pattern, among others. One of the most 
used antenna topology in radar has been a 
slotted-waveguide array [1], thanks to its numer-
ous advantages as geometric simplicity, high ef-
ficiency, polarization purity, good reliability and 
conformal installation. 

Optimized design of antenna systems 
for radar applications at 37GHz

The most common array configuration [1] con-
sists of longitudinal shunt slots located on the 
broad face of a standard short-ended mono-
mode rectangular waveguide. Slots are oriented 
parallel to the waveguide axis and placed alter-
natively on both sides of it. An axial inter-slot 
spacing of λwg/2 assures in-phase radiation to-
ward broadside direction, being λwg the wave-
length within the rectangular waveguide. Since 
a short-ended waveguide supports a standing 
wave along its axial direction, all slots will lay 
on a standing wave maxima. A diagram of this 
configuration is depicted in Fig. 1, where slots’ 
offsets relative to the guide axis control their ex-
citation weights and consequently the H-plane 
radiation pattern. The main drawback exhibited 
by this configuration is the bandwidth limitation 
caused by the intrinsic narrowband resonant 
behavior of the waveguide field. Nevertheless, 
available bandwidth is usually enough for typi-
cal narrowband radar operation.

Obviously, the above described disposition 
of radiators only is able to radiate pure lin-
ear polarization whereas circular polarization is 
strongly required by radar systems. In previous 
works, several approaches have been proposed 
to achieve circular polarization in rectangular 
waveguide slot arrays. On the one hand, more 
complicated slot shapes, e.g. crossed slots [2], 
are capable to radiate circular polarization when 
they are excited by the waveguide fundamental 
mode. However, such elements must be  spaced 
λwg  for broadside radiation, thus forcing to resort 
to tilted leaky-wave designs [3]-[4] so as to avoid 
high diffraction sidelobes. On the other hand, al-
ternative radiating elements, such as probe-fed 
microstrip patches [5] may be used. This option, 
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tion enjoys all the above mentioned advantages 
attributed to design in [7], it suffers from a lack of 
mechanical robustness which becomes crucial 
in radar applications. In addition to that, etching 
process and welding to the rectangular guide 
as well as alignment of such thin sheets make 
fabrication process very exigent and often un-
successful. As a consequence, a new slot-dipole 
layout must be adopted to alleviate fabrication 
exigencies and enhance antenna resistance.

Alternatively, slots and dipoles can be etched 
on both sides of a unique PTFE substrate whose 
thickness, therefore, must be around λ/5 (little 
more than 1 mm at 37 GHz) to produce circu-
lar polarization (see Fig. 3b). The vertical dis-
tance and horizontal alignment between slots 
and dipoles are now inherently guaranteed by 
a standard PCB fabrication process. An obvi-
ously enhanced mechanical robustness of this 
single-piece structure supporting all radiating 
elements also helps in the subsequent welding 
to the guide. Such mechanical and fabrication 
benefits turn into difficulties when electrical per-
formance is evaluated. A λ/5 thick dielectric ma-
terial with a permittivity around 2.2 as the one 
considered, permits propagation of significant 
surface-waves, which leads to much stronger 
mutual couplings among radiators than those 
of the structure based on light materials. Fortu-
nately, the effect of those augmented interac-
tions may be accurately evaluated by making 
use of a rigorous analysis code and properly cor-
rected to achieve the desired performance.

The design method of a circularly-polarized slot-
dipole array is explained in detail in a previous 
authors’ paper [8]. In few words, this approach 

however, presents modeling and construction 
difficulties particularly at millimeter-wave bands 
where manufacturing tolerances are known to 
be very critical.

Finally, another approach involves making use 
of linear-to-circular polarization converters. In a 
former paper [6], it was demonstrated that cir-
cular polarization can be produced by placing a 
tilted parasitic dipole (Fig. 2) at an approximated 
distance of λ/5 right above a slot. Later in [7], 
this technique was successfully extended to an 
array, where parasitic dipoles were etched on a 
very thin polyethylene sheet placed on top of an 
expanded polystyrene layer. As reported by the 
authors, such a low permittivity material (nearly 
that of vacuum) allowed them to neglect it in 
designing length and orientation of dipoles to 
achieve circular polarization. Furthermore, anal-
ysis of the whole antenna may be carried out by 
considering just a few surrounding elements 
because of their weak mutual couplings. An ad-
ditional advantage in design is derived from the 
fact that dipole array showed no major influence 
on the slot array which needed no modification. 

In the case discussed in this paper, the array is 
designed for operation at 37 GHz (Ka band). A 
proper choice of materials on which slots and 
dipoles will be etched plays a fundamental role 
in electrical and mechanical antenna character-
istics. A slot-dipole layout based on ‘light’ materi-
als like those of [7] is first considered, whose side 
view scheme is depicted in Fig 3a. Both slots and 
dipoles are etched on very thin, almost negligi-
ble, PTFE sheets. The space left between them is 
filled by a foam material, with an electrical be-
havior very similar to air. Although this first op-

A single-layer 
fabrication 
of slots and 
dipoles is 
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assembly, 
fabrication, 
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mechanical 
robustness

  Figure 1. Resonant shunt slot array.   Figure 2. Slot-dipole array for circular polarization

  Figure 3. Side view of proposed slot-dipole layouts, (a) based on light materials and (b) single-layered



 ISSN 1889-8297 / Waves  ·  2010 ·  year  2108 Waves  ·  2010  ·  year 2 / ISSN 1889-8297 109

applies a modified version of the so-called equiv-
alent self-admittance method [1], so that slot 
resonant length and dipole tilting and length are 
determined for a given offset by assuming iden-
tical radiators throughout the whole array. As a 
result, the arrangement of all antenna elements 
can be defined. However, with this initial disposi-
tion, the desired performance of the antenna is 
not completely achieved. Notice that the design 
method necessarily considers identical antenna 
elements, which does not correspond to the 
actual antenna. This departure has a noticeable 
impact on antenna parameters due to the huge 
mutual couplings mentioned above. Hence an 
iterative tune-up procedure starting from this 
first design is proposed in this paper.

This work describes the required optimization 
procedure followed for a slot array antenna load-
ed with parasitic dipoles for circular polarization, 
when an electrically thick dielectric substrate is 
employed. Section 2 summarizes the initial array 
design procedure described in [8] while section 3 
describes the optimization approach itself. Next, 
section 4 reports some representative results of 
the proposed technique, whose application to 
the design, fabrication and measurement of pro-
totypes is illustrated in section 5. Finally, section 
6 summarizes the main conclusions of this paper.

2. Design method

2.1. Radiating element design
In every antenna design procedure, the accuracy 
of the electromagnetic analysis tool employed 
determines the validity of final results. This cor-
respondence is greatly accentuated in a case like 
the one treated, where mutual couplings and 
manufacturing tolerances play such a signifi-
cant role. The present work adopts the modeling 
technique described in [8], which applies the 
Method of Moments (MoM) by using special-
ized Green’s functions for both the multilayer 
external region and the rectangular waveguide 
internal region. Due to their particular geometry, 
magnetic currents on slots and electric currents 

on dipoles are expanded into a single basis func-
tion per slot/dipole, with cosine distribution in 
the longitudinal dimension and uniform distri-
bution in the transversal dimension. This equiva-
lence in the analysis method (one basis function 
per element) turns out to be fundamental for a 
time efficient design and further optimization 
approach when a large antenna is considered. It 
is worth noting that such ad-hoc code was suc-
cessfully applied in the past by these authors [9], 
confirming its accuracy by measurements.

In order to achieve circular polarization (CP) with 
the radiating elements of Fig. 2, the electric verti-
cal distance between a slot and its correspond-
ing parasitic dipole must be at least λ/5. Since 
mutual couplings increase as substrate is thicker, 
a separation between slots and dipoles as short 
as possible is recommended. Once a commercial 
microwave substrate is chosen, parasitic dipole 
length and its tilt with respect to the slot must 
be designed in order to confirm the adequate-
ness of chosen material. In Fig. 4, axial ratio for 
a slot-dipole pair is represented with a substrate 
thickness of 1.143 mm and relative permittivity 
of 2.2. Slot length is set to 0.4λ and dipole length 
and tilt are modified. It can be readily verified 
that the axial ratio remains below 3 dB (typical 
specification) for a wide range of dipole param-
eters. A good polarization bandwidth is there-
fore expected, which becomes essential due to 
the already mentioned critical manufacturing 
tolerances.

2.2. Array design procedure
In a conventional shunt slot resonant array de-
sign, the desired radiation pattern is synthesized 
by shifting each slot a certain offset with respect 
to waveguide axis. There exists a correspond-
ence between offset displacement and its exci-
tation weight, and at the same time, the slot res-
onant length [10] needed to match. An identical 
procedure is adopted here, but now additional 
information about length and inclination of the 
dipole must also be obtained by imposing circu-
lar polarization. When this radiating element is 
part of an array, on the other hand, resonance 
parameters are modified by the effect of mutual 
couplings. Hence, an accurate estimation for the 
slot length, dipole length and dipole tilt must 
take into account the presence of every array 
element. Since final arrangement of elements 
is still not known at this design step, a uniform 
infinite array is usually considered. This is a rea-
sonable approximation because of a predictable 
slow variation of physical dimensions for nearby 
elements. However, this well-known infinite ar-
ray approximation [11] should not be applied in 
this case due to stronger mutual couplings, and 
therefore a uniform finite array model and the 
method of moments is employed to reach more 
accurate results. Finite model is certainly slower 
computationally speaking but it allows to use 
the actual amplitude and phase distribution of 
waveguides and radiators and to take into ac-
count edge effects.

An 
optimization 
procedure 
fine-tunes 
matching 
and radiation 
performance 
given by a 
conventional 
design

 

When designing a two-dimensional array like 
the one depicted in Fig. 7, (1) and (2) must be 
solved for every row (guide), which leads to the 
same set of equivalent conductances since volt-
age distribution A(n)  is unique. Correspondence 
between  gn  values and physical parameters of 
radiators, however, change from one row to an-
other due to the applied finite array analysis. As 
a consequence, the two-dimensional array does 
not consist of a simple juxtaposition of identical 
rows. In fact, mutual couplings between adja-
cent rows are very strong because of elements’ 
orientation, so edge effects have a notable influ-
ence on final array design.

An iterative approach [8] was proposed by these 
authors to compute a design tabular data relat-
ing each considered offset to slot-dipole reso-
nance parameters. To that end, a slot-dipole pair 
is placed at the centre of the considered finite ar-
ray arrangement formed by identical elements. 
Slot length is varied until resonance (purely real 
impedance) is achieved. Next, keeping slot un-
altered, dipole length and tilt are designed for 
circularly-polarized radiation. Last variations in 
dipole parameters in turn affect the slot reso-
nant length, thus forcing to apply an iterative 
process described in Fig. 5. The algorithm shows 
a good behavior, and convergence is achieved 
after few iterations.

Once slot-dipole dimensions to achieve reso-
nance and circular polarization are obtained for 
each offset, the corresponding equivalent con-
ductance of the resulting radiator is computed. 
This is the widely known equivalent self admit-
tance method [1], which assumes a radiated 
power proportional to the element conduct-
ance. As a final result of this preliminary step, a 
tabulated data for each offset is found, with the 
following parameters: slot length, dipole length, 
dipole tilt and equivalent conductance, all of 
which defining a circularly-polarized resonant 
element.

A one-dimensional shunt slot-dipole array can 
be replaced by an equivalent circuit where each 
element is represented by its corresponding 
equivalent shunt conductance (see Fig. 6). In 
order to ensure a perfectly matched input port 
at the working frequency, the sum of all normal-
ized conductances is required to be equal to 1 
both for end or centre feed. This last alternative 
is chosen here to improve overall antenna band-
width. On the other hand, the desired aperture 
illumination is attained by the current distribu-
tion of conductances, knowing that the ampli-
tude weight of each element is proportional 
to its equivalent conductance. Mathematically, 
for a one-dimensional array of N elements, the 
above matching and illumination conditions are 
expressed as follows [1]:

			   [1]

[2]

In the above equations gn is the normalized reso-
nant conductance of the nth slot, A(n)  is the de-
sired aper ture voltage distribution,  K  is a nor-
malization constant, and W  equals to 1. Solution 
for gn  of above system provides the distribution 
of conductances throughout the array, which 
can be readily translated into the final physical 
geometry of elements by means of the previ-
ously computed table.

  Figure 4. Axial Ratio as function of slot-dipole an-
gle and dipole length.

  Figure 7. Example of a two-dimensional slot-
dipole array formed by 8 rows with 10 elements each.

  Figure 5. Iterative design process for a shunt slot-dipole array.

  Figure 6. Equivalent circuit of a one-dimensional shunt slot-dipole array.
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3. Optimization procedure

The implementation of the above design meth-
od gives as a result the full arrangement of an-
tenna elements, which is completely defined by 
offsets and lengths of each slot and orientation 
and length of each dipole. In short, that method 
focuses on the following three antenna param-
eters for design:

•	 Aperture illumination: the desired weight 
profile of radiators in each row must be 
achieved by the solution for gn  of equa-
tions (1) and (2). As stated above, such con-
ductances are established by slots’ offsets 
with respect to their corresponding guide 
axis.

•	 Guide matching: in order to reach match-
ing at the input port of every guide, the 
sum of equivalent admittances of radiators 
belonging to each guide must be equal to 
1. The real part of this sum is already ac-
complished if the array illumination satis-
fies the conductance profile gn  determined 
in the above point. However, the imaginary 
part of the admittance must also be zero 
for each element, which is mainly control-
led by its slot length.

•	 Circular polarization: an axial ratio as 
close as possible to the ideal 0dB value 
should be reached. As explained previous-
ly, this requirement is satisfied by the prop-
er tuning of dipole length and orientation.

With this initial disposition, however, the desired 
performance of the antenna is not completely 
achieved. Notice that the design method nec-
essarily considers identical antenna elements, 
which does not correspond to the actual an-
tenna. This disagreement affects all mutual cou-
plings in a marked way, which alters antenna 
parameters. It becomes particularly important 
for the case treated, where mutual couplings are 
stronger than usual because of the electrically 
thick dielectric substrate employed. 

Hence, an iterative tune-up procedure must be 
carried out starting from this first design, which 
can be considered a good initial point. In order 
to meet all above criteria, three corrections are 
performed successively for each antenna radia-
tor: a slot offset modification to assure the re-
quired aperture illumination; a slot length cor-
rection to achieve a proper matching for every 
guide; a dipole adjustment (length and orien-
tation) to improve the axial ratio figure. Notice 
that each adjustment somehow distorts what is 
attained by previous corrections. For this reason 
an iterative procedure is required to accomplish 
all above antenna parameters. As stopping con-
ditions for this process, a tolerance for the axial 
ratio and the sum of row admittances may be 
fixed.

4. Results

Above described design and optimization ap-
proach for two-dimensional slot-dipole shunt 
arrays is applied to two antennas with different 
specifications. In both designs, slots and dipoles 
are etched on a standard PTFE dielectric sheet, 
with a thickness of 1.143mm and a relative per-
mittivity of εr = 2.2. A 5.1 mm thick gap of air 
is left between dipoles and a radome made of 
a 5mm-thick piece of polycarbonate (εr = 2. 7), 
conceived to give more consistency to the an-
tenna structure. In this section, representative 
results of the design and optimization approach 
are shown, leaving fabrication and measure-
ments issues for Section 5.

Without loss of generality, a 24 waveguide ar-
ray with 40 radiating elements per waveguide is 
considered in this section. A uniform weight pro-
file is applied in the elevation plane (transverse 
to the waveguides). On the other hand, a co-
sine on a pedestal distribution is implemented 
in the azimuth plane, which should be attained 
by the slot-dipole design method described 
here. For illustration purposes, a preliminary re-
sult is shown to realize how surface waves alter 
the natural performance of the standard design 
method described in Section 2. Fig. 8 represents 
the imaginary and real part of the sum of equiva-
lent admittances in each waveguide, whose val-
ue must be close to zero and two respectively for 
proper matching, when space between slots and 
dipoles is filled with both the current PTFE mate-
rial and air. It appears evident that for this last 
case, which is free of surface waves, the design 
method provides optimum results while PTFE 
case needs an optimization approach to correct 
admittance values.

Therefore, the optimization approach described 
in section 3 is carried out on this antenna, con-
verging after few iterations. The sum of admit-
tance values of the final antenna (after optimi-
zation) compared with those of the first design 
(before optimization) are shown in Fig. 9. All de-
viations caused by unusually strong mutual cou-
plings are clearly corrected and final admittanc-

Two 
prototypes 
with different 
specifications 
has been 
designed, 
manufactured 
and measured

waveguides feeding network is therefore de-
manded to accomplish both requirements. Note 
that a cosecant-shape radiation pattern requires 
a non-uniform phase distribution which is de-
signed by applying the pattern synthesis algo-
rithm described in [12]. Such weight profile is 
realized by an intricate multilevel waveguide 
network, designed and tested for that purpose. 
In particular, an arrangement of 24 waveguides 
with 36 radiating elements each is adopted.
 
Conversely, a cosine on a pedestal amplitude 
distribution is synthesized in azimuth plane in 
order to reduce secondary lobes. Once slots and 
dipoles are fully designed and optimized, they 
are fabricated on a single dielectric laminate, 
and welded to the aluminum structure sup-
porting the short-ended waveguides. A scheme 
of the setup procedure is depicted in Fig. 11. 
Waveguide feeding network mentioned above 
will be connected to the inputs of the short-end-
ed waveguides.

A complete measurement process confirmed a 
good electrical performance concerning all an-
tenna characteristics. In first place, Fig. 12 rep-
resents measured radiation patterns for both 
elevation and azimuth planes. A cosecant-shape 
profile is fully achieved in elevation plane within 
the specified thresholds while a low-sidelobe 
high directive beam is attained in azimuth plane. 

With regard to the circular polarization specifica-
tion, an axial ratio of 1.9 dB is achieved, which 
is well above the simulated value, but better 
than the 3 dB requirement. Maximum directivity 
reaches 34.1 dBi, while maximum gain is 32 dBi. 
This 2 dB difference may be attributed to losses 
in conductors and dielectrics and leaking fields 
caused by an imperfect assembly of antenna 
pieces, almost unavoidable at these frequencies. 
Finally, matching requisite is fully accomplished 
thanks to an input reflection coefficient below 
-20dB in the whole working frequency band.

5.2. Prototype 2: 
Electronically Steerable Antenna
One important value-added feature on radar an-
tennas addresses the possibility of electronically 
modifying the main beam direction. Such char-

es attain nearly ideal values. Additionally, the 
amplitude distribution along each guide must 
also be similar to the desired cosine over pedes-
tal function. For example, Fig. 10 represents the 
real part of equivalent admittances (conduct-
ances) for each element along the central guide. 
Once more, optimization approach successfully 
restores the conductance distribution. All exhib-
ited results make evident the significant benefit 
of the optimization procedure on conductances, 
which will lead to a matching improvement of 
every guide and a radiation pattern as ideal as 
theoretically possible. Yet a last requirement 
must be accomplished, i.e. a good value of axial 
ratio. In this case, original axial ratio is 0.95dB, 
which translates into 0.09dB once optimization 
approach is carried out. 

5. Prototype description

5.1. Prototype 1: 
Cosecant-pattern antenna
A usual specification on radar applications calls 
for a cosecant-shape radiation pattern in the 
elevation plane, transverse to the waveguides, 
which is realized here by a proper design of the 
feeding network. Furthermore, a monopulse 
operation on both planes is recommendable 
for tracking performance. An exigent design of 

  Figure 8. Sum of equivalent admittances for each 
guide with air and PTFE.

  Figure 9. Sum of equivalent admittances for each 
guide before and after optimization approach.

  Figure 10. Equivalent conductance of each ele-
ment along the central guide before and after optimi-
zation approach.

  Figure 11. Top and bottom view of the antenna assembly.
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ceptable range of scanning angles. A measured 
maximum directivity slightly above 35 dBi for 
the valid range of steering angles confirms the 
validity of the design. Measured gain, however, 
drops to 24 dBi because of the already predicted 
huge losses of phase-shifters. Note that current 
frequency band lacks efficient designs of phase-
shifters in rectangular waveguide technology, 
leading to resort to monolithic devices with in-
herent high losses. Nevertheless, angle discrimi-
nation is preserved as a result of low beamwidth 
values, and therefore the reduction of gain will 
only affect to a shorter distance range of the ra-
dar system. Lastly, it is worth noting that match-
ing measurements also fulfills return loss speci-
fication for all frequencies in the valid range of 
scanning angles.

6. Conclusions

This paper deals with the design of circularly-
polarized slotted rectangular waveguides arrays 
loaded with parasitic dipoles, mainly conceived 
for radar applications. A single-layer fabrication 
of slots and dipoles is adopted with the aim 
of facilitating the assembly and fabrication of 
the antenna as well as improving its mechani-
cal robustness and durability. Application of a 
standard design method to such an electrically 
thick substrate fails due to strong surface waves 
propagation. An optimization procedure is pro-
posed here to fine-tune matching and radiation 
performance given by a conventional design 
based on a uniform array model. The proposed 
procedure has revealed to be essential when 
strong mutual couplings are presented. 

A successful antenna development lays both on 
a well-designed waveguide feeding network and 
an optimum slot-dipole arrangement. Two pro-
totypes with different starting specifications has 
been designed, manufactured and measured. A 
monopulse cosecant-pattern antenna was first 
considered. Measurements confirm the validity of 
the proposed optimization method, since radia-
tion patterns in elevation and azimuth plane cor-
respond to a cosecant and a low-sidelobe directive 
beam respectively. Axial ratio and input reflection 
coefficient also meet antenna requirements.

The second antenna required a low-sidelobe di-
rective beam in azimuth plane and an electroni-
cally steerable directive beam in elevation plane, 
also able to work as monopulse operation. A full 
integration of phase-shifters into a Tschebysh-
eff-profile waveguide feeding network allows 
accomplishing the desired steering capability. 
Such functionality is demonstrated by measure-
ments at different scanning states. Optimization 
approach provides high-directive radiation pat-
terns in both planes, good matching behavior, 
and axial ratio values below 3 dB. However, a 
gradual deterioration of radiation characteristics 
is observed as scanning angle increases.

acteristic is usually answered by the incorpora-
tion of phase-shifters into the feeding antenna 
network, making its implementation even more 
complicated for this case. It should be noted that 
an efficient integration of multi-state phase-shift-
ers into rectangular waveguides has not been re-
ported to date. In the case treated here, the feed-
ing network synthesizes a low-sidelobe (25dB 
SLL) Chebysev illumination in elevation plane. 
Furthermore, a monopulse operation in both 
planes is also demanded. Fig. 13 represents a part 
of the designed feeding network with simulated 
fields. An array of 24 waveguides with 40 radiat-
ing elements each are adopted for this design.
On the other hand, design and optimization of 

slots and dipoles are carried out to achieve a 
cosine on a pedestal amplitude distribution in 
azimuth plane, similar to that of the first proto-
type. Apart from the phase-shifters circuitry, an 
identical fabrication process assembles the final 
antenna structure. 

An exhaustive measurement process was also 
carried out on this antenna by testing all phase-
shifters states and verifying a correct steerable 
performance. Only a sample of those results is 
included in this paper for the sake of briefness. 
In Fig. 14a measured radiation patterns in el-
evation plane for different steering angles are 
represented. As can be observed, well-shaped 
radiation patterns are achieved, though they 
gradually deteriorate as scanning angle deviates 
from broadside direction. This effect is owing to 
the fact that radiators weights are optimized for 
broadside direction and phase-shifters are main-
ly calibrated for an optimum performance on 
zero-state. Nevertheless, scanning performance 
works in a reasonable way for cited application 
in pointing the beam to the desired direction 
without an important decrease in directivity. Re-
garding azimuth plane radiation pattern repre-
sented in Fig. 14b, a good low-sidelobe directive 
beam is attained, which corroborates the effec-
tiveness of the slot-dipole optimization.

A gradual deterioration for higher scanning an-
gles is also observed in axial ratio figures, even 
though the 3 dB criterion is satisfied for an ac-

  Figure 12. Radiation patterns in (a) elevation and (b) azimuth plane for prototype 1.

  Figure 13. Part of the Tschebysheff waveguide fee-
ding network for prototype 2.

  Figure 14. Radiation patterns in (a) elevation and (b) azimuth plane for prototype 2.
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