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Abstract

A new design of a dielectric transmit-array for mechanical beam steering working at 30 GHz with
Circular Polarization (CP) is presented. The transmit-array has as main particularities the curvature
of its substrate and the usage of a bifocal strategy. Also, it is intended to be as small and compact
as possible. This design allows achieving high gain and wide scanning coverage complemented by low
beam distortion and a scan loss margin below 3 dB. Its scanning coverage goes from 0◦ to 70◦. It is
proven that a bifocal design implemented in a curved dielectric transmit-array, with metallic inclusions,
is capable of achieving the proposed goals. Its model was developed and tested either in CST and
experimentally in an anechoic chamber.

1. Introduction

Throughout the years, wireless communications,
in general, are gaining an increasing importance
since they allow communications from almost every
point of the Earth to another. To establish commu-
nications between two distant points of the globe,
it is necessary to use satellites. Satellites were and
will continue to be responsible for numerous appli-
cations [1]. To communicate with a satellite, there
must be placed an antenna at the ground terminal
(mobile or stationary) and another at the satellite
terminal.

It is expected that the Satellite On The Move
(SOTM) applications growth exponentially in the
short term. The interest for these applications al-
lied to the necessity and interest of having low cost,
low volume and high speed terminals and to the fact
that the Ku-Band has become congested, made re-
searchers to focus their interest in the Ka-Band [2].
The satellites used in these applications may offer
mobile broadband in the Ka-Band, which makes it
desirable to develop antennas for terrestrial mobile
terminals to communicate with them. These mobile
terminals are, for example, cars, buses and vessels.
These antennas are intended to have reduced cost,
so that they can be mass produced. An high scan-
ning coverage is also desired to maintain the link be-
tween the mobile terminal and the satellite. The de-
signed antenna (primary feed and a transmit-array)
fits in these applications.

The transmit-array is the most important part of

this work. In order to transmit or receive energy
in freespace, it is convenient to direct the energy of
the radiation in the wanted directions and suppress
it in the unwanted directions in order to avoid in-
terferences. To achieve this, a high gain antenna
is designed adding a device to the primary feed,
usually larger than the primary feed itself, called
transmit-array. In other words, a transmit-array is
intended to collimate incident energy on a particu-
lar direction in order to prevent it from spreading
in unwanted directions. Its geometrical conguration
and material dictates how the energy is transmit-
ted.

Nowadays, there are a lot of congurations of
transmit-arrays, but they have in common the fact
that all of them are at. The innovation that this
work provides is that the designed transmit-array
is curve even though the cells are constituted by
simple square inclusions. Its curvature, combined
with a bifocal strategy, enables the scanning cover-
age to become wider. These two characteristics are
a very interesting solution that may solve the limi-
tations and fill the needs of previous configurations
[3–6].

This extended abstract is subdivided in eight sec-
tions. The first section serves as introduction to the
transmit-array and wireless communications in gen-
eral. Section 2 formulates the problem, giving spe-
cial emphasis to the geometry of the transmit-array.
Section 3 summarizes the asymptotic methods uti-
lized to obtain the final results. Section 4 approach
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the design and simulation results. Section 5 de-
scribes the fabrication process of the manufactured
transmit-array. Section 6 shows the experimental
results obtained in laboratory of the behavior of the
built transmit-array. In section 7, the conclusions
of the work are summarized and in section 8 the
acknowledgements are given.

2. Formulation

Figure 1: Geometry of the transmit-array.

The proposed transmit-array was designed to
work at 30 GHz and its scheme is illustrated in Fig-
ure 1. Its characteristics will be explained through-
out this section.

2.1. Configuration of the transmit-array

In order to aim the radiation towards high an-
gles of θ, tilting a transmit-array could be a pos-
sible solution. However, the area that the pri-
mary feed would ”see” decreases with the cosine of
the tilting angle compared to a flat transmit-array
and, because of that, the directivity of the radia-
tion patterns would decrease drastically since every
cell would have much less impact in the process of
aligning the phase of the radiation. Bending the
transmit-array increases the area ”seen” by the pri-
mary feed. This effect is illustrated in Figure 2,
where A represents the area of the transmit-array
that the primary feed ”sees”. It also possibilities
the aiming of radiation to high elevation angles (θ
close to 0◦) once the rightmost part of the transmit-
array is approximately a flat transmit-array. The
first idea for this transmit-array was a curved part
(left part, intended to aim radiation towards high
angles of θ) connected to a flat part (right part, in-
tended to aim radiation towards low angles of θ)
but, in order to ease its fabrication, it was decided

to design a curved transmit-array without distinct
areas.

Figure 2: a) flat and b) tilted (blue) vs curved (orange)
transmit-arrays.

The curve that defines the transmit-array has a
radius of 400 mm with a circular sector of, ap-
proximately, 31.51◦ rotated 9◦ clockwise around
(x0, y0, z0) of Figure 1. During the initial ap-
proach, a radius of 300 mm was considered but this
value would bend the structure excessively and that
would make the process of manufacture consider-
ably harder. Also, the cells designed in [6], which
were used during the fabrication, were designed for
normal incidence. With a low radius, the effect of
the cells on the edges of the transmit-array would
be unpredictable. So, the radius of curvature of the
transmit-array was set to be 400 mm and every op-
timization and simulation was done considering this
value.

Also, the transmit-array is independent of y, that
is, it is equal in the plane XZ. The 360◦ azimuth
scan is done through a rotation around an verti-
cal axis (containing the phase center of the primary
feed). The scan in elevation is done through a me-
chanical in-plane movements of the transmit-array.

2.2. Phase correction function
Designing a transmit-array to aim the radiation

towards a specific angle increases drastically the di-
rectivity of its radiation pattern in that direction
once the radiation have the same phase over a plane,
that does the complementary angle a0i with the ver-
tical axis. The orange (f1(x, z)) or black (f2(x, z))
lines (actually, they are planes) present in Figure 1
are defined by equation (1) and represent the wave
front of the radiation that travels towards a partic-
ular direction.

z = −tan−1(αi)× x+ bi, i = 1, 2 (1)

These imaginary planes are designed in order to
help the construction of the phase correction func-
tion. Their slopes are what define the elevation an-
gle of the radiation pattern, ideally. For instance,
in a situation of an unifocal solution where the
transmit-array is intended to aim radiation towards
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θ = 0◦ there would be only one horizontal plane
in this characterization. That is, each plane corre-
sponds to one focal point.

The formulation of the unifocal phase correc-
tion function is present in equation (2), where the
value of dfocus→ta(xta, yta, zta) represents the dis-
tance between the corresponding focus and an arbi-
trary point over the transmit-array and di(xta, zta)
represents the minimum distance between an arbi-
trary point over the transmit-array and f1 or f2 of
Figure 1, depending on which focus is being consid-
ered. (xta, yta, zta) is considered to be an arbitrary
point over the transmit-array surface.

φui = k0 (dfocus→ta(xta, yta, zta) + di(xta, zta)) , i = 1, 2
(2)

Each cell of the transmit-array has to introduce
a delay that compensates the different paths of the
radiation (sum of the distance between the primary
feed and transmit-array and the distance between
the transmit-array and the imaginary line). This
compensation is done using the bifocal phase cor-
rection function of equation (3). This function al-
lows a smooth transition between the two unifo-
cal functions when the feed is translated and im-
proves significantly the overall performance of the
transmit-array.

φb =
A1 × φu1 +A2 × φu2

A1 +A2
(3)

Ai = e
−

(xa − xfcli)2

(σi)2 , i = 1, 2 (4)

A1 and A2 quantify the weight of focus 1 and
2, respectively, and are calculated, at each point,
according to equation (4), where xfcl1 and xfcl2 are
the x coordinates of focus 1 and 2, respectively. In
accordance to equation (3), it is concluded that the
bifocal phase correction function is calculated using
the weighted average between the phase correction
function of both focuses. σ1 and σ2 are constants
that characterize how fast A1 and A2 decay along
X, respectively.

The bifocal phase correction function is indepen-
dent of the feed position, as it would be expected,
once it characterizes the transmit-array and its
properties can not change over time. When A1 = 0
or A2 = 0, the bifocal phase correction function
simplifies to the corresponding unifocal phase cor-
rection function with focus 2 or 1, respectively. The
unifocal term corresponding to focus 1 is more dom-
inant in regions where x is between x1 and xflc1.
This forces φb ∼= φu1 . The opposite is also true, that
is, the unifocal term corresponding to focus 2 is
more dominant in regions where x is between xfcl2
and x2. This forces φb ∼= φu2 . The functions A1 and

A2 are constant over the transversal cut once they
were designed to be independent of y.

Therefore, the focal points and the values of the
factors A1 and A2 had to be adjusted in order to ful-
fill the minimum proposed requirements and create
the bifocal phase correction function.

The values of the bifocal phase correction func-
tion at each point must be discretized in order to
approximate the solution as much as possible to the
simulations using real cells, which are characterized
by discrete values of phase delay. In order to pro-
ceed to this discretization, an interval ∆d of 36◦ was
considered (during the implementation of the real
cells the discretization was done differently as it will
be seen later).

2.3. Lens directivity and aperture dimensions

The transmit-array is intended to be as small as
possible as long as it guarantees the minimum re-
quirements. The indicative values for the dimen-
sions of the transmit-array were chosen taking into
account the design of a previous work done by our
group [5]. In the first stage, the transmit-array was
designed to be 180 mm long and 120 mm wide.

However, during process of optimization using
Matlab and KH3D, it was verified that these val-
ues were not enough to fulfill the minimum require-
ments. At first, the width of the transmit-array was
small considering a focal distance of around 100 to
110 mm (this will be explained in the following sub-
section). That is, the radiation that illuminates the
transmit-array would suffer from spill over effect for
every position of the transmit-array (it should be re-
membered that the scan is done using mechanical
translations of the primary feed in the plane y = 0
mm). Also, the length of the transmit-array was not
capable to guarantee the desired scan. For the two
extreme positions, and again due to spill over effect,
the transmit-array was not well illuminated and the
directivity of the radiation pattern for these posi-
tions (mainly for θ = 70◦) would be smaller than
intended and the SLL higher than intended. This
was concluded after an attempt of optimizing the
focal points.

Taking into account this study, the length of the
transmit-array was set to be 215 mm (horizontal
distance of Figure 1) and its width to be 142.5 mm.
The shape of the transmit-array is independent of y,
that is, it is equal in the plane XZ, from y = −71.25
mm to y = 71.25 mm. The curve that defines the
transmit-array has a radius of 400 mm with a cir-
cular sector of, approximately, 31.51◦.

According to these dimensions, the angles ε and
γ of Figure 1 can be calculated knowing the points
P1 and P2. P1 = (−x1, 0, 29.60) mm intersects the
transmit-array for x = −x1 and P2 = (x2, 0,−1.47)
mm intersects the transmit-array for x = −x2.

3



These calculations are done with the aid of equa-
tions (5) and (6). The angle of the total circular
section, CS, can be calculated according to equa-
tion (7), where A represents a correction imposed
by the representation of each cell by a point. It is

mathematically equal to
2× 1.25× 360

2πR0
.

γ = tan−1
(
x2 − x0
z0 − P2z

)
= 7.53◦ (5)

ζ = tan−1
(
x1 + x0
z0 − P1z

)
× 180

π
− β = 14.98◦ (6)

CS = γ + ζ + β +A ≈ 31.51 + 0.36 ≈ 31.87◦ (7)

2.4. Focal distance
The focal distance interferes in two factors: di-

rectivity of the radiation pattern and main beam
distortions. The farthest is the focal point from the
transmit-array, the better is the shape of the radia-
tion patterns and lower is the SLL. For a higher dis-
tance of the primary feed relatively to the transmit-
array, the illumination is better compared to a case
when the primary feed is closer to the transmit-
array. However, in order to design a low profile
and low volume antenna, it is intended that the set
transmit-array plus primary feed to be as compact
as possible. The indicative value for the focal dis-
tance was chosen taking into account the design of
a previous work done by our group [5]. The focal
distance of 110 mm leads to radiation patterns with
low SLL and low main beam distortion.

The proposed vales for the apperture dimensions
and for the focal distance were taken into account
the study done in [5]. However, this study was done
for a flat transmit-array with one focal point. Al-
though, the indicative values were chosen taking
this study into account since there is not a similar
study for a curved transmit-array (with a bifocal
strategy).

2.5. Primary feed used in Matlab
During the process of pre-designing the curved

transmit-array using Matlab and KH3D, a Gaus-
sian feed was utilized. It is described by equation
(8), where θ0 is equal to 0.51 rad and was designed
in order to simulate a feed with a directivity of,
approximately, 15 dB. This feed reproduces a suf-
ficient approximation of the diagram pattern of an
horn. Also, in terms of calculations, it allows that
these calculations are made extremely fast.

|E|= e
−

 θ

θ0

2

(8)

The amplitude plot over the transmit-array sur-
face for the central position (that is, for the posi-
tion that has xfeed = 0 mm), for the feed defined

in equation (8) can be determined and it is shown
in Figure 3.

Figure 3: Amplitude plot over the surface of the
transmit-array for the central position in dB.

Tables 1 and 2 summarize the dimensions and
angles of the curved transmit-array, respectively.

x0 z0 xfcl1 yfcl1 zfcl1
62.60 395.07 5.00 0.00 -110.00
x1 x2 xfcl2 xfcl2 xfcl2

-100.00 115.00 40.00 0.00 -110.00

Table 1: Dimensions of the transmit-array in mm.

α01 α02 γ β ζ

32.000 57.000 7.527 9.000 14.983

Table 2: Angles of the transmit-array in degree.

3. Intermediate Simulation Results: Asymp-
totic Methods

The simulations of a transmit-array using its real
model in CST, with the dimensions described in
section 2 (much larger than the wavelength), are
too time consuming. So, intermediary steps were
taken in order to model the transmit-array more
efficiently.

Several intermediary steps were taken in order
to verify the need of designing a curved structure
with a bifocal strategy to fulfill the minimum goals
proposed. At first, the study focused on a pre-
evaluation of a flat transmit-array fed by a Gaussian
feed and using KH3D with an unifocal phase correc-
tion function. The dimensions of the transmit-array
and the focal distance were adjusted to achieve a
gain around 30 dB and the best possible SL. This
configuration did not fulfill the requirement of hav-
ing a scan coverage of 70◦, as it was desired.

Next, the same study was done over a curved
transmit-array with, again, an unifocal phase cor-
rection function and fed by a Gaussian feed and us-
ing KH3D. Bending the transmit-array introduced
some improvements but it was still not enough to
fulfill the requirement of having a scan coverage of
70◦.

Next, the same procedure was done into a
transmit-array with the same curvature and dimen-
sions but using a bifocal strategy and the objectives
were fulfilled.
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After the pre-evaluation, full-wave analysis were
done resorting to CST. At first, in order to make
calculations easier and faster, every cell was repre-
sented by what is going to be called as their equiva-
lent model. As an equivalent model, a cell is repre-
sented by an homogeneous equivalent model, a solid
completely filled with a dielectric with a certain re-
fractive index. The results were compatible with
the pre-evaluation.

Finally, the same analysis was done using the
cells adapted to the curvature of the transmit-array.
These cells were designed in [6] (real cells).

3.1. Matlab

The values of σ1, σ2, α01, α02 and the feed po-
sition were adjusted so that, for every position,
the minimum requirements can be achieved. Also,
but previously to this optimization, adjustments to
the transmit-array dimensions were made. For in-
stance, the radius of the curve that describes the
transmit-array had to be large enough to facilitate
the fabrication process, but not too large in order to
guarantee the possibility to reach radiation patterns
with high tilting angles. Also, the dimension along
the x-axis had to be wide enough since, in order
to fulfill the minimum requirements, the transmit-
array had to translate to points that would create
large amounts of spillover effect. This process was
done, at first, theoretically for a continuous bifocal
phase correction function and then the results were
discretized.

It did not introduce significative differences. It
is also important to refer that the results obtained
from the transversal cut point of view bring radi-
ation towards 0◦ for every position (the transmit-
array is symmetric in the plane XZ).

The results of Figure 4 and Table 3 were obtained
after an extensive trial and error process. As it was
said earlier, these results are compatible with the
specifications.

Figure 4: Scanning, in Matlab, using two focal points
located at (5,0,-110) mm and (40,0,-110) mm with tilt-
ing angles 58◦ and 33◦, respectively, according to the
positions of Table 3 (circular polarization).

Position Directivity [dBi] MLD [º] xfeed[mm] yfeed[mm] zfeed[mm] SL [dB]
1 32.6 -1.6 70.0 0.0 -100.0 1.5
2 33.0 3.9 60.0 0.0 -100.0 1.0
3 31.5 12.7 45.0 0.0 -90.0 2.5
4 31.8 18.8 35.0 0.0 -90.0 2.3
5 32.2 28.1 20.0 0.0 -100.0 1.8
6 32.8 35.0 10.0 0.0 -100.0 1.2
7 34.0 42.0 0.0 0.0 -100.0 0.0
8 33.8 49.9 -10.0 0.0 -95.0 0.3
9 32.8 55.9 -20.0 0.0 -95.0 1.3

10 32.6 62.0 -30.0 0.0 -100.0 1.4
11 32.9 69.7 -42.5 0.0 -110.0 1.2

Table 3: Characteristics of the radiation patterns of
the scanning of Figure 4 (circular polarization).

3.2. CST: model using equivalent cells
3.2.1 Gaussian illumination

The illumination during the tests for both models
(equivalent cells and real cells) was done using a
Gaussian feed with a directivity of, approximately,
14.5 dB for f = 30 GHz. Its radiation pattern is
shown in Figure 5.

Figure 5: Radiation patterns of the primary feed on
both planes.

Figure 6: View of an equivalent cell on the plane φ =
0◦ designed using CST.

Three equivalent cells are depicted in Figure 6,
where the bigger base bb equals 2.51 mm and the
smaller base sb 2.49 mm. This approximation was
proven to be satisfactory once it lead to results
similar to the ones given by Matlab/KH3D. These
cells were totally filled with the corresponding val-
ues of εr and µr (calculated recurring to the bifocal
phase correction function used in the Matlab cal-
culations). The value of each refractive index is
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not important but rather the relationship between
them. The results obtained from this model are
shown in Figure 7 and Table 4.

Figure 7: E-plane Scanning, using equivalent cells in
CST, using two focal points located at (5,0,-110) mm
and (40,0,-110) mm with tilting angles 58◦ and 33◦, re-
spectively, according to the positions of Table 4.

 Position Directivity [dBi] MLD [º] AW [º] SLL [dB] xfeed[mm] yfeed[mm] zfeed[mm] SL [dB]
1 29.1 -3.1 6.2 -11.0 70.0 0.0 -100.0 0.4
2 29.5 2.0 6.0 -11.9 60.0 0.0 -100.0 0.0
3 29.1 11.2 5.7 -13.3 45.0 0.0 -90.0 0.4
4 29.1 17.3 5.8 -15.3 35.0 0.0 -90.0 0.4
5 28.6 26.0 7.8 -20.6 20.0 0.0 -100.0 0.9
6 28.0 33.5 8.8 -20.4 10.0 0.0 -100.0 1.5
7 28.0 41.2 8.9 -19.2 0.0 0.0 -100.0 1.5
8 28.3 49.0 7.4 -19.5 -10.0 0.0 -95.0 1.2
9 28.3 56.3 6.7 -15.7 -20.0 0.0 -95.0 1.2
10 28.3 63.4 6.5 -17.6 -30.0 0.0 -100.0 1.2
11 27.5 72.4 7.7 -13.5 -42.5 0.0 -110.0 2.0

Table 4: Characteristics of the radiation patterns of
the scanning of Figure 7 (primary feed oriented with
plane E parallel to φ = 90).

According to Figure 7 and Table 4), the model
of the transmit-array in CST using real cells was
done successfully. It presents slight differences to
the model in Matlab, but that is explicable due to
many factors such as: distinct cell design, different
feeds characteristics and the mathematical precision
of both softwares.

4. Design and Simulation Results

4.1. Real cells configuration

In order to guarantee even more accurate results,
a design of the transmit-array with real cells was
done. A real cell (developed in [5]) is constituted
by five layers of metal (PEC) embedded in a dielec-
tric substrate (RogersRT5880). This is the mini-
mum number of layers that guarantee a 330 interval
of phase correction with a transmission coefficient
higher than -0.4 dB [5]. The geometry of a real cell
is displayed in Figure 8. It is composed by 5 layers
of metal, being 3 of them inserted in the substrate
and 2 leaning on it. Their relative size is translated
in a certain phase delay.

Figure 8: Basic unit cell composition (Square patches
with side length of L1, L2 and L3).

As it is shown in Figure 8, the side length of Lay-
ers 1 and 5 is called L1, the side length of Layers 2
and 4 is called L2 and the side length of Layer 3 is
called L3.

4.2. Misalignment of the center of each inclusion
In order to build a transmit-array with a radius

of curvature of 400 mm at its center, the lower lay-
ers must be defined by a radius of curvature higher
than 400 mm. On the other hand, the upper layers
must be defined by a radius of curvature smaller
than 400 mm. For this reason, the difference in
length between the arcs of circumference of every
layer was not ignored and a correction factor must
be introduced. Otherwise, the center of each in-
clusion of each cell would be misaligned and the
behavior of the cells might become defective. This
misalignment is shown in Figure 9. The image of
Figure 9 is illustrative and does not represent two
layers.

Figure 9: Illustration of the misalignment of two layers
in the case that the correction factor is not considered.

θ1 − θ2 = ∆T = x

(
1

R1
− 1

R2

)
= xme (9)

Considering Figure 9, ∆T is calculated according
to equation (9), where R1 and R2 are two generic
values of distance between a layer and the point
(x0, y0, z0).
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The misalignment error between two layers, me,
is calculated through the difference between the in-
verses of the radius of those two layers. It only de-
pends on the radius of both layers taken into consid-
eration. The correction factor that must be applied
in order to align the centers of each cell is numeri-
cally equal to the misalignment error.

Table 5 summarizes the misalignment errors, the
radius of curvature for every layer and their corre-
sponding substrate length. In this table, and during
the whole work, Layer 1 represents the upper layer
while Layer 5 represents the lowest layer. The other
layers are in order as shown in Figure 8.

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
me 0.000 0.005 0.011 0.016 0.021

radius 398.308 399.150 399.992 400.833 401.675
sublen 217.500 217.955 218.409 218.860 219.310

Table 5: Misalignment errors for each layer in mm.

4.3. Simulation results

Three positions were tested to confirm that the
model was built correctly (positions 1, 7 and 11 of
Table 4).

Figure 10: Comparison between the results obtained
for the model using equivalent and real cells, for posi-
tions 1, 7 and 11 of Table 4 (primary feed oriented with
plane E parallel to φ = 90).

The results show a good consistency between
both models. Until this moment, eleven positions
were considered. However, in order to use this
transmit-array in real applications, the distance of
the primary feed to the transmit-array can not vary
in a discontinuous way. In other words, the func-
tion zfeed(xfeed) must be a well-known continuous
function.

During further simulations and measurements,
there are considered ten different positions for the
primary feed. These positions are summarized in
Table 6 and they are relative to the coordinate sys-
tem of Figure 1.

Position x [mm] y [mm] z [mm]
1 70.0 0.0 -100.0
2 57.5 0.0 -101.1
3 45.0 0.0 -102.2
4 32.5 0.0 -103.3
5 20.0 0.0 -104.4
6 7.5 0.0 -105.6
7 -5.0 0.0 -106.7
8 -17.5 0.0 -107.8
9 -30.0 0.0 -108.9

10 -42.5 0.0 -110.0

Table 6: Positions considered during measurements.

The same simulations using the positions of Ta-
ble 6 bring the results of Figure 11 and Table 7.
Since the results are in accordance to the minimum
requirements, the fabrication process could start.

Figure 11: Simulation results of the radiation patterns
of the final transmit-array with CP, according to the
positions of the feed of Table 6.

Position Directivity [dBi] MLD [º] AW [º] SLL [º] xfeed[mm] yfeed[mm] zfeed[mm] SL [dB]
1 28.9 -1.0 5.0 -10.6 70.0 0.0 -100.0 0.8
2 29.7 5.0 5.0 -12.9 57.5 0.0 -101.1 0.0
3 28.8 10.0 5.0 -19.5 45.0 0.0 -102.2 0.8
4 28.9 19.0 6.0 -13.2 32.5 0.0 -103.3 0.8
5 28.0 27.3 7.6 -17.1 20.0 0.0 -104.4 1.7
6 27.2 36.6 9.6 -18.2 7.5 0.0 -105.6 2.5
7 26.9 45.5 9.4 -16.1 -5.0 0.0 -106.7 2.8
8 27.6 55.0 5.0 -17.6 -17.5 0.0 -107.8 2.1
9 27.1 62.5 7.1 -12.4 -30.0 0.0 -108.9 2.5

10 26.0 71.7 7.7 -15.0 -42.5 0.0 -110.0 3.7

Table 7: Simulation results of the radiation patterns
of the final transmit-array using CP (its real model),
according to the positions of the feed of Table 6.

5. Fabrication Process
The fabrication process of the transmit-array is a

very important procedure and should be reported,
since a curved transmit-array was never done be-
fore and this process have some features that a flat
transmit-array does not have.

5.1. Alignment holes
During the fabrication process, six allignment

holes were necessary for each layer (two on the
transversal axis and four on the longitudinal axis)
in order to prevent any risk of slipping between lay-
ers, under any circumstances. The configuration of
the six holes is depicted in Figure 12. Holes C, D,
E and F have a different shape to guarantee that
each one of these four holes were still aligned in the
stage where the layers were already curved.
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Figure 12: Relative localization of the six alignment
holes.

A B C D E F
X 0.00 0.00 -115.25 -115.25 115.25 115.25
Y 139.50 3.00 132.50 10.00 132.50 10.00

Table 8: Localization of the six alignment holes.

Table 8 presents the coordinates of each hole. In
the case of holes A and B, the x and y coordinates
represent the center of the hole. In the case of holes
C, D, E and F, the x and y coordinates represent the
center of the nearest circunference to the substrate.

5.2. Construction of the mould
The construction of the mold that embraced the

transmit-array during the fabrication process was
developed in laboratory. At rst, to ensure that ev-
erything was being done correctly and to prevent
damages of the metallic plate, tests were made in a
polystyrene bar on the milling machine. The same
procedure was applied over the metallic plate.

Between the upper and lower part of the metallic
mould, there is a curved empty volume in which
the transmit-array fits. The curved empty vol-
ume has precisely the height of the transmit-array.
This mould was used to go in conjunction with the
transmit-array to the oven under a specific temper-
ature in order to counteract the recovering forces,
so that the transmit-array does not lose its specific
curvature after its manufacture, which is one of its
most important characteristics.

5.3. Supporting Structure

Figure 13: Model of the supporting structure in CST
for the central position.

In parallel to the fabrication of the transmit-
array, a supporting structure was built in order to
hold the primary feed and the transmit-array in the

correct positions to be used during the measure-
ments. This supporting structure guarantees that
the primary feed is placed relatively to the transmit-
array according to the positions described in Table
6.

The four posts in Figure 13 are responsible for
holding the transmit-array. They are connected to a
skate that slides over the rail, which is mounted over
a ramp. This ramp introduces an angle of around 5
to the movement of the skate. The rail is prepared
to fix the primary feed in the vertical position.

Two trials of the measurements were done. At
first, the axis of rotation of the anechoic chamber
azimuth positioner was placed in the phase center
of the primary feed. Next, the same measurements
were done with the axis of rotation placed in the
transmit-array. Placing the axis of rotation in the
transmit-array brings better results. Also, measure-
ments were made with the primary feed rotated 90
to perform both planes (E and H) that, combined,
create the intended CP.

The supporting structure is intended to translate
the transmit-array relatively to the primary feed in-
stead of moving the primary feed relatively to the
transmit-array. From an electromagnetic point of
view, moving the transmit-array relatively to the
primary feed or vice-versa is indifferent. Mechani-
cally, it is different to have a moving primary feed
(where the power cable has to twist continuously) or
a fixed primary feed with the power cable fixed. In
addition, since the transmit-array is supposed to ro-
tate in order to do a scan of 360, if the primary feed
stays fixed the necessary space for the transmit-
array to do this scan (in elevation and azimuth)
is much bigger than in the case that the transmit-
array only rotates, being the elevation introduced
by the movement of the primary feed. Thus, the
primary feed is fixed and the moving structure is
the transmit-array. This happens since the required
distance between the farthest positions of the pri-
mary feed relatively to the transmit-array (positions
1 and 10) is too high. Although, the distance in
which the primary feed can be moved is only 50
mm (physical limitation of the structure used in
laboratory) and for the measurements it would be
required 112.5 mm (horizontal distance between the
farthest positions of the primary feed).

But, during measurements, a shift of the MLD
might be introduced comparing both results (sim-
ulations and measurements). This happens since
the choice of the rotation axis is very important
for the purpose of measuring the radiation pattern.
If the probe was in the far field, this would be ir-
relevant. Since it is not the case in our anechoic
chamber, the radiation pattern is influenced by the
position of this axis. Normally, it is placed coin-
cidental with the transmit-array but, since it is a
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curved structure, it had to be placed at a distance
of compromise.

6. Experimental results

A picture of the transmit-array in the anechoic
chamber during the measurements is present in Fig-
ure 14. The measurement of the radiation patterns
was done in an anechoic chamber. The radiation
pattern for both planes (plane E and plane H) for
every position is presented in Figures 15 and 16,
respectively.

Figure 14: Manufactured transmit-array in the ane-
choic chamber.

Figure 15: Results obtained from measurements of the
plane E, according to the positions of the primary feed
of Table 6 plus one additional measurement (position
0).

Position            Gain [dBi]     MLD [º] AW [º] SLL [º] xfeed[mm] yfeed[mm] zfeed[mm] SL [dB]
0 27.2 -5.2 6.0 -9.5 76.1 0.0 -99.5 2.1
1 27.8 -2.1 5.9 -10.4 70.0 0.0 -100.0 1.4
2 28.7 5.5 5.7 -12.6 57.5 0.0 -101.1 0.6
3 29.3 12.9 5.4 -13.6 45.0 0.0 -102.2 0.0
4 29.1 20.2 5.7 -11.9 32.5 0.0 -103.3 0.2
5 28.5 27.7 6.7 -23.7 20.0 0.0 -104.4 0.8
6 27.5 37.6 8.5 -25.7 7.5 0.0 -105.6 1.8
7 27.6 46.9 8.1 -25.0 -5.0 0.0 -106.7 1.7
8 27.8 55.4 6.5 -18.7 -17.5 0.0 -107.8 1.4
9 27.2 63.5 6.4 -13.4 -30.0 0.0 -108.9 2.1

10 25.0 72.6 7.9 -11.2 -42.5 0.0 -110.0 4.3

Table 9: Characteristics of the radiation patterns of
the scanning of Figure 15.

Figure 16: Results obtained from measurements of the
plane H, according to the positions of the primary feed
of Table 6 plus one additional measurement (position
0).

 Position      Gain [dBi]    MLD [º] AW [º] SLL [º] xfeed[mm] yfeed[mm] zfeed[mm] SL [dB]
0 27.2 -5.8 6.2 -11.6 76.1 0.0 -99.5 2.1
1 27.9 -2.4 5.9 -11.9 70.0 0.0 -100.0 1.4
2 28.8 5.1 5.6 -13.1 57.5 0.0 -101.1 0.5
3 29.3 12.7 5.4 -14.7 45.0 0.0 -102.2 0.0
4 29.2 19.7 5.6 -17.4 32.5 0.0 -103.3 0.2
5 28.6 27.6 6.5 -19.5 20.0 0.0 -104.4 0.7
6 27.4 36.4 8.2 -16.9 7.5 0.0 -105.6 2.0
7 27.0 46.4 8.0 -16.2 -5.0 0.0 -106.7 2.4
8 26.9 55.5 6.6 -14.4 -17.5 0.0 -107.8 2.4
9 26.4 63.7 6.0 -13.0 -30.0 0.0 -108.9 2.9

10 23.8 72.8 8.2 -11.5 -42.5 0.0 -110.0 5.6

Table 10: Characteristics of the radiation patterns of
the scanning of Figure 16.

Figure 17: Experimental results of the radiation pat-
terns of the final transmit-array with CP, according to
the positions of the feed of Table 6 plus one additional
measurement (position 0).

Position Gain [dBi] MLD [º] AW[º] x [mm] y [mm] z [mm] SL [dB]
0 27.0 -5.3 6.4 76.1 0.0 -99.5 2.2
1 27.7 -2.1 6.1 70.0 0.0 -100.0 1.4
2 28.6 5.3 5.8 57.5 0.0 -101.1 0.6
3 29.2 12.8 5.6 45.0 0.0 -102.2 0.0
4 29.0 20.0 5.8 32.5 0.0 -103.3 0.2
5 28.5 27.7 6.7 20.0 0.0 -104.4 0.7
6 27.2 37.0 8.7 7.5 0.0 -105.6 1.9
7 27.1 46.9 8.4 -5.0 0.0 -106.7 2.1
8 27.1 55.7 6.6 -17.5 0.0 -107.8 2.1
9 26.4 63.5 6.6 -30.0 0.0 -108.9 2.8

10 24.1 72.7 8.3 -42.5 0.0 -110.0 5.1

Table 11: Characteristics of the radiation patterns of
the scanning of Figure 17.

The combination of the results of Figures 15 and
16 originates the results of Figure 17.
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According to Figure 17 and Table 11, it is con-
firmed the behavior of the transmit-array predicted
during simulations. The radiation patterns of every
position may suffer from small changes and devia-
tions but these are small differences are provenient
from either the manufacture process and the sim-
ulation errors and approximations inherent in the
CST software.

The antenna has RHCP since both ~Eθr and ~Eφr

are positive in the region of the main lobe. The re-
sults of the radiation patterns for the crossed com-
ponent are depicted in Figure 18. As it is desired,
the crossed component is at least 20 dB inferior to
the co component.

Figure 18: Experimental results of the radiation pat-
terns of the crossed component of the final transmit-
array, according to the positions of the feed of Table 6
plus one additional measurement (position 0).

7. Conclusions and Future Work
The transmit-array developed during this work

was successfully designed and its prototype was suc-
cessfully manufactured bringing great results ob-
tained from measurements in the laboratory. After
an extensive process of design, simulations and mea-
surements, it was proven that it is possible to use a
curved structure as a transmit-array and that this
curvature (aid by a bifocal approach) expands the
typical scanning coverage, recurring to the transla-
tion of the corresponding primary feed. The mar-
gin of the SL imposed to the scanning coverage of
70 was guaranteed, only exceeding by about 2 dB
for one of the positions, which is a reasonable error
according to all the processes dealt during manu-
facturing.

This work adds to the literature the expansion of
the typical scanning intervals allowed by this kind
of structure, recurring to two new characteristics
of the transmit-array (curvature and bifocal imple-
mentation). It also proves the possibility of manu-
facture of curved structures with pre-designed cells
with the shape of a parallelepiped. Finally, it ex-
plores the concept of a bifocal design and proves
that its implementation brings benefits to the be-
havior (that is, it may expand the scanning interval)
of a transmit-array.

For some lack of time, a study of the effect of an
oblique incidence of radiation in the cells designed

for perpendicular incidence was not done. It could
improve the results since if this study was done, the
phase introduced by each cell would be known more
precisely. A study of the possibility of introduction
of more focuses was not explored either. Enlarging
the longitudinal size of the transmit-array would
also expand the scanning coverage.
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