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Abstract: A shaped-beam Transmit Array Antenna based on nonuniform dielectric layer is proposed. Stepping the surface of
dielectric layer provides the required phase shift at each point on the surface of transmit array antenna to produce a squared
cosecant beam on the other side. In order to analyze this kind of antennas, a simple method based on an equivalent circuit
model is introduced, in which the transmission coefficient of each element for oblique incident field is obtained. The design
process consists of two steps. First, a phase-only technique is applied to obtain the required phase-shift distribution on the
surface of transmit array antenna which generates the shaped pattern. The second stage consists of determining the thickness of
each element to achieve the phase distribution obtained in the previous step. Using this method a shaped beam transmit array
antenna in the 9.5-10.5 GHz band is designed, manufactured and also validated by the Computer Simulation Technology
(CST) Microwave Studio TM package. The results of test in an anechoic chamber, shows a good agreement between
measured, simulated and theoretical radiation patterns.
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tuning range of 360° is required. Secondly, the insertion loss
must be minimized. Furthermore, to achieve proper beam
forming with good control of side-lobe levels, the variation in
the element’s insertion loss over the entire phase tuning range
should also be small. Almost all elements presented in the
literature are based on microstrip patches [1-6]. However, the
microstrip patch antennas are inherently narrow-band
radiating elements and the mutual couplings between
microstrip elements printed on standard substrates are
significant; in addition, there are conductor and surface wave
losses that should be noticed. Here, we have taken a rather
new approach to reduce all mentioned shortcomings. The
idea which has been presented by the authors for reflect array
antennas [11], is to construct a nonuniform dielectric layer as
a transmit array antenna to produce the desired shaped
radiation beam. The dielectric layer with variable thickness
provides the required phase shift at each point on the surface
of transmit array antenna to produce a squared cosecant
beam. Stepping dielectric layer with variable thicknesses
provides this nonuniform formation. Absence of the
resonator elements in proposed structure will reduce the
dielectric and conductor losses, which are the main losses in
transmit array antennas at resonance frequency. Moreover, a
simple method is introduced for designing and analyzing

1. Introduction

Transmit Array Antennas have been considered as low-
profile and low-cost planar alternatives to dielectric lens
antennas for millimeter wave applications like radars,
electronic beam-forming systems, imaging systems, and
quasi-optical power combiners [1-6]. These type of antennas
are planar like Fresnel [7-8] and two-layer ones [9]. Transmit
array antennas are based on similar concepts as for reflect
array antennas [10-12] except that they operate in a
transmission mode rather than in reflection. Contrary to the
reflect array antennas, such configurations offer several
advantages, such as reduction of blockage effects due to the
focal source. In transmit array antennas, there is no
completely reflective ground plane, so that the incident
electromagnetic wave can be transmitted through the surface
and converted from spherical wave into a plane wave. Like a
reflect array antenna, the elements of a transmit array
antennas produce specific phase shift that when properly
tuned, can focus incident waves. So, the two most important
design criteria for an element of transmit array antenna is its
phase range and insertion loss. Firstly, in order for an element
design to be suitable for an arbitrarily large array where there
is possibly phase wrapping in the aperture fields, a phase
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such transmit array antenna. This method is based on the
transmission line model. So, in the first step, the phase
response of an infinite dielectric layer versus its thickness
variation is plotted and modeled with this equivalent circuit
and compared with the full-wave electromagnetic simulation
results. Then, by implementing this model, the proper
thickness of each element is calculated. Finally, to
demonstrate the usefulness of the proposed antenna, a sample
antenna is designed, fabricated and tested and also validated
by the Computer Simulation Technology (CST) Microwave
Studio TM package, which utilizes the finite integration
technique for electromagnetic computation.

2. Analysis of Nonuniform Dielectric
Layer

Figure 1 shows the proposed antenna, in which a feed
antenna illuminates a nonuniform dielectric layer with
dielectric constant &, and dimensions Ly, L, and h(x,y).
The incident electric fields of the feed antenna arrive at
different points on the dielectric surface with different
phases, with respect to different paths. By considering the
thickness of dielectric layer, these fields will transfer with
different transmission coefficients. If the thickness pattern of
dielectric layer are selected appropriately such that the phase
of the transferred fields are equal in a special direction, then
this aperture field produces high gain radiation pattern. On
the other hand, the nonuniform dielectric layer with variable
thickness is used to control the transmission phases. The
critical feature of implementing such antennas is how the
thickness of the individual element is selected to shift the
incident wave with the desired phase. In practice, to
implement such nonuniform dielectric layer, it must be
subdivided into small uniform elements with dimension
dy X dy X Ry as shown in Figure 1. The proposed antenna
is similar to a planar transmit array antenna with M by N
dielectric elements, where M = L, /d, and N = L, /d,,.
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Figure 1. Total view of nonuniform transmit array antenna and its
coordinate systems.

Figure 2(a) shows a typical element with thickness of
Rinn. As depicted in this figure, two different polarizations
are possible, one TM and other TE due to the incident wave
polarization.
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Figure 2. Single element configuration with its coordinate system (a) and its
equivalent two port circuit model (b).

The incident field (E?) propagates obliquely in (XZ)mn
plane of the mn-th element coordinate system, with an angle
of incident #¢. By assuming each element as a homogeneous
planar layer, two port circuits are obtained for elements with
well-known transmission line ABCD matrices (as shown in
Figure 2(b)). The transverse electric and magnetic fields on
the surfaces z = 0 and z = h,,,, are related to each other by
the ABCD matrix as follows:

Et(o) _ Amn an Et(hmn)
wol=lem ol M
where
_ (E(2),TE
Et(z) = {Ey(Z), ™ (2)
_( Hy(2),TE
Hi(2) = {—I-ZC (2), TM ®)

are the transverse electric and magnetic fields. The ABCD
parameters of mn-th cell is defined with the characteristic
impedance (Z.) and propagation constant () of a dielectric
layer in a waveguide as follows [1]:

Amn = Dinn = c0S(Bhmy) “4)
B = ZCon = jZ Sin(Bhypn) ®)
where
oz ,TE
7, = { /sr—sinz(ei) ©6)

k—‘”o/so & — sin?(0Y),TM
Er

B ==&, —sin?(6Y) 7
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where c¢ is the velocity of the light and w is the angular
frequency. Furthermore, there are two boundary conditions as
follows:

_ —Z H.(0) + 2E', TE
£ = {— Zs H,(0) + 2 cos(8Y) EL, TM ®
Et(hmn) = ZLHt(hmn) (9)

where

o/ €0/ cos(8Y), TE
Mo/ & cos(0Y), TM

The transmission coefficient of mn-th element will be
determined using (1), (8) and (9) as follows:

4:4:{ (10)

Et(hmn)/EiﬁTE 27y,

T — (1)

fn = {Et(hmn)/(fsi cos(6)),TM  (A+2:0z,+(5+25D)

The transmitted field on each element is computed by
multiplying the transmission coefficient ( Ty,,) to incident
field. Modeling this electric field as an aperture field
distribution, the far field pattern can be obtained [13].
According to relations (4)-(11), the phase and magnitude of
transmission coefficient is obtained as follows

Pl = —tan (05 (G +359) tan(Bhyy))  (12)

2

(13)

| T | =J

4052 (Bhimn) +(7+59?sin? (Bhnn)

It is seen from (12) and (13) that the magnitude and phase
of transmission coefficient are dependent on the thickness
and electric permittivity of the element.

The magnitude of transmission coefficient is less than 1.0
and tends to 1.0 as Z; tends to Z. or equivalently as &
approaches 1.0. Therefore, we should choose & as low as
possible.

It is notable that the phase of transmission coefficient of
each element has to cover 360° with variation of its
thickness h,,, in the practical range. This fact is
demonstrated in the Figure 3, which shows a typical phase
shift of an element with respect to its thickness h,,, for
normal incident with dielectric constant . =3 and at
operating frequency of 10 GHz. It is evident from Eq. (11)
that for normal incident, which is used in the design
process of transmit array antennas, the transmission
coefficient for TE and TM modes are identical. Therefore,
the phase of the transmitted field shown in Figure 3 as the
presented method, corresponds to both TE and TM modes.
So in the Figure 3 just one phase curve of the transmission
coefficient is plotted for the presented method result.
Also, Figure 3 shows that the theoretical result agree well
with the result obtained by CST simulation, in which a
simple dielectric element with variable thickness is
simulated with periodic boundary conditions.

It must be noted that, the nonuniformity of the transmit
array’s surface was not accounted in the analysis of the
element. This assumption would not involve a significant
error at the final results because of the smooth variation of
the thickness in comparison with wavelength.

E(ﬁo) = 2%:1 Zg=1 F(an- 7_ﬂ)f) |Tmn| . exp{_jkolan - Ffl +j¢Tmn}
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Figure 3. Phase of the transmitted field for normal incident versus thickness.

3. Design of Nonuniform Elements

In this section, the designing approach of the nonuniform
transmit array antenna is introduced. For the design of a
desired beam transmit-array, a phase-only synthesis is
applied to compute the phase of the transmitted field at each
transmit-array element. Then, the thicknesses of the dielectric
elements are adjusted to implement the required phase
distribution. The amplitude of the field on the transmit-array
surface is imposed by the radiation pattern of the feed,
assuming that the transmit-array elements are in the far field
region of the feed source. Then, only the phase can be
adjusted to shape the beam, which means that a phased-only
pattern synthesis technique must be applied. A linearly
polarized horn antenna with small aperture size of 2.38 X
2.4 cm? has been used to feed the transmit-array, and the far
field has been modeled as a cos? function in order to
determine the illumination level on the transmit-array
surface. The g value has been calculated to match the
radiation pattern of the horn at the design frequency (10
GHz). The phase distribution that will be used to produce the
squared cosecant beam is obtained by using an analytic
phase-only synthesis technique, as described in [14]. As
shown in Figure 1, the transmitted field from the transmit-
array in the Z > 0 region, will be in the form of

(14
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where F is the feed pattern function, |Tyy| and ¢r, =~ are
magnitude and phase of transmission coefficient at the mn-th
element position. Terms 7, and Ff are the position vectors of
the mn-th element and the feed horn antenna, respectively.
The condition for an array aperture distribution to be in phase
with the phase distribution of the squared cosecant beam, is
given by

(15)

where R,,,, is the distance from the feed source to center of
surface of the mn-th array element, i.e., Ryp = |Tun — 7¢|,
and is slightly dependent on the thickness of the mn-th
element, 4,,. Also, phase ¢, is the required phase of the
mn -th element obtained from the analytic phase-only
synthesis technique [14]. According to the relation (12), the
proper thickness of the mn-th element (h,,,,) is obtained as
follows

¢, = Pmn + koRimn + 2pm,p = 0,£1,+2

himn = gtan™ (2 tan(=¢r,,,)) (16)

It should be mentioned that the element dimensions
d, X d, are important factors in the final results. The
required phase ¢, of mn-th element is determined by the
relation (15) at the center of the element. This causes a
significant phase error, which will increase the output side
lobe levels. In order to avoid this phase error, the elements
size must be adjusted. Simulation of different element sizes
shows that selecting d, = d,, = 1/2 is a suitable choice in
constructing nonuniform transmit array antenna at operating
frequency of 10 GHz.

4. Measurement and Validation

In this section, the performance of the shaped beam
transmit array antenna is verified through designing and
fabrication of a nonuniform transmit array antenna for the
purpose of having a squared cosecant radiation beam at
frequency of 10 GHz. The desired antenna was designed
using aforesaid theory and then fabricated as shown in Figure
4. The nonuniform dielectric layer is formed by machining a
dielectric layer of ERTALON (6PLA) with the dielectric
constant &, = 3 and dissipation factor 0.016. We consider a
L =101, =30cm square nonuniform transmit array
antenna in order to have a squared cosecant beam. The
dielectric layer is subdivided into 400 elements of equal size

of dy =d, = % = 1.5 ¢m arranged in a lattice of 20 x 20

elements. A linearly polarized horn antenna with small
aperture size of 2.38 X 2.4 cm? is used as a feed of transmit
array antenna to minimize the feed-blockage effect. The feed
horn 3 dB beam width is 64.3° for H-plane pattern and 57.2°
for E-plane pattern at 10 GHz and its phase center located at
e = L = 28 cm to maximize the antenna efficiency. First, it
is interesting to know how much the phase diagram changes
with frequency. Actually, more frequency bandwidth occurs
when the phase curve of cells have linear variation versus
frequency with suitable slope depending on their location.

Figure 5 shows the variation of phase curves for different
frequencies centered at 10 GHz.

These phase curves are obtained by the normal incident
wave assumption. But this is valid for the central elements of
the centered fed transmit array antenna, which is for angles
not too far from the normal incident. As the largest fraction
of the incident power is transmitted by the central part of
transmit array antenna, the normal incident assumption can
provide good predictions for central fed transmit arrays with
reasonably large F /D.
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Figure 5. Curves of the transmission phase for different frequencies.

To show the effect of incident angle, different phase shift
curves with respect to different incident angles are plotted in
Figure 6. It is clear that, the maximum phase shift difference
between normal incident and incident of 28°, which is
respect to edge elements angle, is about 26.9°. Therefore, in
this structure, the normal incident assumption would not
impose a significant error at the designing process.

Figure 7 shows the required phase shift (¢, [deg]) of
each eclement and the corresponding dielectric thickness
( hpmn ). It consists of uniform elements with different
thicknesses in the range of 0.5 — 3 ¢m. One can see from (6),
(7), (10) and (13) that the magnitude of transmission
coefficients vary slightly between 0.867 to 0.872 for normal
incidence on cells with thickness between 0.5-3 cm, so it is
nearly constant.
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Figure 6. Curves of the transmission phase for different values of 6* incident
angle.
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Figure 7. (a) The required phase shifts of elements and (b) corresponding
honn values for squared cosecant beam transmit array antenna.

Designed Antenna was simulated by CST Microwave
Studio (MWS) and the results are compared with theoretical
results. Also, the fabricated antenna has been tested in a
compact anechoic chamber of 7.2m long X 3.6 m wide
X 3.6 m high in the frequency range of 30 MHz to 18 GHz.
Figure 8 shows the measured co-polar and cross-polar
radiation patterns, at the central frequency of 10 GHz ,
compared with the simulation and theoretical patterns.
Although the measured main lobe is in good agreement with
simulation and theoretical predictions, two side lobes appear
at 13.8° and 37.2°. As the transmit array structure is
sensitive to thickness of the elements, these side lobes are
probably caused by the thickness tolerances of fabrication.
Also, the tolerances in the nominal value of the dielectric
permittivity can be attributed to these discrepancies. The low
cross-polar components of measurement are also plotted with
—17.6 dB below the peak gain. One may conclude that the
existing cross-polarization in the measurement, unlike the
simulation and theoretical results with no cross, is attributed
to the scattering from the supporting metal bars of antenna.
Similar measured patterns are found in the 10% bandwidth
from 9.5 —10.5 GHz The measured, simulated and
theoretical patterns at 9.5 GHz and 10.5 GHz are shown in
Figures 9 and 10, respectively. For these measured patterns,
the squared cosecant shapes are conserved but a dip appear in
the middle of the band. This discrepancy is mainly produced
by the phase center variation of the feed horn antenna with
respect to frequency, which caused some phase error on the

surface of the transmit array antenna.
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Figure 8. Comparison between measured, simulated and theoretical
radiation patterns at central frequency 10 GHz.
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Figure 9. Comparison between measured, simulated and theoretical
radiation patterns at 9.5 GHz.

20

=»=== Presented Method
Co-pol Measurement
Cr-pol Measurement
== Simulation
Cosecant border1
Cosecant border2

Gain [dB]

Figure 10. Comparison between measured, simulated and theoretical
radiation patterns at 10.5 GHz.
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5. Conclusion

A new transmit array structure was presented, which
consist of a nonuniform dielectric layer with lattice of
uniform elements and a feed-horn antenna. Nonuniform
dielectric layer with variable thickness distribution was used
to control the transmission phase. In the analyzing section, an
efficient method was implemented for designing and
analyzing such transmit array antenna. This method is based
on equivalent transmission line model, which has the distinct
advantages of simplicity and rapidity in analyzing and
designing of such antennas. Then, after designing and finding
the proper value of thickness for each element, the shaped
beam transmit array antenna was obtained. Finally, the
performance of proposed antenna was verified through
presenting an example at 10 GHz frequency. The shaped
beam transmit array antenna has been manufactured and
tested in an anechoic chamber showing a good agreement
between the theoretical, simulated and the measured radiation
patterns. The measurement results showed that for the 30 cm
square nonuniform transmit array antenna, the squared
cosecant pattern in the range of 9.5—10.5GHz was
obtained.
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