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Abstract—This paper presents the synthesis, design and char-
acterization of a centrosymmetric transmitarray antenna op-
erating at 300 GHz. A broadside pencil beam with reduced
sidelobe levels is obtained by fixing the illumination (i.e. feed
and focal distance) and using a phase-only array synthesis
procedure. The optimal aperture phase distribution is determined
by means of an iterative convex optimization algorithm using
semidefinite relaxation. Based on this distribution, a 400-element
transmitarray comprising eight different unit cells is designed
at 300 GHz, fabricated using low-cost printed circuit board
technology and characterized. The measured results provide a
first experimental validation of the synthesis approach.

Index Terms—array synthesis, lens antennas, convex optimiza-
tion, millimeter-wave antennas, sub-THz antennas.

I. INTRODUCTION

High-gain and efficient antennas compatible with low-cost
fabrication processes will be key for the dense deployment
of high-capacity point-to-point links in next-generation wire-
less networks operating in the upper end of the millimeter-
wave (mm-wave) spectrum (100-300 GHz) [1]. Given the
severe path loss, the radiation patterns will have to fulfill
strict envelopes to maximize the signal to noise ratio along
the line of sight and minimize the power emitted in other
directions. To this end, antenna architectures providing simple
solutions for pattern shaping and effective synthesis methods
are required. Phased array antennas offer the greatest flexibility
for the control of the radiation pattern, but their loss and
complexity make them unsuited for high-gain applications in
this frequency range. Dielectric hemispherical lenses [2] are
often preferred. However, the pattern optimization often leads
to bulky lenses with complex shapes or multiple dielectric
shells which are hard to accurately realize and lossy.

A transmitarray antenna (TAs) [3]-[10] can be seen as a flat
lens, placed at a certain distance, typically in free space, from
its feed. A planar array comprising multiple phase-shifting unit
cells (UCs) realizes the lens. Thus, TAs inherit the advantages
of dielectric lens antennas but are more efficient and suitable
for planar multilayer fabrication processes, even beyond 100
GHz [4], [5]. The specifications on the TA size, gain and
on the complexity of its primary source strongly limit the
possibility to select a convenient amplitude taper for shaping
the radiated beam. The use of lossy UCs for devising the
amplitude distribution leads to a significant reduction of the
aperture efficiency [6]. Therefore, efficient phase-only synthe-

Fig. 1. Geometry of a transmitarray antenna and main parameters of the
proposed model.

sis methods are necessary. Previous works mainly use either
global optimization algorithms [7], [8] or alternating projection
methods [9], [10]. The few shaped-beam TAs demonstrated
at 300 GHz were mainly designed for near-field applications
using UCs of variable thicknesses [10].

In this contribution, the model and phase-only synthesis
approach based on iterative convex optimization preliminarily
presented in [11] are revisited for centrosymmetric TAs. A
convex formulation for the synthesis of a broadside beam with
multiple constraints on the sidelobe levels (SLLs) and on the
gain loss is proposed, leveraging on semidefinite relaxation
[12]. A 20 x 20 TA fed by a 10-dBi horn is optimized to
obtain very low SLLs in all azimuthal planes. A 3-bit TA
approximating the optimal phase distribution is designed using
the eight UCs reported in [5]. The antenna is fabricated using
a standard printed circuit board (PCB) process and only three
metal layers. The measurements experimentally demonstrate,
for the first time, the robustness of the proposed synthesis
method and design to realize focused-beam TAs at 300 GHz,
despite the tolerances and constraints of PCB technology.

II. MODEL AND SYNTHESIS PROCEDURE

We assume that the planar lens has 2N x 2N elements, is
symmetric about its center C' = (0,0,0) and is illuminated
by a feed whose phase center is in F' = (0,0, —f), where f
is the focal distance, as shown in Fig. 1. The far-field feed



pattern is E® (6, ¢). The UCs are schematized as a pair of
receiving (Rx) and transmitting (Tx) elements on the feed
side and in the radiating medium, respectively, coupled by
a phase shifter [3], [11]. The expression for the field Eﬁ,?cn
received by the mn-th TA element is given in [11]. It depends
on the feed pattern and on the angle of view of each UC
from the feed. In the synthesis, a perfect transmission from
the Rx to the Tx elements of each UC is assumed. Thus, the
transmission coefficient of the mn-th cell is wy,, , = e/4%mn.
The symmetry of the TA yields

Wmn = W—mmn = Wm,—n = W—m,—n,
m=1,...,N, N.
For simplicity, we consider that the TA has the same period d
along both z- and y-axis, so that the UCs are square. Similarly
to [13], the Tx element of each UC is modeled as a radiating
aperture of size d x d, uniformly excited by a y-polarized
field. Therefore, the far-field co-polar component of each Tx
element can be written as

kod kod
EX7 (9, ¢) = (14 cosf)sinc (;u> sinc (;y>
x (sin® ¢ cos @ + cos® @),

)]

for n=1,...

)
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where ko = 2w/)¢ is the wavenumber, )\ is the wavelength
in vacuum, u = sin 6 cos # and v = sin § cos §. By neglecting
the spillover and using (1), the following expression for the
co-polar component of the TA far-field pattern is derived

N N
inc 2m — 1)kod
E. (0,9) =4 Z Zwm’nE,’,?fn cos (m%
m=1n=1 (3)
2n — 1)kod
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The variation of | E¥"¢| over the lens enforces the TA amplitude
taper. Following the steps described in [12], the power pattern
radiated by the TA is then expressed as

|Eeo (0,9) > = Tr (A (6, ¢) X), 4)

where A € R2V*¥2N? i5 4 real symmetric matrix of known
coefficients, X = xx7T is a rank-one semidefinite matrix of
the same size, x = [R{w’} %{WT}]T and w is the column
vector of the N2 unknown UC transmission coefficients to be
optimized. The problem of synthesizing the TA to radiate a
broadside beam with reduced SLLs by optimizing only the UC
phase shifts (Zwyy,. ) is not convex. A semidefinite relaxation
of this problem can be obtained by dropping the rank-one
constraint on X and solved by iterative convex optimization
[12]. At the i-th iteration, the convex synthesis problem is

e (i—1) -1
mln&nlze Tr ((X + 61) X) (5a)
subject to
Tr (ApX) > ymax |E,, (0°,0°)]?, (5b)
Tr ((A (0p, dg) — pp.gAo) X) <0, V(0y, ¢4) €5,  (5¢)
Tr(QX)=1, I=1,...,N? (5d)
X =0, (5e)
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Fig. 2. (a) Phase distribution of the 20 x 20 synthesized TA. (b) Radiation
pattern, calculated at 300 GHz using (3), and prescribed pattern envelope.

where Ag = A (0°,0°). The objective function of (5) is
based on the log-det heuristic [14] for rank minimization. The
identity matrix is denoted by I and ¢ is a regularization factor.
The first constraint enforces the broadside beam collimation
and a maximum field intensity loss ~ with respect to the
maximum achievable value along the same direction, which
is readily found from (4). The values of the power pattern in
the sidelobe region S are prescribed in (5¢), with respect to
|Eeo (0°,0°) |2, using the factor 0 < p,, , < 1. The constraint
on the unitary magnitude of the UC transmission coefficients is
expressed by (5d). The N2 diagonal matrices Q; € RN x2N°
are defined in [12]. Finally, the constraint (5e) ensures that the
solution is a positive semidefinite matrix.

The rank-one approximation X () of the solution X* of
the convex problem at the ¢-th iteration is used for the next
iteration. It is obtained by retaining only the largest eigenvalue
of X* [12]. The identity matrix is chosen as initial guess of
the iterative synthesis: X(©) =1I.

III. SYNTHESIS RESULTS

A 20 x 20 broadside TA is synthesized after fixing its
illumination, by solving problem (5). The TA period is 0.5 Ao,
so that its edge a = 10Xo. The feed is a 10-dBi standard
gain horn, at distance f = 7.5mm from the planar lens
(f/a = 0.75). It is modeled by using its simulated far-field
radiation pattern at 300 GHz. The sidelobe region S is defined
as:

S=51USs,
S1={(60,9)[10° < 0] <34°,0° < ¢ <180°},  (6)
Sy ={(0,¢)]45° < [0] < 90°, 0° < ¢ < 180°}.

The prescribed maximum SLLs are -30 dB in S; and -38
dB in S5, respectively. Moreover, the value v = 0.7 is set so
that the gain loss, with respect to the maximum achievable
value, does not exceed 1.5 dB. At each iteration, the problem
(5) is solved using the Matlab-based software for convex
optimization CVX [15]. The synthesized TA phase distribution
is shown in Fig. 2a. It has been obtained considering that
any phase value can be realized. The phase over each UC
is assumed uniform. The corresponding three-dimensional
radiation pattern is computed at 300 GHz by using the TA
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Fig. 3. Radiation patterns of the synthesized TA and of the corresponding
TA optimized for maximizing the broadside gain. Results for (a) ¢ = 0° and
(b) ¢ = 90°.

model discussed in Section II and plotted in Fig. 2b. The
desired mask is overlaid on the same plot. The constraints
on the SLLs are met for all points where the mask has
been numerically defined. The cuts of the radiation pattern
in the principal planes and the prescribed masks (in red), are
shown in Fig. 3. They are compared to the patterns calculated
using the same model when the TA phase is optimized for
maximizing the broadside gain. The patterns are normalized
to their respective broadside values and are plotted for non-
negative values of 6, by virtue of symmetry. It can be observed
that the TA synthesis reduced of 10 dB and 8 dB the first SLL
in the plane ¢ = 0° and ¢ = 90°, respectively. The computed
gain for the synthesized TA is 26.5 dB, which is 1.4 dB lower
than the maximum achievable value for the same illumination.

IV. PROTOTYPE DESIGN AND CHARACTERIZATION

A 20 x 20 prototype is designed using the eight UCs pre-
sented in [5]. The size of all UCs is Ag/2 x Ag/2 at 300 GHz.
The phase shifts that they introduce achieve an almost uniform
3-bit quantization of the 360° range. The TA is designed by
selecting, element by element, the UC providing the closest
phase shift to the optimal value determined by the synthesis
procedure (see Fig. 2a). Table I reports the magnitude and
phase of the transmission coefficients of the eight UCs. These
values were obtained from full-wave simulations of the UCs,
performed in Ansys Electronics 2020, under normal incidence
and using periodic boundary conditions.

The radiation pattern of the designed 3-bit TA is computed
plugging in (3) the simulated transmission coefficients of the
UCs. The pattern cuts in the principal planes are shown in
Fig. 4 along with the results of a full-wave simulation of the
whole TA, which was run using a hybrid solver based on
finite element method and integral equation. The computed
patterns, shown in solid lines, still approach the prescribed
mask, but slightly exceed the SLL constraints in some points.
The normalized pattern reaches -27 dB in S; and —35 dB in
So. This is essentially due to the phase errors introduced by

TABLE I
SIMULATED TRANSMISSION COEFFICIENTS OF THE UCS

Cell Magnitude (dB) Phase (deg)
1 -0.70 -2.0
2 -0.44 49.0
3 -0.51 85.5
4 -0.51 139.8
5 -0.74 177.8
6 -0.47 230.0
7 -0.52 265.3
8 -0.55 318.4
0 —Code 0 —Code

-- Full-wave sim. -- Full-wave sim.

-20 -20

-30 -30

-40

Normalized pattern (dB)
Normalized pattern (dB)

-40

-50 -50
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Angle 0 (deg) Angle 0 (deg)

(@) (®)
Fig. 4. Radiation patterns of the synthesized 3-bit TA obtained using the

numerical model and a full-wave solver. Results for: (a) ¢ = 0° and (b)
¢ = 90°.

the 3-bit quantization and, secondarily, to the small amplitude
imbalance determined by the different insertion losses of the
UCs. The simulated results (dashed lines) are in good agree-
ment with the numerical ones in S;. However, the simulated
SLLs in the region S are higher than those predicted by
the code, even if still lower than -27 dB. The observed
discrepancies are mainly due to the simplifying assumptions
the TA proposed model relies on. In particular, the impact of
spillover on the radiation patterns is not considered and the
transmission coefficients of the UC are assumed independent
of the angle of incidence of the impinging wave. Moreover,
the non-periodicity of the TA is not taken into account, i.e.
the coupling among different types of UCs is not modeled.
The prototype was fabricated using a low-cost PCB pro-
cess, with minimum design features of 80 pum. The stack-
up comprises two dielectric substrates, a bonding film and
three metal layers. The overall thickness of the flat lens is
about 0.29 mm No vias are employed. The PCB and the
horn feed are assembled using plastic spacers on the TA
edges (see Fig. 5). The antenna is characterized in reception
in an anechoic chamber at CEA-Leti, using a 20-dBi horn
as transmitting antenna and millimeter-wave vector network
analyzer (VNA) extenders. The measured normalized pattern
at 300 GHz (plane ¢ = 0°) is compared to the simulated one



Fig. 5. Picture of the 3-bit TA under test in the anechoic chamber.
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Fig. 6. Measured and simulated radiation patterns (¢ = 0°) of the 3-bit TA
prototype at 300 GHz.

in Fig. 6. The beamwidth of the main lobe, the roll-off and
the overall level of the sidelobes are well predicted. Some
differences, such as the higher level of first sidelobes, can be
attributed to the fabrication tolerances, alignment errors, and
to the impact of the mechanical supports of the antenna which
were not included in simulations.

V. CONCLUSION

A mathematical framework for the phase-only synthesis of
symmetric focused-beam TAs with reduced SLLs has been
presented. The TA phase distribution is found using an iterative
procedure based on semidefinite relaxation which, at each step,
optimally solves a convex sub-problem. A 400-element TA
has been successfully synthesized to meet multiple challenging
constraints on the SLLs in all azimuthal cuts of the radiation
pattern and minimize the gain loss (1.4 dB) with respect to the
maximum achievable value. Using the optimized phase and a
set of eight UCs, a 3-bit prototype is designed at 300 GHz. By
comparison with full-wave simulations, it has been assessed
that the phase quantization introduces minor distortion on
the far-field pattern. The flat lens has been fabricated using
a low-cost three-layer PCB without vias. The measurements
prove the effectiveness of the synthesis procedure in reducing
the level of the first sidelobe levels (between -25 dB and -
30 dB) and the robustness of the design to fabrication and
mechanical tolerances. In future works, the TA model could be

augmented by removing some simplifying assumptions, such
as neglecting the impact of the spillover radiation, to improve
the performance of the synthesis for large elevation angles.
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