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Analysis, Rigorous Design and Characterization of
a Three-layer Anisotropic Transmitarray at 300 GHz

Orestis Koutsos, Francesco Foglia Manzillo, Member, IEEE, Antonio Clemente, Senior Member, IEEE
and Ronan Sauleau, Fellow, IEEE

Abstract—A novel approach for studying and designing low-
cost anisotropic transmitarrays at sub-THz frequencies is pre-
sented here. The array comprises three metal layers and two
interleaved dielectric spacers. A four-port equivalent circuit
model is derived to accurately model the anisotropic behavior of
the unit-cell. The analysis proves theoretically that nearly perfect
transmission and complete phase control can be achieved at the
same time. A systematic procedure optimizing the admittance
tensor of the inner layer is described for the unit-cell design.
A 3-bit transmitarray antenna at 300 GHz is fabricated using
a standard printed circuit board process. The measured results
demonstrate that the design methodology is effective even under
strict technological constraints. The antenna achieves a peak gain
of 32.2 dBi with 36.5% aperture efficiency and 70.4 GHz of 3-dB
bandwidth.

Index Terms—transmitarray, anisotropy, equivalent circuit,
periodic structures, 300 GHz, sub-THz, admittance tensor.

I. INTRODUCTION

THE use of currently unexploited spectrum around 300
GHz could be a key enabler for the deployment of next-

generation wireless communication systems. At these frequen-
cies, the main challenge is to mitigate the high propagation
losses by realizing high-gain, efficient and wideband antennas.
In addition, the choice of the fabrication process is crucial for
the final performance, due to the small design features, as well
as for enabling low-cost solutions.

Among the existing architectures that are suitable for sub-
THz applications, transmitarray (TA) antennas are one of the
best candidates. In particular, they do not require lossy feed
networks, thanks to the spatial feeding mechanism. On top
of that, TAs do not suffer from feed blockage, which makes
them suitable for near-field excitation. Moreover, the fabri-
cation of TAs is compatible with low-cost planar processes.
These characteristics enable the design of a cost-efficient, low-
profile antenna with high aperture efficiency and beamforming
capabilities in the sub-THz region.
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The key to achieve high performance is the selection
of convenient unit-cell (UC) designs and the capability to
rigorously control and tune their electromagnetic properties.
At frequencies below 100 GHz, the most common UC ar-
chitecture is the antenna-filter-antenna (AFA). It generally
comprises two antenna elements physically connected using a
metallized via, e.g. [1], [2]. However, at sub-THz frequencies,
the fabrication constraints hinder the achievement of optimal
UC performance. To cope with this problem, a hybrid design
approach was presented at D-band [3]. The authors combined
AFA unit-cells comprising either vias- or aperture-coupled
radiating elements and demonstrated a 3-bit TA. Nevertheless,
at even higher frequencies, this design methodology can not
overcome the technological limitations of low-cost processes,
e.g. Printed Circuit Board (PCB), especially when a high phase
resolution is targeted (> 2-bit). Furthermore, the strong impact
on the metallized via diameter and alignment, which lead to
a frequency shift of about 5 GHz (3.6% at 140 GHz) in [3],
can be mitigated using a vias-less design.

Alternative designs rely on frequency-selective surfaces
(FSS). The unit-cells are via-less and comprise multiple metal
layers, separated by air gap or dielectric spacers [4]–[7].
In most cases, each sheet impedance is isotropic. However,
anisotropic designs can offer enhanced performance and func-
tionalities. The UC presented in [8]–[12] achieves high effi-
ciency over wide bandwidth using only three metal layers: two
orthogonal polarization grids and an inner polarization rotator.
This design was originally proposed as a 90◦ polarization
converter at optical frequencies [13]–[15]. Furthermore, by
optimizing only the middle layer, phase-shifting surfaces for
wavefront manipulation and TA antennas with high phase
resolution can be realized. Recently, several TA designs have
been demonstrated using this concept up to 300 GHz [16]–
[18].

Despite the increasing number of TAs based on similar
architectures, to the best of authors’ knowledge, no theoretical
approaches for the analysis and synthesis of these elements
have been presented. In most cases, a large number of param-
eters (e.g. geometrical features and material properties) has
to be simultaneously optimized, for each phase-shifting UC,
with the only objective of achieving a target insertion loss.
This blind parametric process does not provide any insight on
the design of the optimal UC and it becomes less efficient as
the TA phase resolution increases. Therefore, the procedure
can be time-consuming and does not guarantee to reach the
maximum achievable performance.

In this paper, we present a rigorous model based on cas-
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Fig. 1: Exploded view of the proposed unit-cell with P periodicity,
which is the same along the x- and y-axis. The rotator (blue color) is
generically modelled as a two-dimensional sheet impedance described
by a 2×2 admittance matrix. The polarization grids (grey color) are
orthogonally oriented. The layers are interleaved by two dielectric
spacers (orange color) of the same permittivity, εr .

caded sheet admittances [19] to analyze and synthesize this
class of unit-cells, with application to TA antennas. Some
preliminary results have been presented in part in our previous
works [18] and [20], describing the UC operation principle and
focusing only on the design of the inner metal layer. Here, in
addition to the fabrication and experimental characterization
of a prototype, a more general analysis of the UC and a
quantitative procedure to design it for maximum transmission
and phase coverage are thoroughly described. Furthermore, the
theoretical model and the design methodology are augmented
by the use of a four-port equivalent circuit to take into account
the UC anisotropy. Thanks to this circuit model, a general
closed-form expression for the transmission coefficient of the
UC is presented for the first time. The analysis presented
in Section II shows that the anisotropy enables full phase
coverage with very small insertion loss, as opposed to three-
layer isotropic UCs [21]. The synthesis procedure, described
in Section III, provides the optimal admittance tensor of
the polarization rotator, expressed in a convenient reference
system, easing the UC design. In the same Section, an in-depth
study of the impact of the grid polarizers and the dielectric
spacers on the insertion loss and bandwidth is presented. To
validate this procedure, a 3-bit TA antenna is fabricated using
a standard PCB technology and characterized at 300 GHz.
As presented in Section IV, the prototype achieves high gain
and aperture efficiency over a 25% relative bandwidth. Finally,
conclusions are drawn in Section V.

II. UNIT-CELL ANALYSIS

A. Circuit Model

A general view of the proposed unit-cell is shown in Fig.1.
The structure is periodic in the xy-plane and it comprises
three metallic layers [18]. The outer layers are two orthogonal
polarization grids, which are assumed identical. The inner
layer is an anisotropic sheet that modifies the polarization of
a wave impinging on the cell. This sheet is interleaved by two

dielectric spacers of permittivity εr and thicknesses d1 and d2,
respectively. Finally, in this study all materials are considered
lossless, homogeneous, isotropic and non-dispersive.

The unit-cell is illuminated in either side by a plane wave,
x- or y-polarized, propagating along the z-axis. As presented
in Fig. 1, the structure rotates by 90◦ the polarization of
the incident wave. The complete scattering phenomenon is
modelled by the equivalent circuit of Fig. 2, assuming normal
incidence. The employment of a four-port network is necessary
in order to take into account the mode coupling induced by the
rotator. The spacers are modelled as transmission lines, and for
normal incidence the characteristic impedance will be the same
for each polarization. Therefore, the characteristic impedances
of the spacers are Zxεr = Zyεr = η0/

√
εr, where η0 is the free

space impedance, and all the ports have the same generator
impedance Zx0 = Zy0 = Z0. For simplicity, the medium
surrounding the unit-cell is assumed to be vacuum (Z0 = η0).
Due to the periodical nature of the problem, the circuit
representation is accurate when only the dominant mode of
the Floquet Waves (FWs) is propagating within the frequency
range of observation. Furthermore, the circuit does not take
into account coupling effects among stacked layers. These
assumptions depend on both period and frequency, which
can be validated through full-wave simulations. Therefore, in
order to obtain accurate results using this model, separations
greater than λ/8 between the layers must be considered and
the periodicity of each layer should be equal or less than λ/2
at the highest operating frequency.

The polarizers act as reflective or transparent surfaces to
orthogonal linearly-polarized incident fields. The strip grating
has been thoroughly studied previously, e.g. [22]–[25]. Here, it
is assumed that the grid has sub-wavelength periodicity and is
placed so that the transmitted and reflected fields are parallel
to the x- and y-axis, respectively. Therefore, each grid is seen
as a couple of shunt admittances, Y xp and Y yp , loading the
corresponding transmission lines. Since the two polarizers are
considered identical, these parameters are

Y xp1 = Y yp2 = Yt , (1a)

Y yp1 = Y xp2 = Yr . (1b)

The value Yt describes the case of transparency and the
value Yr describes the case of reflection. In general, it is
known that Yt and Yr exhibit a small capacitive and a finite
inductive value, respectively. Nevertheless, in many studies
the polarizers are assumed ideal, in order to exploit the
polarization properties and simplify the analysis. In that case,
the respective values will be

Yt = 0 , (2a)

Yr → −∞ . (2b)

The equivalent circuit of Fig. 2 as well as most results
presented in this work are valid for any admittance values
of the outer layers. Nevertheless, the above approximation
can be used to derive a simple analytical expression of the
transmission coefficient.
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Fig. 2: Equivalent four-port circuit of the unit-cell. Both polarizers, p1 and p2, are represented as a pair of shunt admittances at the ends
of x and y transmission lines, respectively. The rotator is modelled by a π-type network, coupling the two transmission lines at BB′ and
EE′. A rotator design and the reference systems necessary to illustrate the diagonalization of Y rot are shown in the bottom right corner.

The rotator is coupling the two polarizations in the (x,y)
system. The anisotropic behavior of this layer can be described
by a 2×2 admittance tensor given by

Y rot =

[
Yxx Yxy
Yyx Yyy

]
(3)

The entries Yxy and Yyx represent the polarization coupling
and they are equal by reciprocity. The tensor Y rot relates the
components of the surface current, Jx and Jy , to the average
electric field components across the rotator sheet [19], [26].
This relationship can be represented by a π-type circuit [27],
placed between the x and y transmission lines, as shown in
Fig. 2. The values of the admittances of the π-network are

YA = Yxx + Yxy (4a)

YB = Yyy + Yxy (4b)

YC = −Yxy (4c)

Consequently, the overall unit-cell is modelled using five ad-
mittance values, namely Yxx, Yyy , Yxy , Yt and Yr. Considering
the circuit of Fig. 2, the main objective is to calculate the
scattering coefficient S31, which will be referred to as T yx

in the rest of the paper, maximize its amplitude and tune
its phase. Based on the classical network analysis [27], the
general expression of this transmission coefficient is calculated
as

S31
∆
= T yx = (Z−1

AA′ − Yt)(1 + S11)K1K
−1
2 . (5)

The expressions K1 and K2 are given in the appendix. The
value ZAA′ is the equivalent input impedance at Port 1 when
all other ports are terminated by a matched load (Z0). The
value S11 is the reflection coefficient at Port 1; it is equal to

S11 =
ZAA′ − Z0

ZAA′ + Z0
(6)

If the properties of the polarizers and the spacers are known,
then the expression (5) is a function of the three admittance
entries of the rotator. Although in this case the unit-cell can
be studied and optimized focusing only on the inner sheet,
the analysis remains somewhat complicated. In addition, the
synthesis of the admittance tensor and the physical design of
the rotator are still problematic, especially due to the coupling
factor Yxy , which is hard to control. Therefore, a convenient
expression for the admittance tensor is found by applying a
coordinate transformation [28]. In particular, the tensor Y rot is
diagonal in the (u,v) reference system, which is called crystal
system and it exists for any passive two-dimensional structure
[29]. It can be obtained by rotating the (x,y) system by an
angle φ, as shown in Fig. 2. The following relationship holds

Y
XY

rot = R(φ)Y
UV

rotR
T

(φ) , (7)

where R(φ) is the rotation matrix and the superscripts XY
and UV indicate the two reference systems. The diagonalized
matrix is

Y
UV

rot =

[
Yu 0
0 Yv

]
(8)

The three original entries of the rotator admittance can be
expressed in terms of the two entries of the diagonalized
matrix, yielding

Yxx = cos2(φ)Yu + sin2(φ)Yv , (9a)

Yyy = sin2(φ)Yu + cos2(φ)Yv , (9b)

Yxy = sin(φ) cos(φ)(Yu − Yv) . (9c)

The entries Yu and Yv can be determined from the scattering
parameters of the rotator sheet under u- and v-polarized fields.
In particular, by simulating the rotator sheet with periodic
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Fig. 3: Equivalent circuit of the rotation matrix, describing the rela-
tionship between the electric field components in the two coordinate
systems. Ideal transformers are considered for the angle of rotation.
The transpose rotation matrix is modelled by a similar network.

boundaries at the interface between two semi-infinite media
of characteristic impedance η = η0/

√
εr, the expressions for

the admittances are [27]

Yu,v = − 2Su,v11

η(1 + Su,v11 )
, (10)

where Su,v11 is the reflection coefficient at each polarization.
Therefore, the admittance parameters are expressed in the
(x,y) system as a function of Yu, Yv and φ. The circuit
representation of the proposed transformation is shown in Fig.
3. The rotation matrix is illustrated using ideal transformers,
in order to describe the relationship between the electric field
components in the two coordinate systems. Therefore, the π-
circuit in Fig. 2 can be replaced by the circuit of the rotation
matrix and its transpose, placing between them the shunt
admittances Yu and Yv .

The impact of the angle of rotation can be studied by
focusing on the properties of depolarization of the rotator.
It was shown in our previous work [20] that if φ = ±45◦,
the rotator achieves maximum polarization conversion. For
this angle of rotation, the three entries of the π-circuit in (4)
become

YA = YB =

{
Yu, if φ = 45◦ ,

Yv, if φ = −45◦ ,
(11a)

YC = ±(Yv − Yu)/2, for φ = ±45◦ . (11b)

Therefore, thanks to the transformation concept, the unit-cell
can be analyzed using four admittances, Yu, Yv , Yt and Yr,
instead of five. Finally, the value Yxy vanishes and thus,
by fixing the rest of the parameters, expression (5) can be
completely described only by the two values, Yu and Yv , which
are related to the rotator in the crystal system.

B. Transmission Phase Coverage
To demonstrate the effectiveness of the model for TA design,

the unit-cell is examined in terms of phase coverage. Based on

(a)

(b)

Fig. 4: Magnitude (a) and phase (b) of T yx as function of the rotator
admittance entries calculated at the crystal axes. The polarizers are
assumed ideal and both spacers have a thickness of λ/4. The results
are obtained using (12) for φ = 45◦. The red solid curve in both
figures represents the locus corresponding to perfect transmission,
derived from (13).

the circuit theory, the objective is to calculate the impedance
matching condition (IMC) in order to maximize the power
transfer from Port 1 to Port 3. After that, the phase of
transmission will be studied considering either zero or very
low insertion loss (IL).

First, quarter-wavelength spacers are considered, i.e. d1 =
d2 = λ/4, where λ = λ0/

√
εr, in order to derive a simple

closed-form formula for the transmission coefficient. It will be
shown in Section III that using a thickness close to this value,
both wide bandwidth and low insertion loss can be achieved.
Furthermore, the two polarizers are assumed ideal using (2)
and thus a total reflection occurs at ports 2 and 4. Under these
assumptions and choosing φ = ±45◦, expression (5) yields

T yx = ± (Yv − Yu)εrZ0

ε2
r + YuYvZ2

0 + (Yu + Yv)εrZ0
(12)

The magnitude and phase of (12) are plotted in Fig. 4 a a
function of Yu and Yv . Assuming lossless materials, each
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admittance is described by a susceptance. Solving (12) for
perfect transmission, the following locus is obtained

YuYv = (εr/Z0)2 . (13)

As long as the admittance values are defined by (13), the unit-
cell will exhibit zero insertion loss and cover the whole phase
range, from −180◦ to 180◦. This shows that the anisotropy of
the cell can improve the performance for TA design, compared
to three-layer designs comprising symmetric FSS, which,
instead, cannot cover the full phase range achieving perfect
transmission [21]. Another interesting observation is that the
IMC is satisfied only when φ = ±45◦. When φ 6= ±45◦,
the behavior of transmission is similar, but the maximum
magnitude becomes smaller than one. Lastly, in order to satisfy
(13), the rotator must exhibit purely capacitive and purely
inductive properties for each polarization, respectively, along
the crystal axes.

Similar conclusions can be drawn when the two spacers
exhibit the same thickness but not equal to λ/4. In particular,
if (5) is solved for perfect transmission when d1 = d2 = d, a
similar locus is derived. Specifically, the expression defines a
hyperbola whose vertices are shifted toward the line Yu = Yv
as a function of the thickness and the permittivity. For εr = 1,
the locus is simplified to

(Yu − jZ−1
0 cot(β0d))(Yv − jZ−1

0 cot(β0d)) = (1/Z0)2 ,
(14)

where β0 = 2π/λ0. Finally, when d = nλ/2, with n ∈ N, the
problem has no solution and the transmission is zero.

III. UNIT-CELL SYNTHESIS

The objective of the synthesis for TA design is to realize
a set of low-loss unit-cells attaining equispaced transmission
phases. The procedure that we propose leverages on the
model presented in Section II. It aims at determining the
admittance tensors of the rotator sheets necessary to minimize
the insertion loss of the unit-cells and cover the full phase
range.

Since the synthesis focuses on the rotator, it is important
to assess the impact of the other unit-cell elements, i.e. the
dielectric spacers and the polarization grids, on the perfor-
mance and derive some guidelines for their design. To this
end, the variation of the transmission bandwidth is studied by
performing fast parametric computations based on the analysis
model, presented in Section II.

First, the effect of the spacers is investigated assuming that
the outer sheets are ideal polarization grids. The transmission
coefficient T yx is calculated as a function of Yu and Yv using
(5), for several values of the permittivity εr and the thickness
d of the spacers, at the design frequency ω0. For each of these
values, the locus of the rotator admittances achieving perfect
transmission is found. Then, the pair (Yu0, Yv0) providing a
specific value of the unit-cell transmission phase (90◦ in this
example) is selected. The rotator is assumed non-resonant. It
is modeled as a pure inductance and a pure capacitance when
excited by a u- and v-polarized wave, respectively. Assuming
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Fig. 5: (a) 1-dB relative bandwidth (in %) of the unit-cell as a function
of thickness and permittivity of the spacers. (b) Minimum insertion
loss of the unit-cell as a function of the strip width, WP , for three
values of the gap, GP . (c) Transmission coefficient (magnitude) as a
function of frequency considering ideal and real polarizers.

without loss of generality that Yu0 > 0 and Yv0 < 0, the
equivalent capacitance and inductance are

C0 =
={Yu0}
ω0

, (15a)
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symbols.

L0 =
−1

ω0={Yv0}
. (15b)

Under this hypothesis, the frequency behavior of T yx is
determined. The computed 1-dB transmission bandwidth is
plotted as a function of d and εr in Fig. 5. The unit-cell is
able to attain almost 100% relative bandwidth when exhibiting
approximately quarter-wavelength spacing and a permittivity
less than 4. This result is in agreement with previous designs
in the literature [17], proving that the structure is considered
very broadband.

The effects of the polarization grids can be studied using
a similar procedure. It turns out that the behavior of a grid
approaches that of an ideal polarizer as its period decreases
[22], [23]. Nevertheless, even for relatively large periods, the
mismatch introduced by the real grids with respect to ideal
polarizers can be made very small with an appropriate choice
of the filling factor ρ = WP /(WP + GP ), where WP is the
strip width and GP is the gap. As shown in Fig. 5b, in order
to minimize the insertion loss of the unit-cell, the filling factor
should be in the range between 0.2 and 0.4, when the gap is
kept at a relatively small value. As an example, a grid with
a period of λ0/4 and ρ = 0.32 is selected, giving WP =
0.08λ0 when GP = 0.17λ0. This choice not only minimizes
the insertion loss, but also takes into account the fabrication
constraints, as it will be discussed later. The sheet admittances
of the chosen grid, simulated at the interface between vacuum
and a dielectric of permittivity εr = 3, are Yt = j0.3/η0 and
Yr = −j5.4/η0, at the center frequency f0. The transmission
coefficient of the unit-cell is plotted in Fig. 5c as a function of
frequency, for ideal and actual polarization grids, when εr = 3.
The admittance tensor of the rotator is the same that has been
considered to calculate the bandwidth in Fig. 5a, for εr = 3
and d = λ/4. The loading effect of the polarization grids
introduces a small frequency shift of transmission coefficient.
It can be compensated by slightly reducing the thicknesses of
the spacers. By choosing d = 0.22λ, the frequency behavior of

(a)

(b)

Fig. 7: (a) Stack-up of the unit-cells. (b) Rotator designs for the
proposed 3-bit TA, in the (u, v) reference system (see Fig. 2). By
mirroring each rotator with respect to the x-axis, the remaining four
unit-cells are designed.

TABLE I: Geometrical parameters of the employed rotators.

Layer Parameter (mm)
L1 L2 W G

Rotator A 0.35 0.24 0.1 -
Rotator B 0.5 0.24 0.08 -
Rotator C 0.4 - 0.08 0.08
Rotator D 0.24 0.3 0.08 -

the unit-cell with real polarization grids matches the reference
one obtained for ideal polarizers. The insertion loss at f0 is
only 0.25 dB, determined by a slight mismatch due to the
introduction of the polarization grids.

Next, the synthesis of the admittance tensor of the rotator
is illustrated with applications to the design of a 3-bit TA
operating at 300 GHz. Based on the previous parametric
analysis and to ease the TA fabrication in PCB technology,
the thicknesses and relative permittivity of the spacers are
fixed to d = 0.22λ and εr = 3, respectively, while the
geometrical parameters of the grids are set to WP = 0.08mm
and GP = 0.17mm. First, the transmission coefficient of the
unit-cell is calculated as a function of Yu and Yv using (5) at
the design frequency, similarly to what has been discussed in
Fig. 4. Then, the locus of admittance values maximizing |T yx|
is numerically found. Finally, 2N admittance pairs (Y iu ,Y iv ),
with i = 1, . . . , 2N , are selected on this locus to design unit-
cells achieving a uniform N -bit quantization of the full phase
range. The locus found for the 300-GHz design under analysis
is plotted in Fig. 6. The pairs of rotator admittances selected
to design 8 different unit-cells for a 3-bit TA are indicated
with red circles. By virtue of symmetry, only the branch of
the locus in the fourth quarter and four admittance pairs are
shown.

The stack-up selected for the unit-cell design is shown in
Fig. 7a. It comprises two Astra MT77 substrates and a bonding
layer which have nominal permittivity equal to the targeted one
(εr = 3) and are low-loss (tan δ = 0.0017). The thicknesses
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Fig. 8: Transmission magnitude (a) and phase (b) of the designed
unit-cells, obtained from full-wave simulations. The results when the
rotators of Fig. 7 are mirrored (M) with respect to x-axis are shown
in dashed lines.

h1 = 0.127mm and h2 = hg = 0.064mm are chosen to
get the desired spacer thickness (d = 0.22λ) at 300 GHz. A
key goal of this work was to make the design suitable for
standard and low-cost PCB manufacturing. This requirement
imposed to use conductor width and spacing larger than 80µm.
To overcome these strict constraints and achieve the targeted
admittance pairs, four different rotator designs were employed.
They are shown in Fig. 7 and their main dimensions are
reported in Table I. All unit-cells are square. Their edge is
P = λ0/2 = 0.5 mm to ensure that grating lobes do not occur
and, at the same time, to ease the integration of controllable
devices for future reconfigurable TA designs [30].

The sheet admittances of the four rotators of Fig. 7 at
300 GHz are shown with blue symbols in Fig. 6. They have
been extracted from full-wave simulations performed in Ansys
Electronic Desktop [19], [29]. Despite the technological con-
straints, the admittances of the designed rotators are very close
to the targeted values obtained from the synthesis procedure.
The phase error is less than 5◦ for each design, compared
to the targeted value. These results prove the effectiveness of
the proposed unit-cell design and synthesis procedure for the
realization of low-cost TAs, even at sub-THz frequencies. The
remaining four unit-cells are easily obtained by mirroring the
rotators with respect to the x-axis. By virtue of symmetry, the
admittances of the mirrored rotators approach the branch of
the optimal admittance locus in the second quadrant (see Fig.
4). The transmission coefficient of each unit-cell with mirrored
rotator is equal in magnitude but shifted in phase by 180◦ with
respect to the corresponding original design.

Finally, the magnitude and phase of the transmission co-
efficients of all unit-cells, simulated under normal incidence
and enforcing period boundaries, are shown in Fig. 8. The
common 1-dB transmission bandwidth is almost 85 GHz, or
30% at the center frequency of 280 GHz. Over this band, the
relative phase shifts among adjacent phase states are very close
to 45◦, with maximum absolute variations of 10◦.

IV. TRANSMITARRAY DESIGN

Using the synthesized unit-cells, a 40×40 elements (20λ0

×20λ0) TA, with D = 20 mm, is designed. The center

(a)

(b)

Fig. 9: (a) Measurement setup in the anechoic chamber and (b) view
of the fabricated antenna prototype.
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Fig. 10: Simulated and measured gain and aperture efficiency of
the TA antenna prototype. The results are compared to an antenna
comprising a perfect lens, considering the same focal source and focal
distance.

frequency is 280 GHz at the range of observation. The
aperture is illuminated by a 10-dBi horn (model 32240-10
by Flann Microwave) used as a focal source. The aperture
of the horn has a size of 1.31 × 0.95 mm2 and it is fed
by a WR3 type waveguide. The optimal phase distribution is
derived numerically by a hybrid simulation tool [1], employing
the radiation pattern of the focal source and the simulated
directivity and scattering parameters of the previous unit-cells.
The focal distance was set at F = 20 mm (F/D = 1) in
order to optimize the antenna in bandwidth and maintain a
high aperture efficiency. The TA antenna was measured in the
mm-wave anechoic chamber of CEA-Leti, as shown in Fig.
9a. A plastic support was used to fix the lens at the selected
distance from the horn. The peak gain and aperture efficiency
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TABLE II: Comparison with state-of-the-art transmitarrays at sub-THz frequencies.

Reference [31] [3] [16] [17] This work
Frequency (GHz) 140 145 250 330 300

Technology LTCC PCB PCB PCB PCB
No. layers 7 3 2 3 3

Vias Yes Yes No No No
Feed gain (dBi) 20 10 6 7.7 10

TA size (λ20) 18.67×18.67 20×20 14×14 11.67×11.67 20×20
F/D 1.87 0.75 0.3 0.34 1

Peak gain (dBi) 33.5 33 28.8 23.1 32.2
Aperture

efficiency (%) 50.1 38.3 32 12 36.5

Gain bandwidth (%) 10.7 (1-dB) 11.7 (1-dB) 6.8 (1-dB) 17.2 (3-dB) 10.5 (1-dB)
25.1 (3-dB)

-90 -60 -30 0 30 60 90
-50

-40

-30

-20

-10

0

(a)

-90 -60 -30 0 30 60 90
-50

-40

-30

-20

-10

0

(b)

-90 -60 -30 0 30 60 90
-50

-40

-30

-20

-10

0

(c)

-90 -60 -30 0 30 60 90
-50

-40

-30

-20

-10

0

(d)

Fig. 11: Simulated and measured radiation pattern of the TA. (a) H-
plane@280GHz, (b) E-plane@280GHz, (c) H-plane@300GHz and
(d) E-plane@300GHz.

of the antenna prototype, as a function of frequency, are shown
in Fig. 10. The maximum measured gain is 32.2 dBi at 287
GHz, with an aperture efficiency of 36.5%. The antenna attains
approximately 29.3 GHz of 1-dB bandwidth and 70.4 GHz of
3-dB bandwidth, which are 10.5% and 25.1% at 280 GHz,
respectively. The aperture efficiency is equal or greater than
24% between 265 and 310 GHz. The gain loss with respect
to an ideal TA, i.e. reflectionless and providing perfect phase
compensation, with the same size and illumination, is only
about 1.9 dB in the 3-dB bandwidth.

Finally, the radiation pattern at two frequencies is shown in
Fig. 11 (H- and E-plane cuts). The simulated and measured
results of the patterns are in good agreement and the maximum
sidelobe level is about -19 dB and -15 dB in the H- and E-
plane, respectively. Table II compares the performance of the
antenna prototype to state-of-the-art transmitarrays at frequen-
cies beyond 100 GHz. Compared to the designs in [16], [17]

an improvement of the aperture efficiency and the bandwidth
are shown, while the antenna exhibits a larger electric size.
The TA is via-less, comprising only 3 layers, realized using a
low-cost technology.

V. CONCLUSION

A new approach for analyzing and designing three-layer
TAs comprising two outer orthogonal linear polarizers and an
inner polarization rotator, has been presented and experimen-
tally validated. A closed-form expression for the transmission
coefficient of the unit-cell has been found by modeling it as
three cascaded sheet admittances interleaved by two dielec-
tric spacers. A four-port equivalent circuit has been derived
to accurately describe the anisotropic behavior of the unit-
cell and to ease its physical design. It has been rigorously
demonstrated that the selected anisotropic unit-cell can achieve
at the design frequency both nearly perfect transmission and
full phase coverage, as opposed to standard symmetric FSS
designs. It has been shown that, following proper design
guidelines, the transmission phase can be tuned by varying
the inner sheet only. Based on this observation, a procedure to
synthesize the admittance tensor of the inner layer and realize
multiple low-loss TA unit-cells has been proposed. It requires
the optimization of only two admittance parameters.

With this approach, a 3-bit 40×40 TA at 300 GHz was
designed, using standard vialess PCB technology. Despite the
strict fabrication constraints, the admittances of the designed
unit-cells approach the targeted values, proving the effective-
ness and robustness of the proposed design procedure. The
simulated insertion loss of all unit-cells is less than 1-dB
between 230 and 315 GHz. The TA has been optimized for
a 10-dBi horn feed and F/D = 1. The prototype outperforms
state-of-the-art TA antennas operating at frequencies higher
than 200 GHz and fabricated in PCB technology. The mea-
sured peak gain and relative 3-dB bandwidth are 32.2 dBi
and 25.1%, respectively. The aperture efficiency reaches a
maximum value of 36.5% at 287 GHz. These results and
the low-cost fabrication technology pave the way for the
integration of the proposed TA design in future sub-THz
wireless systems.

APPENDIX

The scattering parameters of the four-port circuit in Fig.
2 are calculated using classical network theory [27]. In this
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paper, the main interest is on the properties of the transmission
coefficient S31. In order to derive its expression, the ports 2,
3 and 4 must be terminated with matched loads, equal to Z0.
Then, the relation between transmitted and incident waves, V −3
and V +

1 , respectively, is derived. By doing so, the parameter
K1 in (5) is found to be

K1 = Z−1
εr (1− Γ2)− YA(1 + Γ2)− Z−1

P2 (1 + Γ2) (16)

The impedance ZP2 in (16) is equal to

ZP2 = Zεr
ZL1 + jZεr tan(βd2)

Zεr + jZL1 tan(βd2)
, (17)

where
ZL1 =

Z0

1 + Z0Yr
(18)

The coefficient Γ1 is equal to

Γ1 =
ZL2 − Zεr
ZL2 + Zεr

, (19)

where
ZL2 =

Z0

1 + Z0Yt
(20)

The coefficient Γ2 is equal to

Γ2 =
ZBB

′

in − Zεr
ZBB

′
in + Zεr

(21)

The parameter ZBB
′

in is the input impedance at BB′, seen as
the equivalent load of the first transmission line of Port 1.
Similarly, the parameter K2 can be found as

K2 =
(YB + Y EE

′

in )(ejβd2 + Γ1e
−jβd2)(ejβd1 − Γ2e

−jβd1)

Zεr (1 + Γ1)
(22)

The admittance Y EE
′

in in (22) is the equivalent input admit-
tance at EE′, including Ports 3 and 4, seen by the rest of the
circuit.
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