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Abstract: A low profile dual polarized transmitarray antenna, made of three identical
layers, is proposed in this paper for Ku-band applications. The transmitarray comprises
22 × 22 symmetrical unit cells. A 3-bit phase compensation layer with less than αT = 1.3 dB
transmission loss and 2π transmission phase coverage for both linear polarized components
at the central frequency f0 = 12 GHz is designed. Moreover, for an incidence angle θ = 30◦,
the unit cell transmission loss is less than 2 dB; the transmission phase is close to the
transmission phase at zero incidence angle θ = 0◦. The fabricated transmitarray exhibits
a measured peak gain of Gm0 = 21 dB at the frequency f0 = 12 GHz. The corresponding
measured 1 dB gain bandwidth is BWg = 10.8% (11.1–12.4 GHz). The measured peak side
lobe levels are SLL0 = −20.8 dB at f0 = 12 GHz. The transmitarray antenna can be used for
beam steering up to an angle of γmax = ±30◦ with a measured scan loss △GMSL1 = 2.73 dB
at f1 = 12.4 GHz.

Keywords: low profile; dual polarized; transmitarray antenna; 3-bit phase compensation;
beam steering

1. Introduction
Modern high frequency wireless networks require highly directive antennas to lever-

age beam forming and beam steering to enhance the information channel capacity. These
types of antennas are hugely used in satellite systems, wireless power transmission, and
5G networks. The suitability of phased array antennas in different application areas is
well known but require complex feed networks [1–7]. In high-gain applications, significant
losses are common because the complexity and insertion loss in the feed network increase
with the number of radiating elements. Additionally, losses and costs are increased due
to the employment of numerous phase shifters. To overcome this problem, transmitarray
antennas are proposed in several studies as a promising alternative to conventional phased
array antennas [8–16]. A transmitarray (TA) generally consists of a single feed antenna
and a metasurface capable of controlling the phase and amplitude of the feed signal. A
TA system can be used for effective beam forming if it consists of a metasurface which
has the capability of low loss transmission with a control of 360◦ transmission phase. A
metasurface can be equipped with components such as varactors, diodes, MEMS, and
liquid crystals (LC) for the purpose of beam steering in a desired direction, though these
active elements increase fabrication complexity and losses [17–20]. On the other hand,
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moving the position of the feed source also leads to beam steering [21–23]. The perfor-
mance of the TA depends on two essential factors, the size of the metasurface (D) and the
focal distance (F) of the metasurface. The ratio F/D influences the power transfer to the
metasurface [24]. As a result, the spillover and taper efficiency product depend on the F/D
ratio. The increase of focal distance (F) causes an enhancement of taper efficiency but a de-
cay in spillover efficiency, whereas enlargement of the size of the metasurface (D) improves
the spillover efficiency but makes the metasurface less compact. Low-profile beam-steering
TA antennas can be designed using a phase gradient metasurface. For instance, low-profile
beam-steering TAs for 5G mm-wave communication were developed with multiple feed
horn antennas in [25–29].

Another important feature of next-generation wireless communication systems is the
dual-polarized operation which increases the reliability of the radio link and enhances the
overall system capacity. Continuous phase tuning, dual-polarized TAs have been reported
in the recent literature, via dual-frequency selective surface layers [30–34], the cascade of
three metallic layers [35–38], and quantized phase compensation [39–43].

This paper proposes a novel monolithic unit cell design that achieves low profile,
dual-polarized operation, and 3-bit phase compensation with minimal transmission loss,
allowing to obtain performance comparable with the state of the art in terms of gain, side
lobe levels, and scan loss. These results are reached with a novel symmetrical geometry,
making it intrinsically suitable for dual polarized radiation. An equivalent circuit model
(ECM) of the proposed UC is then developed and the scattering parameters derived from
that model are simulated, showing a good match with full-3D numerical simulated results.
Based on the developed UC, a proof-of-principle test TA is designed and fabricated, its
characterization confirming the expected gain and side lobe levels. Moreover, the developed
TA also enables efficient beam steering over tens of angular degrees with minimal scan loss,
demonstrating its potential for advanced beam-forming applications.

The paper is organized as follows: after the Introduction, Section 2 describes the UC
design and its simulated performance. Section 3 presents the ECM of the UC and compares
the corresponding scattering parameters with those calculated via the full-3D numerical
simulation. Section 4 outlines the design procedure of the TA antenna, whereas Section 5
shows the comparison between the full wave simulated numerical model of the transmit
array and the experimental results. Finally, Section 6 compares the performance of the
proposed TA with recent research works, while Section 7 is for concluding remarks.

2. UC Design
The top and side view of the proposed UC is illustrated in Figure 1, the green color

representing the substrate and the yellow color the metal. Three identical layers constitute
the UC optimized for the phase compensation of the feed incident beam. A symmetric
geometry is chosen to allow the dual polarization operation. The metal layer consists of a
metal ring, with an outer radius R1 and inner radius R2, and an inner circle of radius R3.

In the design, the ranges for searching for the optimized dimensions are listed in
Table 1. They are defined after the preliminary simulations. Eight UCs are designed by
changing the values of R1, R2, and R3 to achieve 3-bit phase with low transmission loss.
The specific dimensions of the eight UCs are listed in Table 2 with the corresponding
transmission magnitude and phase. The substrate used is Rogers RT/duroid 5880 (εr = 2.2,
tanδ = 0.0009). The thickness of the substrate is t = 1.575 mm (0.063λ0). The metal thickness
is 35 µm. The periodicity of the UC is P = 8.65 mm (0.346λ0), λ0 = 25 mm being the central
wavelength at the frequency f0 = 12 GHz.



Appl. Sci. 2025, 15, 4656 3 of 16

Appl. Sci. 2025, 15, x FOR PEER REVIEW 3 of 17 
 

(a) (b) 
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Figure 1. (a) Top and (b) side views of proposed monolithic UC, consisting of three identical metal
layers. Yellow part represents metal, and green part is substrate.

Table 1. Range for geometrical parameter optimization.

Parameters Value (mm)

P 8.65
R1 3.8–4.325
R2 3.7–4.225
R3 2.55–4.11
T 1.575

Table 2. Geometrical dimensions for 3-bit phases and corresponding magnitudes.

UC No. R1 (mm) R2 (mm) R3 (mm) |S2,1| (dB) ∠S2,1 (deg)

1 4.325 4.225 4.11 −0.86 46
2 4.325 4.225 4.07 −0.58 89
3 4.325 4.225 3.96 −0.92 136
4 4.20 4.10 3.83 −0.20 179.3
5 4.25 4.15 3.60 −0.71 225
6 4.325 4.20 3.07 −1.23 270.6
7 4.20 4.10 2.63 −0.17 314
8 3.80 3.70 2.55 −1.16 359.6

The electric field of an incident wave on the UC with arbitrary linear polarization can
be expressed by Equation (1) [44]:

Einc = Exx + Eyy (1)

where Ex and Ey are the incident electric field components along the orthogonal linear
polarizations. Each UC can be modeled as a 2 × 2 transmission matrix relating to input
and output fields found in literature [44]:(

Ex,out

Ey,out

)
=

(
Txx Txy

Tyx Tyy

)(
Ex,in

Ey,in

)
(2)
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where Txx, Tyy and Txy, Tyx are the co-polar and cross-polar transmission coefficients,
respectively. If the off-diagonal terms Txy, Tyx are null terms, then dual-polarized operation
can be expected. Thus, for dual-polarized operation, the transmission matrix T is [44]:

T =

(
|Txx|ej∠Txx 0

0
∣∣Tyy

∣∣ej∠Tyy

)
(3)

where ∠Txx and ∠Tyy are the phase shifts applied to x- and y-polarized waves respectively.
The CST Studio suite software (2023 version) is employed to simulate the magni-

tude (Txx and Tyy), and the phase (∠Txx and ∠Tyy), of the transmission coefficient for
co-polarized signal components xx or yy, respectively, for each of the eight UCs. These
transmission coefficients correspond to the scattering parameter magnitude |S2,1| and
phase ∠S2,1 between ports 1 and 2, respectively. Moreover, due to symmetry, the x- and
y-polarized transmission coefficients are identical. UC boundary conditions are applied
in Floquet port configuration, along the x and y directions, as illustrated in Figure 2, to
simulate an infinite array. The open boundaries are imposed along the z direction. The
Floquet ports along the z-axis are used for exciting plane waves.
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The obtained results for the different UCi are plotted in Figure 3a. The highest
transmission loss, obtained at the frequency f0 = 12 GHz, is αT = 1.23 dB, corresponding to
UC6. From Figure 3b, it can be observed that, at the frequency f0, eight UCs cover the 3-bit
phases required for co-polarized components. Moreover, in the TA design, it is important
to investigate the performance of the UC for different incidence angles θ. For this purpose,
the transmission magnitude and phase for the co-polarized components are simulated for
different incidence angles θ. Figure 4a shows the transmission loss αT for co-polarized
components is less than 1.9 dB at for an incidence angle θ = 30◦. Figure 4b illustrates the
transmission phases ∠Txx and ∠Tyy of co-polarized components at f0 = 12 GHz. For θ = 30◦,
the transmission phase is close to the value obtained at θ = 0◦ with a maximum simulated
displacement of about △P = 20◦. In all cases, the UCs will transmit the incidence ray in the
proper direction with low transmission loss. The behavior of these UCs for cross-polarized
components xy, yx is also investigated. The transmission magnitude Txy and Tyx as a
function of the frequency f for the cross-polarized components of these UCs are plotted
in Figure 5. The highest transmission magnitude value among all these cross-polarized
components is Tmax = − 51 dB which is very low.
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3. Equivalent Circuit Analysis of the UC
The ECM of the UC was developed using the same principle followed in the

literature [45] for a better understanding of its operation. Then, it was simulated with
Advanced Design System (ADS) software (2023 version). The simulated S parameter values
of ADS software (2023 version) were compared with those obtained by the CST simulation.
Figure 6 shows two adjacent UCs and the ECM. Starting from the UC geometry, the induc-
tive and the capacitive behavior of the different parts of the metallic pattern are represented
by means of discrete component as capacitors or inductors. In particular, the inductances
of the inner circular metal portion and the outer ring are modeled by inductors Lc and
Lr, respectively. The gap between the metal circle and the outer ring is represented by a
capacitor Cg. The capacitance formed between the metallic circles of two adjacent cells
is represented by C1. Similarly, the capacitance formed between the outer metal rings of
two adjacent cells is represented by C0. The substrate is modelled using transmission line
theory. It is modeled as a transmission line having an impedance of ZS = Z0/

√
εr = 255 Ω,

where Z0 = 377 Ω is the characteristic impedance of free space and εr = 2.2 is the relative
permittivity of the substrate.
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Zs is the substrate impedance and Z0 represents the characteristic impedance of free
space. The value of the capacitances and inductances are the same for all three metal layers.
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UC6 is chosen for computing the circuit component values of ECM. For UC6, providing
∠S2,1 = 270◦ transmission, the outer radius of the metal ring, the inner radius of the metal
ring, and the radius of the inner circle, are R1 = 4.325 mm, R2 = 4.20 mm, and R3 = 3.07 mm
respectively. The circuit component values of the ECM for UC6 are listed in Table 3. These
values are computed using gradient-based optimization method by ADS software. The
target of this optimization is to obtain the same magnitude |S2,1|, and phase ∠S2,1 values
of the scattering parameters at the corresponding frequencies f found in CST simulation by
tuning the values of the circuit components. The transmission phases of the UC are mainly
dependent on the values of the capacitors and the inductors. Figure 7 shows the magnitude
and phase values of scattering parameter S2,1 of UC6 for both CST simulation and ECM
calculation. A good agreement is reached.

Table 3. Values of circuit components of UC6 ECM.

Parameters Value

C0 0.323 pF
Cg 0.042 pF
C1 0.019 pF
Lr 3.727 nH
Lc 1.729 nH
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4. The TA Antenna
In this work, a focal length-to-diameter ratio (F/D) of 0.6 was chosen, and a maximum

D size of 200 mm was considered. Based on this requirement, a suitable feed antenna was se-
lected: in particular, a substrate integrated waveguide (SIW)-based 2 × 2 array antenna [46]
was used, as shown in Figure 8. This feed antenna array consists of two Rogers RT/duroid
5880 substrates (εr = 2.2, tanδ = 0.0009). The thickness of the first substrate is T1 = 0.381 mm,
and for the second is T2 = 1.575 mm. The length and width of the substrates are L = 35 mm,
W = 35 mm, respectively. The diameters of the vias connecting both grounds and the diame-
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ter of the circular slot in the first ground are D1 = 0.62 mm and D2 = 15.05 mm, respectively.
The patch width, length are P1 = 7.7 mm, P2 = 7.7 mm, and the dimensions regarding
lateral and corner slot in the patch are P3 = 2.75 mm, P4 = 1.44 mm, and P5 = 2.18 mm, re-
spectively shown in Figure 8. Specifically, the 2 × 2 array in [46] is chosen because it has
a −10 dB beamwidth of approximately 66◦, which aligns with the chosen F/D ratio and
the target D size. This feed antenna supports a bandwidth of BW = 2.5 GHz (10–12.5 GHz)
with an impedance bandwidth of BWz = 20.83%, having a peak gain Gf0 = 12.93 dB and
Gf1 = 12.83 dB at f0 = 12 GHz and f1 = 12.4 GHz, respectively [46].
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A 22 × 22 sized TA is designed and implemented using the proposed UC. As a result
of this design approach, the width of the TA is D = 22 × 8.65 mm = 190.3 mm and the
focal distance is F = 0.6 × D = 114.18 mm. The transmission phase of the UC of the TA
needs to be adjusted to steer the beam in the desired direction. The phase adjustment of
the UC compensates the spatial phase delay, which is introduced due to the distance, dp,
between the feed antenna and the corresponding pth UC (see also Figure 9a). For optimal
beam forming in the targeted direction, (θ0, φ0), the required phase shift across the TA is
computed as follows. The phase of the transmitted electric field for the pth UC is [47]:

ψ(xP, yP) = −k0xP sin θ0 cosφ0 − k0yP sin θ0 sinφ0 (4)

where (xP, yP) is the coordinate of the pth UC and k0 is the free space wavenumbers. The
phase of the transmitted electric field of pth UC can be calculated by summing the phase of
the incident electric field and the transmission phase shift of the UC [47]:

ψ(xP, yP) = −k0dP +ψn(xP, yP) (5)

where dP is the distance between the feed point having the coordinates (xf, yf, zf) and the
corresponding planar TA surface point having the coordinates (xP, yP, zP) [47]:

dP =
√(

xP − xf)2 +
(
yP − yf)

2 +
(
zp − zf)2 (6)

Finally, the required phase shift ψn for the generic UC of the planar TA, located at (xP,
yP, zP), can be calculated from the Equations (4) and (5) [48]:

ψn = k0(dP − (xPsin θ0cosφ0 + yPsin θ0sinφ0)) (7)
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The 3-bit phase compensation can be quantified by the expression (8):

ψn =



0◦, 0◦ ≤ ψn < 45◦

45◦, 45◦ ≤ ψn < 90◦

90◦, 90◦ ≤ ψn < 135◦

135◦, 135◦ ≤ ψn < 180◦

180◦, 180◦ ≤ ψn < 225◦

225◦, 225◦ ≤ ψn < 270◦

270◦, 270◦ ≤ ψn < 315◦

315◦, 315◦ ≤ ψn < 360◦

(8)

A home-made software is used to calculate the 3-bit phase distribution of the TA for
a focal distance of F = 114.18 mm. The phase compensation required for the broadside
pointing direction (θ0, φ0) = (0◦, 0◦) is illustrated in Figure 9b. The distinct colors indicate
UCs with different transmission phases; see the colorimetric scale.

5. Simulation and Experimental Results of the TA Antenna
The TA design outlined above does not take in account the feed’s primary pattern,

the phase discretization, transmission losses, or mutual coupling of the UC. To accu-
rately assess these effects, full wave simulations with CST have been carried out. We
fabricated and characterized the TA. Figure 10 presents the fabricated prototype and ane-
choic chamber measurement, with results compared to simulations. Figure 11 shows
the simulated and measured peak gain of the feed antenna without TA and with TA
conditions along with the measured aperture efficiency. It is observed from Figure 11
that the simulated realized peak gain is Gs0 = 23.35 dB, whereas measured peak gain
is Gm0 = 21 dB at f0 = 12 GHz. At f1 = 12.4 GHz, the peak gain of this TA for simulation
and measurement are Gs1 = 22.46 dB and Gm1 = 19.97 dB, respectively. The highest aper-
ture efficiency is ηmax = 19% at f2 = 11.2 GHz, whereas it is η0 = 17% and η1 = 13% for
f0 = 12 GHz and f1 = 12.4 GHz, respectively. It is observed that the 1 dB gain bandwidth is
BWg = 10.8% (11.1–12.4 GHz). Figures 12 and 13 show the radiation pattern at f0 = 12 GHz
and f1 = 12.4 GHz, respectively for E and H plane. The measured peak gains at f0 = 12 GHz
and f1 = 12.4 GHz are △G0 = 2.35 dB and △G1 = 2.03 dB, less than the simulated gain for
both E and H plane, respectively. This difference can be ascribed to larger insertion loss, due
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to thin air layer in between the substrates that have not been bonded together with prepreg,
and other fabrication tolerances. The measured peak side lobe levels are SLL0 = −20.8 dB
and SLL1 = −18.5 dB for f0 = 12 GHz and f1 = 12.4 GHz, respectively.
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To evaluate the effects of the fabrication tolerances, several simulations have been
performed. In particular, all the optimized cells have been slightly changed, by considering
an increase of external radius values ∆R1 = 7.5 µm and a decrease of internal radius values
∆R2 = −7.5 µm, the obtained gain variation in broadside direction is ∆Gs0 = −0.5 dB. More-
over, the displacement of the focal distance F of the feed antenna along the z direction has
been varied. For a variation of ∆F = ±4 mm, the maximum gain is reduced of Gs0 = −0.3 dB
and the main beam direction tilts of about ∆θ = −1◦. It is worth noting that, in the design,
the substrates are considered perfectly adherent. Since in the prototype fabrication they
were assembled with teflon screws, the influence of an air-gap with a thickness ta = 50 µm
between substrates in the unit cell has been investigated, obtaining a transmission coef-
ficient variation ∆S2,1 = −0.12 dB and phase shifting variation of ∆ϕ = 1.3◦ with a gain
variation in broadside direction of approximately ∆Gs0 = −0.6 dB. The employed LPKF
Protolaser U3, ultraviolet laser writing equipment, allows a very good fabrication tolerance,
providing a scanning beam resolution SBR = 2 µm. As result of the conducted investiga-
tion, the reproducibility can be increased by considering a prepreg sheet to assemble the
substrates and a more precise mechanical positioner of the feed antenna.

However, as reported in [49–52], low profile TAs can suffer from limited aperture
efficiency. Moreover, the unmodeled fabrication imperfections can be the factors that
contribute to the low measured aperture efficiency. Optimization strategies such as UC
geometry refinement for improved amplitude–phase balance can be employed to improve
aperture efficiency by reducing loss mechanisms.

The beam-steering performance of the TA is investigated by moving the SIW-based
2 × 2 patch array feed antenna. The feed antenna is shifted along the x-axis (axis shown in
Figure 9a) by a feed shifting length (FSL) of 65 mm in both positive and negative directions.
The farfield gain patterns for the feed coordinates (x, y) = (0 mm, 0 mm); (x, y) = (+26 mm,
0 mm); (x, y) = (+45 mm, 0 mm); (x, y) = (+65 mm, 0 mm); (x, y) = (−26 mm, 0 mm); (x, y) =
(−45 mm, 0 mm); (x, y) = (−65 mm, 0 mm) are plotted in Figures 14 and 15 for f0 = 12 GHz
and f1 = 12.4 GHz, respectively. The qualitative agreement between the simulated and
measured patterns is excellent. The beam-steering angles γmax = ±30◦, γ2 = ±20◦, and
γ1 = ±11◦ are achieved.
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f1 = 12.4 GHz.

However, in every case, the measured gain is slightly lower than the simulated one, as
previously observed and discussed for the broadside pointing direction. Again, this dis-
crepancy may be attributed to fabrication errors. As example, the width of the circular ring
in some UCs is R1–R2 = 0.1 mm, a width requiring tight tolerances. For γmax = ±30◦ beam
steering the simulated scan loss is △GSSL0 = 3.9 dB at f0 = 12 GHz and △GSSL1 = 3.03 dB at
f1 = 12.4 GHz. In measurement, it is observed that for γmax = ±30◦ steering, the scan loss
is △GMSL0 = 4.03 dB at f0 = 12 GHz and △GMSL1 = 2.73 dB at f1 = 12.4 GHz. Moreover, in
the experiment, the actual position of the feed antenna during beam steering operation
is slightly different with respect to the simulated one, this resulting in a lower measured
gain with respect to the simulation. Also, the air gap between the substrates which is not
considered during simulation causes a mismatch between the simulated and the measured
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scan loss. It can be concluded that the TA at f0 = 12 GHz outperforms the same at for
gain increment but in the case of beam steering it shows better performance at in terms
of scan loss △G. The measurement is done by shifting the feed antenna only along the x
axis. Similar results are obtained by shifting the feed antenna along the y axis due to the
symmetrical nature of this TA.

Though the mechanical feed displacement for beam steering works well in this case, it
is not feasible for some applications. Future work will explore the integration of reconfig-
urable elements, such as varactor diodes or tunable materials, within the UC architecture
for beam steering to overcome the limitations associated with mechanical feed displace-
ment. Dynamic phase control across the aperture is necessary for electronic beam steering,
which can be employed by incorporating electronically tunable components. Furthermore,
this advancement will allow better control of polarization, adaptive beam shaping, and
multi-beam operation in real-world applications.

6. Comparison with Other Works
The performance of this proposed TA is compared with some related work listed in Table 4.

It is observed that the proposed TA has a lower profile, having thickness ρ = 0.126λ0 [49–52].
It consists of three layers with a reduced array size of A = 57.9λ0

2 [49,51,53]. This proposed
TA does not require an air gap in between the substrates, offering improved robustness,
compactness, and ease of fabrication. Moreover, the low F/D = 0.6 makes this TA more
compact than [51,52]. Moreover, the 8-phase state having less than αT = 1.3 dB transmis-
sion loss with dual linear polarized components transmission capability is not achieved
in [49,50,53]. For the case of beam steering, the proposed TA can scan γmax = ±30◦, which
is greater than [49,53]. This work achieves the lowest scan loss among the reference works
of △GMSL1 = 2.73 dB at f1 = 12.4 GHz [49–53]. However, the aperture efficiency η is not
better in comparison with the reference papers reported in Table 4 except [53]. It can be
concluded that the lower profile is achieved at the cost of aperture efficiency η or gain G.

Table 4. Comparison of proposed TA with other works.

Ref. Jiang et al.,
2017 [49]

Zhang et al.,
2020 [50]

Niroo Jazi
et al., 2016 [51]

Li et al., 2021
[52]

Li et al.,
2021 [53] This Work

Frequency f (GHz) 27.5 10 12 15 12.5 12 12.4
No. of layers 2 3 5 3 3 3 3
Thickness ρ (λ0) 0.18 0.133 0.582 0.165 0.083 0.126 0.13
Array size A (λ0

2) 86.06 16.0 64.0 38.48 90.9 57.9 62.35
Gain G (dB) 24.2 19.3 23.0 23.06 22.7 21.0 19.97
Scan range γmax
(degree) ±27 +60 ±35 ±30 ±21 ±30 ±30

Scan loss △G (dB) 3.7 4.15 3.0 3.6 2.7 4.03 2.73
F/D 0.50 0.60 0.78 0.75 0.59 0.60 0.60

Polarization Dual
LP Single CP Ins. * Dual LP and

Dual CP Single LP Dual
LP

Dual
LP

Side Lobe Level
SLL (dB) −18.4 −17.7 −15.0 −35.0 −15.0 −20.8 −18.5

Phase states 240◦ 180◦ 360◦ 360◦ 360◦ 360◦ 360◦

Air gap Yes No No Yes No No No
Aperture
Efficiency η (%) 24.5 40.2 34.64 42.3 15.2 17.0 13.0

* Ins. = Insensitive.

Therefore, by considering all the factors, the proposed transmitarray can be considered
(i) novel (metal patterns with circular geometry), (ii) low profile (to parity of performance),
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(iii) dual-polarized, (iv) simple to be fabricated, (v) with good scan loss at 12.4 GHz and
(vi) with good steering angle.

7. Conclusions
A low profile, dual-polarized 3-bit TA is proposed, simulated, and tested in this

research. This proposed TA achieves a low profile (0.126λ0), dual-polarized opera-
tion, and efficient beam steering up to ±30◦ with minimal scan loss, with a 1 dB gain
bandwidth of BWg = 10.8% (11.1–12.4 GHz), and a measured peak side lobe level
SLL1 = −20.8 dB at f0 = 12 GHz. In particular, a measured scan loss of △GMSL0 = 4.03 dB
and △GMSL1 = 2.73 dB is achieved at f0 = 12 GHz and f1 = 12.4 GHz, respectively. The
measured peak gain is Gm0 = 21 dB at f0 = 12 GHz with an aperture efficiency of η0 = 17%
at whereas the maximum aperture efficiency is ηmax = 19% found at f2 = 11.2 GHz. All
these features make this TA suitable for Ku-band satellite and 5G applications.
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