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Abstract—In this article, we propose a rigorous approach
to determine the surface parameters of Huygens’ metasurface
cells for the design of high-efficiency transmit-reflect arrays.
We demonstrate that the power of a normally incident plane
wave can be evenly split into the transmitted and reflected
ones, and that, at the same time, arbitrary phase shifts can be
introduced on the scattered waves. As a proof of concept, four
cells realizing a uniform 2-bit quantization of the phase range,
in transmission and reflection, are designed. Each cell comprises
two dielectric slabs and three impedance sheets which are derived
from the optimal surface parameters. Moreover, the bandwidth
performance are preliminarily assessed.

Index Terms—transmit-reflect array, field transformations,
metasurfaces, wavefront manipulation.

I. INTRODUCTION

In the last decade, a lot of attention has been directed to
metasurfaces, engineered 2-D structures composed of elec-
trically small unit cells [1], [2]. They are often realized
using stacked patterned layers with cells equally spaced at
subwavelength distances. Due to the small size of cells, a
metasurface can be modeled, in general, as a homogeneous
sheet characterized by tensors describing its electric, magnetic
and magneto-electric responses.

The capability of tailoring reflected and transmitted waves,
when illuminated by an incident wavefront, has been leveraged
in diverse low-profile devices, such as reflectionless lenses [3],
reflective intelligent surfaces (RIS) [4], from microwave to
optical frequencies. Metasurfaces are effective solutions for
the design of high-efficiency and compact spatially fed arrays
antennas, like transmitarrays (TAs) or reflectarrays (RAs) that,
contrarily to conventional arrays, do not require complex
feeding networks. A promising device that has been recently
proposed is the transmit-reflect array (TRA), that provides both
RA and TA functionalities. However, most TRA designs are
based on full-wave parametric optimizations of the geometries
of the unit cells. Moreover, they often reflect and transmit
waves with different polarizations or at different frequencies
[S1-[8].

In this paper, we present a rigorous procedure to design
Huygens’ metasurface unit cells with applications to TRAs.
We show that it is possible to cover the full-phase range both
in transmission and reflection maintaining an even division of

Region 2

€0, Ho, Mo H

Feo
. ~ :
- :
| ~ I
~ 3
-~ 4
. ~ .,
| b
I I
| Kkt |
A K
~—
~. . 1
E T '
=3 ~ . J
Region 1 -
€0, Ho,Mo

Fig. 1. Infinite Huygens’ metasurface between two regions with the same
material properties, illuminated by a normal incident field, in purple line.
Reflected and transmitted fields are in green and yellow lines, respectively.

the incident power. We analytically determine the constitutive
parameters of the cells and present a preliminary design of
the TRA cells with a three-layer structure. The bandwidth
performance are investigated.

II. ANALYSIS UNDER NORMAL INCIDENCE

We will consider a non-chiral, lossless and isotropic meta-
surface that exhibits both electric and magnetic response but
no magneto-electric one. The structure is illuminated by a
normally incident plane wave polarized along g, as shown in
Fig. 1.

Assuming the metasurface as a homogeneous and infinitesi-
mally thin structure, the induced surface currents can be related
to the average tangential fields on the surface [9], [10]:

<Js )_(Y;f O_><Et}avg> (1)
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where the average fields tangent to the surface are de-
fined as E,,,, = 1/2(E'+E +E') and H,,,,
1/2 (ﬂi +H" —l—ﬂt). Moreover, due to the lossless condi-
tion, the electric admittance is Y, = jB. and the magnetic

impedance is Z,, = jX,,, with B, and X, real.
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Fig. 2. (a) Loci of (Zm, Ye) for which |7| = |T'|. Two separate solutions are found. Phase of the (b) transmission and (c) reflection coefficients, obtained
for these solutions.
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By virtue of the equivalence principle, the following boun- B, = M . (8)
2770 - nOXm

dary conditions are derived:
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where H, = (H" — H)%, Hy = —H'%, E; = (E' + E")j
and E, = E'j.

We define the transmission and reflection coefficients as the
ratios of the transmitted and reflected wave, respectively, to the
incident one: 7 = E'/E* and I’ = E"/E*. From (2) and (3),
after some manipulations, the following expressions for I' and
7 are found:
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where 7 is the free-space characteristic impedance.

A. Condition for Equal Transmission and Reflection

It has been demonstrated that Huygens’ metasurfaces can
achieve a perfect transmission or reflection [3].

We focus here on the possibility of evenly split the incident
power into the transmitted and reflected field, as well as on
the maximum achievable phase-shift range in transmission and
reflection.

To this end, we enforce the following condition and solve
it for Y, and Z,,:

IT(Zm, Ye)| = [U(Zm, Ye)l - (6)

Using (4) and (5), two solutions are found, which stipulate
the following relationships between B, and X,,,:
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The loci of admittances and impedances in (7) and (8) are
plotted in Fig. 2(a). The phases of 7 and I' obtained for these
two solutions are shown in Fig. 2(b) and Fig. 2(c), respectively.
They vary in the entire 360° range, enabling the realization
of TRAs with arbitrary phase profiles in transmission or in
reflection.

However, it can be observed that the differences between
/7 and /I obtained with the first and second solution are
equal to —90° and 90°, respectively.

Therefore, /7 and /I' cannot be controlled separately: by
setting one, the second is directly defined. In a practical TRA
design, this means that by setting the direction for the beam in
transmission, the beam direction in reflection is automatically
defined.

III. PRELIMINARY TRA CELL DESIGN

As a proof of concept, we propose a preliminary design of
four unit cells of a TRA realizing a uniform 2-bit quantization
of the full phase range. It has already been demonstrated
that with this number of bits, the directivity loss due to
quantization is around 1 dB, without a significant degradation
of the scanning performance [11].

The selected phases ¢, of the transmission coefficients of
the cells and the corresponding values of electric admittance
and magnetic impedance, chosen from the first solution for
|7| = |T'|, are reported in Table I, and shown with markers in
Fig. 2.

We choose to design the metasurface cells using three
impedance sheets interleaved by two dielectric slabs, as shown
in Fig. 3. As proved in [9], [12], the outer impedance sheets
of a three-layer Huygens’ metasurface are equal.

The Huygens’ metasurface can be modeled as a two-port
network. The entries of its symmetric impedance matrix are
linked to the surface parameters Y., Z,, as follows [9], [12]:



TABLE I
IMPEDANCE SHEET VALUES FOR A 2 BIT TRA

6r ldeg] || $Zm)/m || SO || S(Zey) [ || S(Zsy) [
15 0.54 —1.16 167.52 —2128.53
105 —1.16 —17.46 —117.17 —82.31
195 —7.46 3.46 —215.13 123.76
285 3.46 0.54 —415.87 50.61
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Fig. 3. Geometry and equivalent circuit model of the TRA unit cell comprising
the sheet impedances.
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The values of the impedance sheets Z,;, and Z,, of the
proposed three-layer structure of Fig. 3 can be found using
the following formulas [12]:

7 Zo tan (ﬂt) (10)
st 211+ Zig ]
j+ Zo tan (8t) 20T 212
7t — Z3,
Z
[Zo tan (Bt)] ﬁ
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where Zj is the characteristic impedance in the slab, ¢ is the
thickness of a single slab, 8 = 27/Ao+/€, is the propagation
constant in the dielectric, which has a relative permittivity e,.,
and g is the free-space operating wavelength.

For the design of the cells, we choose a slab permittivity
€. = 2.2, a thickness t = \,/8, where A\, = ./ /€. and
¢ is the free-space wavelength at the design frequency f. =
30 GHz. With these parameters, using (10) and (11), the pairs
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Fig. 4. Magnitudes of the (a) reflection and (b) transmission coefficients of
the TRA cells as functions of frequency.
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Fig. 5. Phases of the (a) reflection and (b) transmission coefficients of the
TRA cells as functions of frequency.

of impedance sheets Z;, and Z,, shown in Table I are found
for the four TRA cells.

We now compute the scattering parameters of the designed
unit cells as functions of frequency, using the transfer-matrix
approach [3] and the equivalent circuit of Fig. 3. The values
of Z, and Z;, are considered constant with respect to the
frequency. We analyze the impact of frequency dispersion
introduced by the slabs in the range 28 — 32 GHz. The
frequency behaviour of |7| and |T'| are reported in Fig. 4. In a
13% relative bandwidth, the variation in the amplitude of both
7 and I' is only 0.5 dB, with respect to their values at the
central frequency of 30 GHz.

The phases of reflection and transmission coefficients of
the four cells are plotted versus frequency in Fig. 5. It can
be noticed that at 30 GHz, the phases are spaced by exactly
90°. In the considered frequency range, the maximum relative
phase error is 8°.

IV. CONCLUSION

We have demonstrated that a Huygens’ metasurface can
evenly split the power of a normally incident field into the
reflected and transmitted wave, while introducing an arbitrary
phase shift to select the direction of the transmitted wave,
which in turn fixes the direction of the reflected wave. The
surface parameters enabling these functionalities have been
analytically determined. As proof of concept, four TRA unit
cells achieving a uniform 2-bit quantization in both reflection
and transmission have been designed using three impedance



sheets and two dielectric slabs. The scattering parameters of
the four cells have been computed for frequency-independent
impedance sheets using the transfer-matrix approach. It has
been shown that these cells operate over a 13% relative band-
width with a maximum variation of £0.5 of the magnitudes of
both reflection and transmission coefficient. These results pave
the way for the realization of TRAs by using metasurfaces
constituted of suitable periodic patterns of printed metallic
elements capable to simulate the desired impedance sheets in
the required band.
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