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Abstract—An efficient analysis technique for a transmitarray
(TA) unit cell based on a method of moments (MoM) in the
spectral domain assuming local periodicity is proposed. The MoM
employs basis functions consisting of Chebyshev polynomials
weighed by a function that accounts for edge singularities. The
analysis technique is applied to a unit cell consisting of two sets
of five parallel dipoles that are shifted one with respect to the
other to create a Huygens resonance that maximizes transmission
of the impinging plane wave. Comparisons with circuit models
show that the proposed technique achieves better accuracy
while providing significant computational gains compared with
commercial general purpose software. Finally, a unit cell is
optimized to work in the W-band with the aim of employing
it to the design of TAs for ultra-capacity fixed wireless links.

Index Terms—Transmitarray, unit cell, transmission coeffi-
cients, method of moments (MoM), periodic structure

I. INTRODUCTION

NCREASING demand for higher data rates and lower

latency coupled with the saturation of the sub-6 GHz spec-
trum has led to the use of millimetre-wave spectrum for 5G
and future 6G new radio networks [1], [2]. In particular, the
International Telecommunication Union (ITU) has established,
among others, the range 102 GHz-109.5 GHz in the W-band of
particular interest for the development of telecommunication
services [3]. These sub-THz [4] frequency bands offer the
possibility of exploiting larger frequency bands of unused
spectrum to provide backhaul and fronthaul to enable future
6G applications such as enhanced mobile broadband, mas-
sive machine-type communications and ultra-reliable and low-
latency communications [3].

One limiting aspect of employing sub-THz bands is the
limited transmission power of transceivers [5] as well as
the high propagation losses of free space [6]. This leads
to the need of high gain directional antennas. Among the
proposed antenna technologies to overcome these challenges
are transmitarrays (TA) [7] due to their low profile and low
manufacturing costs while providing high gain performance
and the possibility to easily control the transmitted electromag-
netic waves [8]. Some TAs have already been proposed that
work at sub-THz frequencies [9]-[12]. A common approach
for the design of these arrays is to employ general purpose
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electromagnetic software with periodic boundaries for the
analysis of the unit cell. However, there is a trade-off between
flexibility and computational cost, leading to large design and
optimization time. Another approach is the development of a
numerical technique for the analysis of unit cells. The method
of moments (MoM) [13] remains a popular choice that has
been used for many years in reflectarray antenna design [14]-
[17]. However, the design and optimization of TAs has not
benefited so far from the efficiency that this approach provides.

In this work, a MoM in the spectral domain assuming local
periodicity is proposed for the electromagnetic analysis of TA
unit cells, allowing to efficiently obtain the full matrix of
transmission coefficients. The MoM employs Chebyshev poly-
nomials that include edge singularities to model the electric
current in the metallizations. Then, the technique is applied to
the analysis of a TA unit cell consisting of two shifted sets of
five resonant dipoles [18]. Compared with simulations based
on a circuit model, the proposed technique offers more ac-
curacy while achieving substantial computational gains when
compared to general purpose commercial software. Finally, the
MoM is employed to find optimal parameters of a unit cell at
W-band with the aim of employing it for the design of TAs for
ultra-capacity fixed wireless links. It is worth mentioning that,
as a trade-off between generality and computational efficiency,
the technique described in this work is not able to account for
vias, which are common in receiver-transmitter structures of
transmitarray unit cells [19], [20]. However, other types of
metallizations could be considered with a proper choice of
basis functions [13].

II. ANALYSIS OF ULTRATHIN HUYGENS UNIT CELL
A. Unit Cell Description

Fig. 1 shows the unit cell. It is based on that of [18] where
the metallizations are dipoles defined by their width w, length
l4; and centre coordinates (x¢ g4.i,Yc,q.i), Where ¢ = 1,2
indicates the metallization interface, and i = 1,...,5 is the
metallization number at each interface. There are two sets
of five parallel dipoles. Each set is placed on each side of
the substrate, and they are shifted with respect to each other.
The substrate can be characterised by a complex permittivity
& = g,&0(1 — jtan§) that accounts for substrate losses.

The working mechanism of the unit cell is to generate a
Huygens resonance that enables a highly efficient transmission
with electrically very thin layers [21], [22]. This is achieved
by generating a pair of in-phase orthogonally induced electric
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Fig. 1. (a) Lateral view, and top view of the (b) bottom layer and (c) top layer
of the ultrathin transmitarray unit cell. The dipoles are printed on both sides of
a single substrate slab and are defined by their length, width and coordinates
of their centre, which are denoted as (x¢,4.i» Ye,q,i),q = 1,2 (interface), i =
1,...,5 (dipole number).

and magnetic currents. In the present case, the resonance is
achieved by tuning both the overlap between the two sets of
dipoles as well as the length of the dipoles. The operating
physical mechanism for the unit cell shown in Fig. 1 has been
studied in [18] by means of a circuit model plus full-wave
simulations of the unit cell.

B. Electromagnetic Characterization of the Unit Cell

The electromagnetic characterization of the unit cell re-
quires the computation of a 2 X 2 matrix of complex trans-
mission coefficients 7. This matrix relates, in Cartesian co-
ordinates, the tangential incident (1:: incy and transmitted (E“a)
fields, which are defined in the top and bottom interfaces of
the unit cell, respectively, as:

EW¥ ) [ Tex Txy Einc 0
EF )7\ e 1y ) EYe )

This matrix is analogous to the matrix of reflection coefficients
considered in the reflectarray case [23], where 7, and 7, are
known as the direct coefficients, whose phase control the shape
of the copolar component of the radiated field; and 7y, and
Ty, are the cross-coefficients.

For the numerical calculation of the transmission matrix
in (1), T can be expressed as the sum of two matrices, T =
Tsub +Tmet, where Tgub accounts for the effects of the substrate
in absence of metallizations and Tmet accounts only for the
effect of the metallizations (dipoles in the case of the unit cell

shown in Fig. 1). Ty can be readily calculated by means of
translation matrices for ungrounded substrates [24].

Matrix T e relates the tangential components of the inci-
dent and transmitted fields, in their respective interfaces, that
represent only the contributions of the metallizations to the
original fields in (1):

tra inc
Ex,met _ [ Txx,met Txy,met Ex,met 2
Etra - T T Einc . ( )
y,met yx,met yy,met y,met
From (2) we can see that when E™ =1 and E™ =0,

Xx,met

y,met
— tra
and Ty met = E7o- On the other hand,

— tra
1, then Tyymet = Ey% and

— tra

then Tx,met = E et .
mnc — mc —

when E'C . = 0 and E =

y,met _
Tyy,met = Etyramet. Thus, to obtain T we need to calculate
E’tra

ma; for the two incidence cases, which can be obtained, in
the absence of grating lobes, as [17]:

- =C 3

Ene = G (kxo.kyo. 2 = =h,2" = =h) - J{ (kxo. kyo) + 3)
=~cC 3
G (kxO, kyO, = _h9 ZI 0) . sz (kX09 kyO) ’

where 56 is a 2 X 2 matrix of the 2D continuous Fourier
transform of the substrate slab non-periodic dyadic Green’s
function [13]; Je f and jg are the 2D discrete Fourier transforms
of the surface currents induced in the metallizations by an im-
pinging plane wave at the interfaces z = —h and z = 0, respec-
tively; kxo = ko sinfipc cos @ine and kyo = ko sin Gy sin @ine
are the transversal wavenumbers of the fundamental Floquet
mode; andjgo is the free-space wavenumber.

Matrix G can be calculated as a particular case of the gen-
eral algorithm described in [25] when applied to an isotropic
ungrounded medium. On the other hand, J4 is unknown and
must be numerically computed by using the MoM in the
spectral domain [13]. The MoM is applied to solve an electric
field integral equation [16], for which the surface currents in
the spatial domain are modelled as a summation of Floquet-
periodic entire-domain basis functions:

L 2 R, S,
To@oy) =D D > D el dns (., y), @)
i=1 p=1r=1 s=1

where ¢} ; are the unknown coefficients to be solved by
applying MoM, and f;fi » (x,y), g = 1,2, are known entire-
domain basis functions. For the unit cell in Fig. 1, the number
of metallizations is L = 5 per interface, subindex p indicates
the component of J (X or ), and N = R1S1 + R»S> is the total
number of basis functions per metallization.

The entire domain basis functions employed in (4) are
based on Chebyshev polynomials weighed by a function that
accounts for edge singularities at the metallizations border
[16], [26] that take the form:

T _ _jkO ) Ts—l (Cy,q,i) n
J;,s“(x, y) = mUr_l (Cx,q,i) ,[1 - vaq’iTx’

vai O
(g=12i=1,....,Lyr=1,...,R;;s=1,...,8)),
2 —jko Tr-1 (Cx,q.i f .
qu_z(x’ y) = 25l r—qu)Us—l (Cy,q,i) 1 _C;q’iy;
S i=c2 (5b)

(g=1,2;i=1,...,L;r=1,...,Ry; s=1,...,52),
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where T,,_; and U,_; are the degree (n — 1) Chebyshev
polinomials or first and second kind, respectively, and:

Crgi = 2 (x = xe.q.i) /i (6a)

Cygi =2 =Yeqi)/w. (6b)

The MoM in the spectral domain as well as (3) require the
knowledge of the Fourier transform of the basis functions in
(5), which are:

r k()7'l'2 X B kxmli
;llls(kxm, yn) = —(_J)r+s lBr
dkxmpxpy 2 7
By_, (ky;W) e—j(kxmxc,q,ﬁky,,yc,q’i))e’
kor? )
d T r+s—1 xmbi
i (kxm7 n) —( ]) B _1( )
‘1 i2 y 4kynpxpy 2 (7b)

'BS ( ky;W ) e_j(kxmx(:,q.i+kyny«,q.i))’},

where By is the Bessel function! of first kind and order k,
and the spectral variables ky, = kxo + 2rm/py and ky, =
kyo + 2rn/py. It is worth noting that there is a singularity
in (7) when ky, = 0 or ky, = 0. This can be circumvented
in those cases by employing the asymptotic expansion of the
Bessel function for small arguments [27, eq. (9.1.7)].

Finally, we can express the surface current of (4) in the
spectral domain as a linear combination of (7) thanks to the
linearity of the Fourier transform:

= L 2 R, Sp
Btk = 313 Y s ko). 9
i=1 p=1r=1 s=1

which allows to compute (3) after solving for the clr;, coeffi-

cients with MoM.

C. Comparison with Circuit Model

In order to validate the proposed analysis technique for TA
unit cells we will compare MoM simulations of the structure
shown in Fig. 1 with simulations based on a circuit model from
[18, Fig. 7], Ansys HFSS [28] and CST [29]. Fig. 2 shows
the electromagnetic response of the unit cell in magnitude
and phase in the E-band. The MoM results present closer
agreement with HFSS and CST than the circuit model, which
would generally only work for the frequency range for which
it was optimized. In addition, the MoM is considerably faster
than HFSS and CST. In fact, the MoM took 0.9 s to simulate
the 51 points in Fig. 2, in a laptop with an AMD Ryzen 7
7840u CPU, using around 6 MB of memory. On the other
hand, HFSS took around 50 min and 3GB of memory to
complete the same points, while for CST took 55min and
7.6 GB. Thus, the MoM is three orders of magnitude faster
than HFSS and CST while employing two orders of magnitude
less memory.

'We use B instead of the usual J to denote the Bessel function to avoid
confusion with the surface currents notation.
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Fig. 2. Comparison of the proposed technique with HFSS and CST simula-
tions as well as the circuit model from [18, Fig. 7] for normal incidence. The
unit cell geometrical parameters are: px = py = 2.401mm, A = 0.508 mm,
&Er = 2.2, tand = 0.0009, w = 0.075mm, l|,] = 11,5 = 12,] = l2,5 =
1.138mm, 11,2 = 11,4 = 12,2 = 12,4 = 1.366mm, 11,3 = 12,3 = 1.655mm,
Xe 1,1 = Xe1,5 = L408mm, X 12 = Xe14 = 1.4495mm, x. 13 =
1.4915mm, y¢ 1,1 = 0.8745mm, y. 12 = 1.0375mm, y. 3 = 1.2005mm,
Ye,1,4 = 1.3635mm, y. 15 = 1.5265mm. Centre coordinates of metalliza-
tions in the top layer can be obtained by rotating 180° the metallizations of
the bottom layer. The number of basis functions per metallization employed
here was seven (R; =5,S1=1,R; =1, 5, =2).

III. UNIT CELL FOR W-BAND TRANSMITARRAY DESIGN
A. Practical Unit Cell Parameters

Although the developed analysis technique based on the
MoM is general regarding the position of the dipoles, for
practical designs specifying the central coordinates of each
dipole is cumbersome. To facilitate the design of the unit cell,
we will employ a slightly variation of the unit cell of [18]
with some simplifications on the parameters. First, the centre
coordinates of the dipoles in each interface are aligned, that is,
the coordinate x. ; ; and x. > ; will be the same fori =1,...,5,
but x. 1.; # Xc2.i, Vi. We will also define the length of lateral
dipoles with a scaling factor a,; € (0,1) with regard to the
length of the central dipole of the bottom interface, which will
be one of the design parameters:

lyi=agiliy; gq=12; i=1,...,5. 9)

The second design parameter is the overlap A between central
dipoles (i = 3) of both interfaces. In addition, it is worth
introducing one more parameter, the distance between dipoles
g (see Fig. 1).

With these parameters, the y. 4,; coordinate can be obtained
from g and the width w of the dipoles, while coordinate x. 4 ;
can be obtained from the two design parameters A and /; 3 as:

Xe1,i = (px—A+113)/2,

Xe,2,i = (px +A - 11,3)/2,

As reference, g = 0.088mm, A = 1.073mm, a1 = @2, =
a5 = a5 = 0.688, 12 =022 =014 =024 = 0.825, a3 =
az,3 =1 for the cell simulated in Fig. 2. Finally, for practical
TA design, the unit cell needs to provide enough phase-shift
at a single frequency. This is achieved by scaling the design

i=1,....,5  (10a)

i=1,...,5  (10b)
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Fig. 3. Parametric sweep in A and /; 3 showing (a) the maximum phase-shift
range and (b) maximum losses for B € [0.6, 1.15] at 105 GHz. The values
for the five points are shown in Table 1.

parameters A and /13 by a factor § > 0 and sweeping that
factor. The only restriction is that 8113 < py.

B. Unit Cell Design at W-band

With the proposed analysis method, the goal is to design
a TA unit cell that works in W-band in the range 102 GHz-
109.5 GHz as proposed by the ITU [3]. As a first approx-
imation to obtain some of the parameters, we will apply a
scaling factor of 0.733, which is the ratio between the central
frequencies of the range shown in Fig. 2 and the range in
the W-band proposed by the ITU. This gives a periodicity
Px = py = 1.76 mm, length of central dipoles /13 = l>3 =
1.213mm, an overlap A = 0.787 mm, separation between
dipoles g = 0.065mm and dipole width of w = 0.055 mm.
The scaling factors @, ; will be the same as in Fig. 2. If the
substrate thickness is also scaled by the same factor of 0.733,
obtaining a thickness 4 = 0.372 mm, the performance of the
unit cell is very good, achieving a maximum phase-shift range
of more than 600° and maximum transmission losses of 1.6 dB
for B € [0.6,1.15] at 105 GHz. However, a substrate thickness
of h = 0.372mm is not commercially available and when
using available thicknesses, performance quickly deteriorates.
For instance, with a thickness of 2 = 0.508 mm the maximum
transmission losses increase to more than 3.6 dB.

Thus, the goal is to find appropriate values of A and /; 3 such
that when they are scaled by 8 € [0.6,1.15] the phase range
is large while minimizing the maximum transmission losses in
the same range of S. Doing such optimization or parametric
analysis in HFSS would be very time consuming. However,
with the proposed analysis technique, it is relatively fast. A
parametric sweep in the plane Ax/; 3, with A € [0.3,1.2] mm,
l13 € [0.5,1.5], with 50 points for A and /; 3, and 80 points
for B (200 000 calls to the MoM routine) took around one hour
to complete at 105 GHz and quickly found optimal results with
low transmission losses and very large phase-shift range.

Fig. 3 shows the results of the parametric sweep in the
A x [13 plane. There is a narrow path where there are low
maximum losses and large phase-shift. Specific values for
five points are shown in Table I. They provide losses lower

Table 1
VALUES OF THE FIGURES-OF-MERIT FOR THE POINTS SHOWN IN FIG. 3,
CALCULATED FOR 3 € [0.6, 1.15] AT 105 GHz.

Point A L3 Phase range =~ Max. losses  Avg. losses
(mm)  (mm) (deg) (dB) (dB)
Py 1.010  0.688 358 1.027 0.738
P 1.071  0.729 429 1.076 0.756
P3 1.173  0.790 657 1.106 0.703
Py 1.214  0.810 689 1.132 0.696
Ps 1.337  0.892 846 1.742 0.767
100
=25
—-150
-3 275
/M [ o
= L
=4 -400 =
£ 9
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Fig. 4. In band simulation of the optimized unit cell comparing MoM and
HFSS simulations for point P4 from Fig. 3 and Table I. The number of basis
functions per dipole was seven (R} =5, S1 =1, Ry =1, S, =2).

than 2dB and enough phase-shift to carry out TA design and
optimization. Point P4 was selected as a trade-off between
maximum losses and large phase-range to carry out an in-band
simulation to analyse the performance at extreme frequencies
within the band of interest. Results of this simulation are
shown in Fig. 4, comparing MoM and HFSS. The phase-shift
range is still large at other frequencies and losses are rela-
tively low, although slightly larger than at central frequency.
Maximum losses are —1.3dB and —1.6dB at 100 GHz and
110 GHz, respectively, while the maximum phase-shift range
is 617deg and 733 deg. Similar results are obtained in terms
of efficiency and accuracy for oblique incidence.

This technique can thus be used for practical transmitarray
layout design taking into account the real angle of incidence
[30], wideband [31] or shaped-beam [32], [33] optimization
or sample generation for machine learning training [23], all
within an acceptable computing time.

IV. CONCLUSION

A technique based on the method of moments (MoM) in the
spectral domain has been developed for the efficient analysis
of transmitarray unit cells based on rectangular metallizations.
It was applied to the analysis and optimization of a highly
resonant Huygens’ element at E- and W-bands. Comparison
with circuit models show that the proposed technique of-
fers more accurate results while being up to three orders
of magnitude faster than full-wave simulations with general
purpose commercial software, as well as using far less memory
resources.
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