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Abstract—This paper explores the capabilities of a class of
metasurface (MTS), which consists of metalized cylinders on a
ground plane, for the realization of modulated MTS antennas at
terahertz (THz) frequencies. The proposed structure is particu-
larly appropriate for being micromachined out of a silicon wafer
by means of deep reactive ion etching (DRIE). The constraints
that DRIE imposes in the design of the MTS unit cell are
discussed, along with the advantages of silicon micromachined
modulated MTSs with respect to other fabrication approaches in
the THz range.

Index Terms—deep-reactive ion etching, leaky-waves, metasur-
faces, silicon micromachining, terahertz frequencies.

I. INTRODUCTION

Modulated metasurface (MTS) [1], [2] antennas have re-
cently sprung up as a versatile solution for deep space com-
munications [2]. Indeed, modulated MTSs can be applied to
the design of high to very-high gain antennas. Among their
advantages it is worth noting their capability of beam shaping,
pointing and scanning, a simple on-surface control of the
aperture fields, and all this while keeping a low profile and low
envelope. The latter two features are particularly appealing for
spaceborne communication systems and science instruments.

In MTS antennas, an inductive surface reactance supports
the propagation of a (dominantly) transverse magnetic (TM)
surface-wave (SW), which is gradually radiated. Radiation is
achieved by periodically modulating the equivalent reactance
on the antenna aperture. The interaction between the SW and
the periodic modulation makes the (-1) indexed Floquet mode
enter the visible region, thus becoming a radiating mode.
The surface reactance modulation is typically achieved at
microwave frequencies by changing the size and orientation
of sub-wavelength patches printed on a grounded dielectric
substrate, and arranged in a periodic lattice [1], [2]. MTSs
made of printed patches are normally excited by a coaxial
cable with capacitive loading for an improved matching.

Despite the good performance shown by artificial surfaces
implemented with sub-wavelength patches at frequencies be-
low 100 GHz, there are some aspects which hinder the use of
this approach in the terahertz (THz) range. First, the losses in
the dielectric become, in most applications, a limiting factor
and all-metal structures are preferred. Second, it is challeng-
ing to combine a coaxial SW launcher with the rectangular
waveguide (RW) output of solid-state frequency-multiplied
continuous-wave sources, which are the most commonly used

sources at THz frequencies [3]. The conversion of the RW
transverse electric (TE) TE{y mode to the coaxial transverse
electromagnetic (TEM) mode requires a long coaxial section,
which implies large diameter/height ratios of the coaxial inner
conductor. Hence, such feeding topologies will be mechani-
cally unstable without any dielectric support and all-waveguide
solutions are pursued.

Silicon micromachined components have been recently
shown to provide an excellent performance in the sub-
millimeter wave range [4]. Among the existing techniques,
deep reactive ion etching (DRIE) is particularly well-adapted
for micromachining integrated front-ends. Since it is based
on etching, one may argue that it is challenging to maintain
straight sidewalls and uniform depth across the wafer for each
depth step. Nevertheless, these drawbacks can be overcome
by extensive process development [S] and a thorough design.
After carrying out the desired number of etching steps, 2 um
of gold is deposited by sputtering to metallize the structure.

In this paper we will demonstrate the suitability of sili-
con micromachining for the realization of modulated MTS
antennas at millimeter and sub-millimeter wavelengths. The
advantages of silicon micromachined modulated MTSs with
respect to other fabrication approaches in the THz range will
be also discussed.

II. SINUSOIDALLY MODULATED REACTANCE SURFACES

As mentioned in the Introduction, one can transform a SW
into a leaky-wave (LW) by appropriately modulating a surface
reactance. Let us first consider a one-dimensional modulation
on the z =0 plane and no variation in the y direction. The
corresponding sinusoidal inductive reactance can be written as

X, () X<1+Msin (2; :z:>) (1)

where X is the average surface reactance, M is the modulation
factor and d is the period of the modulation. This case was
studied by Oliner and Hessel in [6]. The solution to the
periodic problem consists in an infinite series of Floquet
modes, the transverse-to-z wavenumber for the n-indexed

mode is 9
. ™
kt,n = Bsw + Ba —Ja+ 7 2)

where Sa and « are perturbations in the phase and attenuation
constants, respectively, which depend on X, M and d. In turn,


goutam
Text Box
Copyright 2016, California Institute of Technology. Govt. Sponsorship Acknowledged.


Bsw stands for the unperturbed value of k; (M =0), obtainefl
by imposing the transverse resonance condition between jX
and the free-space TM impedance

X+ Zom =0 3)
Since we are looking for SWs G, > k and Zytm =

—jC\/B2%, — k?/k, with k and (¢ being the free-space
wavenumber and impedance, respectively. Solving for S, in
(3) gives Bu =kv/1+ (X/()2.

When |R{k; ., }| < k, the corresponding mode enters in the
visible region of the spectrum, and it can be identified as a

LW solution. The n = —1 mode is the dominant leaky-mode,
and it radiates in a direction given by
Bew + Ba — 2m/d = ksin fg (4)

where 0 is the angle with respect to the z axis. Consequently,
for a single beam directed at an angle 6y, X and d can be

related using By = kv/1 + (X/¢)? in (4). For instance, one

can generate a single forward beam using a period d

d/x=1/ < 1+ (X/¢)2 - sin90) 6)

when X/¢ > \/4sinfy(1 +sin6y). In the derivation of (5),
the effect of S (<< Bsw) has been neglected.

III. CONSTITUENT ELEMENTS FOR THZ MTSs

The proposed MTS consists in a periodic array of metallic
cylinders arranged in a square lattice, and placed on a ground
plane. Such structure, which resembles a Fakir’s bed of nails,
has been used in the past for synthesizing artificial surfaces of
inductive nature [7]. Starting from the reflection coefficient for
an impinging TM wave derived in [8, eq. 4] for a bed of nails
of uniform height, one can write the equivalent MTS surface
reactance as

X = C (1 — 5) tan(kh) — fOéTM tanh (O[TMh) (6)
where h is the height of the cylindrical pins, £ = 82, /(8; +

%), and ary = /B2 + B2, — k2. The parameter £ accounts

for the power coupled to the TEM mode in the bed of nails,
which can be also excited by the incoming TM wave. On
the other hand, aty is the propagation (attenuation) constant
[8] of the TM mode in the wired medium. Finally, 3, is the

“plasma wavenumber” [8, eq. 2]

1 2
Po = a\/ln (3%) +0.5275 @

27r

where 7 is the radius of the cylinder and a the side of
the square lattice. The parameter (3, accounts for the spatial
dispersion in the wired medium.

The expression in (6) represents the bed of nails as a
continuous medium, and it is valid when the aspect ratio
h/a >> 1 [8]. The parameter a in a modulated MTS is
given by a = d/N, where N is the number of unit cells
used to represent one period, and it depends on X and 6.
One could try to make h arbitrarily long to satisfy h/a>>1.
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Fig. 1. Dispersion diagrams for different heights of the metallic cylinders,

r = 17.5 pum and the side of the square unit cell is a = 147 pum. The solid
lines have been obtained using the eigenmode solver in [9]. The circular
markers are the solution of (3) for the reactance given in (6).
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Fig. 2. Surface reactance at 300GHz as a function of the height of the
cylinder. The cylinder radius is » = 17.5 um and the side of the unit cell
is @ = 147 pm. The solid line represents the values obtained solving (3) for
the frequency-fsw pairs obtained with a full-wave eigenmode solver [9]. The
circular markers have been obtained using (6).

Unfortunately, long cylindrical rods are difficult to realize with
DRIE while keeping a good precision and a simple process.
Therefore, upon choosing X and NV, one has to verify that the
required heights satisfy h/r <10 before proceeding with the
design.

Fig.1 shows the dispersion curves corresponding to metallic
cylinders of different heights, with »=17.5 um and fixed side
a of the square lattice. The period d has been computed at
300 GHz using (5) for an average impedance X = 0.7¢, a
forward beam pointing at §y =5° and N = 6, which implies
a =147 pum. The solid curves in Fig. 1 have been obtained with
the eigenmode solver of a commercial software [9], whereas
the points have been computed imposing (3) between X in (6)
and the TM free-space impedance (see equivalent circuit in the
inset). Since h/a < 1.4, the agreement between the analytical
approximation and the full-wave solution is not very good.
Nevertheless, if one compares the retrieved surface reactances
(shown in Fig.2), the analytical approximation is still valid for
a significant range of heights . Therefore, the homogenization
approach has to be used with caution when designing this type
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Fig. 3. Isofrequency dispersion contours for the unit cell depicted in the

insets. The unit cell’s side is a = 138.5 um, the height of the cylinder is
h =180 pm, and the elliptical cross-section has minor axis equal to 30 um
and axial ratio equal to 4.

of modulated MTS antennas.

A major advantage of DRIE is that one can choose to
etch complex cross-sections. This feature can be exploited
to synthesize anisotropic surface reactances, which provide
additional degrees of freedom for controlling the aperture
fields’ polarization [1, Sec. IV] [2, Sec. V]. Other novel
approaches to the design of modulated MTS antennas in the
THz range, like graphene [10], do not offer this capability and
micromachined textured surfaces have an edge in this respect.

In general, the surface reactance is a tensor, which depends
on the transverse wave vector 8 = f5, & + 84 ¢ and relates
the transverse electric and magnetic fields (evaluated at the
upper interface) as

Eyl.—o+ =jXg 2x Hy|._o+ ®)

where X = [[Xuz Xya|" [Xay Xyy]'] is defined in Carte-
sian coordinates, and Z is the normal to the MTS plane.
Nevertheless, for an electrically small constant period, the
surface reactance of a unit cell with rotational symmetry order
higher than two (circular or square cross-sections) is scalar (1).
This is not the case for cylinders of elliptical cross section,
which will provide a different response when the SW wave
vector is aligned with each of the two symmetry axes of the
ellipse. Fig. 3 shows the isofrequency dispersion ellipses for
an elliptical cylinder with minor axis equal to 30 um and axial
ratio equal to 4, in a square unit cell with side @ = 138.5 ym.
The unit cell possesses two orthogonal symmetry axes, which
principal directions can be identified, in the low frequency
regime, with the principal axes of the dispersion ellipse. The
surface reactance tensor at a given frequency can be retrieved
from the corresponding isofrequency dispersion ellipse by
fitting, in the least square sense, the simulated data with [11,
eq. 19]

(1 + XaaXyy — XayXya) b kz + (Xay + Xya) By B4
+ [(Xea + Xyy) B — Xaa(B4)? — Xyy(B5)?] =0 (9)
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Fig. 4. Directivity pattern for a row of cylinders modulated according to (1)
with X = 0.7¢ and M = 0.6. The insets show the E-field intensity in the
y = 0 plane and the attenuation of the SW due to radiation.

where k. = /(82,)? + (B%)? — k2. For instance, the case
pictured in Fig. 3 represents an artificial tensor surface with
X = ¢[[1.04, 0.46]T [0.46 , 1.03]T].

By changing the height, orientation and axial ratio of
the elliptical cylinders, each component of the tensor will
undergo a different modulation. This feature can be exploited
to drastically reduce the level of the cross-polarized far-
field components [2, Sec. 2] [12]. The design strategy for
anisotropic beds of nails will be discussed in the conference
and it is omitted here not to render the paper unnecessarily
long.

IV. DESIGN EXAMPLES

The first example presents a verification of the theory in
Sec. I and Sec. III. The simulation consists in a row of
cylindrical rods oriented along x. The surface reactance has
been modulated according to (1) with X=0.7¢ and M =0.6,
and the design frequency is 300 GHz. The value of d at
this frequency for the modulation above and a pointing angle
6o =5° is d = 882 um. For N =6, one has a=d/N =147 ym.
The total length of the row is 15d. Full-wave results from an
eigenmode solver (see Fig.2) or (6) can be used to obtain the
height of the cylinder that one needs to realize the surface
reactance at each unit cell. The structure is excited by a wave
port with vertical electric field, and the row of cylinders is
sandwiched by two perfect magnetic planes to maintain a
field distribution that supports the TM SW. Fig. 4 shows the
directivity pattern of the structure obtained with HFSS [9],
this results confirms the presence of a beam pointing in the
desired direction. On the other hand, one can see in the insets
the effect of the SW attenuation as it gets radiated along the
structure.

The second example consists in a spiral modulated MTS
antenna. The spiral has been designed at 300 GHz and it
provides a broadside pencil beam with circular polarization.
The synthesized surface reactance is

Xs(x):)_(<1+Msin(2ZlTp—¢>) (10)
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Fig. 5. (a) Simulated spiral modulated MTS antenna, (b) Right-handed
circular polarized (RHCP) and left-handed circular polarized (LHCP) gain
patterns at 300 GHz plotted with solid and dashed lines, respectively, on two
orthogonal cuts. (¢) S11 at the input RW port of the antenna.

where p and ¢ represent the position on the MTS plane in
polar coordinates. The reader is referred to [2, Sec. IV-A] for
further details. In our case, X = 0.7¢, M =0.65, N =6 and
a = 138.5 um. The structure is shown in Fig. 5a, where each
color represents a different height of the metallic cylinders.
The far-field gain patterns have been computed with HFSS [9]
and they are shown in Fig. 5b for two orthogonal planes. The
structure is fed with a overmoded circular waveguide with only
the TMy; mode propagating, this mode provides an efficient
excitation of the TM surface wave on the MTS plane, while
avoiding the use of a coaxial feed. The feeder (not shown here)
is placed underneath the MTS and it transforms the TE;, mode
in the input RW to the TMy; in the CW. The S;; obtained

with the aforementioned feeding structure is shown in Fig. 5c.

V. CONCLUSION

A bed of nails MTS made of cylinders with circular or
elliptical cross-section is proposed for the design of modulated
MTS antennas in the THz range. This structure is particularly
well-suited for being micromachined out of a silicon wafer by
means of deep reactive ion etching (DRIE). The constraints
that DRIE imposes on the design are discussed, along with
the advantages of silicon micromachined modulated MTSs
with respect to other fabrication approaches in the THz range.
An aspect of major interest is the possibility of realizing
anisotropic impedance boundary conditions with all-metallic
structures at THz frequencies.
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