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Wideband Multimode Leaky-Wave Feed for Scanning
Lens-Phased Array at Submillimeter Wavelengths

Maria Alonso-delPino , Senior Member, IEEE, Sjoerd Bosma , Student Member, IEEE,
Cecile Jung-Kubiak , Senior Member, IEEE, Goutam Chattopadhyay , Fellow, IEEE,

and Nuria Llombart , Fellow, IEEE

Abstract—In this article, we propose a hybrid electromechanical
scanning lens antenna array architecture suitable for the steering
of highly directive beams at submillimeter wavelengths with field-
of-views (FoV) of ±25°. The concept relies on combining electronic
phase shifting of a sparse array with a mechanical translation of a
lens array. The use of a sparse-phased array significantly simplifies
the RF front-end (number of active components, routing, thermal
problems), while the translation of a lens array steers the element
patterns to angles off-broadside, reducing the impact of grating
lobes over a wide FoV. The mechanical translation required for the
lens array is also significantly reduced compared to a single large
lens, leading to faster and low-power mechanical implementation.
In order to achieve wide bandwidth and large steering angles, a
novel leaky wave lens feed concept is also implemented. A 550-GHz
prototype was fabricated and measured demonstrating the scan-
ning capabilities of the embedded element pattern and the radiation
performance of the leaky wave fed antenna.

Index Terms—Beam-scanning, leaky-wave feed, lens antenna
array, lens-phased array, submillimeter-wave.

I. INTRODUCTION

ARRAY technology is currently being developed at sub-
millimeter wavelengths to enable a broad spectrum of

applications including astrophysical observations, communica-
tions, radar, security screening, and spectroscopy [1]–[4]. Most
of these applications require highly directive beams that can
be scanned over a certain field of view with wide bandwidth.
Until now, the only realistic scanning antenna architecture for
submillimeter wavelengths has been the use of quasi-optical
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systems combined with bulky mechanical scanners [4]–[6]. In
order to achieve more compact systems, it is necessary to develop
integrated beam steering antenna architectures. The challenge
in developing such architectures is the need for large steering
angles (±25o) with large apertures (i.e., directivities larger than
40 dBi) and wide frequency bandwidths (larger than 10%).

Numerous approaches to beam steering can be found in the
literature [4]–[23]. Phased arrays are the traditional architec-
ture at microwaves, whose elements are typically placed at
half-wavelength distance from each other in order to avoid the
generation of grating lobes. Recently, small phased arrays have
been demonstrated in integrated-circuit technology up to 530
GHz with gains up to 12 dB [7]–[9]. This approach faces a major
bottleneck to reach larger gains at higher frequencies: array
architectures suffer from physical constrains with packaging,
either the local oscillator (LO) multiplication chain’s size is
larger than the radio frequency (RF) wavelength [10], [11], or it
suffers high losses in the LO distribution network [11]. Another
approach consists of increasing the spacing between elements,
resulting in sparse phased arrays. These arrays allow scanning
over limited angular ranges, as long as the grating lobes are
properly attenuated by the element pattern [12]. This has been
shown in the microwave regime by using leaky-wave (LW) feeds
[13], [14] and subarray techniques [15], [16]. However, both the
bandwidth (<5%) and the beam steering angles (<5◦) are small
or they suffer from high distribution network losses.

At microwave frequencies, the use of phased lens arrays with
large spacing has been proposed for astrophysical applications
[17]. Small lenses phased arrays with limited scanning ranges
have also been developed in microwaves [18]–[20]. Specifically,
it was anticipated in [20] that, in order to extend the otherwise
very limited scanning capabilities, one would need to mechan-
ically or electronically maneuver feed elements. More recently,
the communications industry has also started to move in that
direction; more patents are being published utilizing array of
lenses with specific applications for communications in the Ka
band [21]–[24].

With the support of the European Union under the ERC
starting under Grant LAATHz-CC (639749) granted in 2015,
we proposed the use of coherent lens arrays integrated with LW
antennas and mechanical piezoelectric motors to solve the array
integration problem at submillimeter wavelengths [25]. This
dynamic beam steering architecture combines low mechanical
complexity (reduced mass with respect to translating a single
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Fig. 1. Geometry of the proposed scanning lens-phased array that uses a
combination of mechanical phase shifting of a silicon lens array and electronic
phase shifting in the feeds. The lens array is fed by a multi-mode LW fed that uses
a synthesized quarter-wavelength transformer on top of a resonant air cavity. The
inset shows the lens array layout with a circular aperture of Da and 19 lenses
of diameter Dl. The prototype array consists of seven elements (shaded).

lens) with a greatly reduced number of phase shifters. The
geometry of the proposed array based on a LW feed is shown
in Fig. 1. The array is composed of a sparse array of active RF
array elements distributed over the whole array aperture coupled
to a layer of actuated lenses (one per array element). The single
layer of lenses can be translated mechanically relative to the
ground plane, using an implementation similar to [26], to achieve
element pattern scanning, while the active RF phase shifters
cause array factor (AF) scanning. The grating lobes resulting
from the array’s sparsity are attenuated by the directive element
patterns of the lenses.

In this article, we demonstrate a new LW feed that increases
the bandwidth and the array’s steering performance with re-
spect to previous LW implementations [27]. The proposed feed
uses a quarter wavelength layer of a certain permittivity, added
in-between the lens and the air cavity, to generate multiple
leaky modes in this cavity, which helps to enhance the aperture
efficiency, similar to what was proposed in [28] for illuminating
reflectors. Additionally, this dielectric layer ensures impedance
matching of the feed without a double-slot iris typically used
in such LW antennas, which significantly simplifies the fabrica-
tion process. Simulated results of the lens antenna array show
aperture efficiencies greater than 80% for a bandwidth of 35%.
Scanning angles of ±20◦ can be achieved with a scan loss lower
than 2 dB. We have fabricated a prototype at 550 GHz and mea-
sured the steerable element array embedded pattern, showing
good agreement with the simulations, and thus validating the
concept.

The article is structured as follows. Section II defines the
phased lens array design guidelines, while Section III explains
the novel multimode LW waveguide feed and its performance.
Next, Section IV describes the lens antenna and lens-phased
array performances. Section V details the prototype manufac-
turing and Section VI corroborates the presented simulations
with measurements. Conclusions are drawn in Section VII.

II. SCANNING LENS-PHASED ARRAY DESIGN GUIDELINES

In this section, we describe the main design guidelines for the
lens feed that impact the performance of the proposed scanning

Fig. 2. (a) Broadside array factor and element patterns of the 19-element
hexagonal array shown in the inset of Fig. 1 with Dl = 20λ0 and uniform
amplitude (blue) or −11 dB Gaussian taper (red) apertures. The impact of the
mechanical tolerance εΔx = 58 μm and NRF = 5 is shown in black for a
uniform aperture; (b) Array pattern for the same cases as in (a).

lens-phased array architecture. To describe these guidelines, we
consider a circular array aperture of diameter Da = 100λ0,
which can theoretically provide up to 50 dBi of directivity, a
number that is in line with future needs of security [4] and
space planetary applications with Cubesat/SmallSat [29]. The
considered array is filled with a hexagonal arrangement of 19
circular lenses with diameterDl = 20λ0, as shown in the inset of
Fig. 1, which is a reasonable dimension for the aforementioned
applications.

A. Electronic Phase Shifting: Array Factor

A phase shift is applied to each array element, which leads to
an array factor (AF) that is associated with the periodicity of the
array and with this, the beam can be steered electronically. The
number of active elements is reduced by a factor ∼ (2Dl/λ0)

2

compared to a fully sampled array. It is well known that if the
periodicity of the array is larger than λ0/2, grating lobes can
appear at angles θng . For example, in the considered geometry,
grating lobes will appear at multiples of θg = 3.3◦, as shown
in Fig. 2(a). The electronic phase shift enables the steering of
the array factor (AF). Since the AF has multiple beams due
to the grating lobes, it is only necessary to scan the AF in the
angular region from broadside until the first grating lobe θ1g .
This is because the mechanical translation of the lens allows the
array to scan to larger angles than θ1g by steering the element
pattern toward the different grating lobes θng . The overall phase
shift required to scan the main beam of the array to angle
θs is given by ψs (θ1g) = 2πNRF with NRF = Da /Dl. This
implies a reduction of the overall phase shift by a factor of
sin(θs) Dl/λ0 = 10. In our example with NRF = 5, a phase
shift of 10π is sufficient to scan any angle. By contrast, a fully
sampled circular array ofDa = 100λ0 scanned toward 30◦ will
require a phase shifting of 2πDa sin 30

◦/λ0 = 100π.
In Fig. 2(a), the element radiation pattern from a uniform

circular aperture of diameterDl = 20λ0 is superimposed on the
19 elements hexagonal array factor. It is evident that the highest
resulting grating lobe of the combined pattern is around−19 dB,
see Fig. 2(b). The level of this first grating lobe is related to the
width of the main beam of the element pattern. Therefore, this
level will be the lowest when the array element has a uniform
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aperture illumination. A comparison of the patterns resulting
from an array illuminated with uniform circular apertures and
with Gaussian apertures of −11 dB edge taper is shown in
Fig. 2(a) and 2(b). For this second case, the main beam of the
element pattern is wider and the grating lobes of the combined
pattern increase to −12 dB, which may still be acceptable for
many applications. For instance, the use of synthetic apertures
via interferometry leads to grating lobe levels of −6.6 dB [30].
However, what it is evident from this figure is that the grating
lobe level of the array pattern improves with the aperture effi-
ciency of the array elements. Therefore, lens feeds with top hat
patterns are needed to achieve low grating lobe levels.

B. Mechanical Phase Shifting: Element Pattern

The number of lens element pattern beams that are steered
in a certain FoV with a mechanical translation of a lens can be
approximated as

Nl =
FoV

Δθe
(1)

where Δ θe = λ0/Dl is the beamwidth of the element pattern.
For the present example, Nl = 10 for FoV = ± 30o. The
number of scanned beamsNl is lower than the number of beams
that are needed to scan with a single lens with diameter Da.
Therefore, a reduction of Da/Dl in scanned beams leads to a
higher lens steering performance, smaller mechanical displace-
ment and lower lens profile. The required maximum mechanical
translation of the lens array to achieve a certain FoV is given by

Δx = Nl λdf# (2)

where λd is the wavelength in the lens medium andf# is the lens’
focal length to diameter ratio. Thus, by choosing lenses with high
permittivity, the required displacement is significantly smaller
than those of free-standing lenses. The required translation
distance is reduced by a factor of Da

√
εr/Dl = NRF

√
εrw.r.t

a free-standing lens of the same diameter Da and f#. The
tolerance of the mechanical position εΔx is dictated by the
full array’s angular beam width Δ θa = λ0/Da . This can be
expressed as follows:

εΔx =
Δθa
Δθe

λd f# =
λdf#
NRF

. (3)

The effect of the tolerance of the mechanical position εΔx is
illustrated in Fig. 2 for NRF = 5. Fig. 2(a) shows the element
pattern for broadside scanning ( θs = 0◦) and a black line for a
lens displaced by εΔx. Fig. 2(b) shows the result array pattern for
both cases. Note that the displaced lens element pattern will still
result in a main beam pointing at broadside, but with a slightly
lower directivity, in this case it is reduced by around 0.4 dB.Note
that NRF will impact the directivity loss due to εΔx; the larger
NRF , the smaller the loss in directivity. Moreover, as shown
in Fig. 2(b), the side lobes are strongly impacted by the shift,
increasing from −20 to −12 dB.

For submillimeter wavelength applications, the maximum
translation Δx can be in the order of few millimeters and there-
fore, it is possible to implement it with piezoactuated motors

Fig. 3. Stratification and equivalent transmission line model of (a) the pro-
posed LW antenna in this work and (b) the standard LW antenna in [31].

[26], which achieve displacements with nanometer precision,
much smaller than εΔx.

The beam steering capabilities of the phased lens array will
be determined by the beam shape of the element lens pattern
while scanning. In particular, the lenses should be illuminated
with high aperture efficiency over the whole scanning range. To
limit the spillover loss inside the lens while being translated, we
impose that |Δx| ≤ Dl/4. From (1) and (2), the field of view
becomes

FoV ≤
√
εr

4f#
(4)

where εr is the relative permittivity of the lens which in this case
is silicon, εr = 11.9. Then, in order to achieve a FoV = 25◦,
we need a lens f# ≤ 1.8.

In the following section, a LW lens feed is designed to achieve
both the goals stated above: high illumination efficiency of the
lens aperture to reduce the level of the grating lobes and f# ≈
1.8 inside the lens to minimize the spill over losses in the lens
array element.

III. MULTIMODE LW WAVEGUIDE FEED

In this section, we present the beam-shaping capabilities of
LW feeds radiating into dense mediums when an artificially
synthesized quarter-wavelength layer is added on top of a reso-
nant air cavity. The LW feed geometry consists of a waveguide
opening into a ground plane in the presence of λ0/2 air cavity
and a dielectric transformer slab of thickness λ0/(4

√
εm), as

shown in Fig. 3(a) The relative permittivity εm is used to tune
the propagation properties of LWs present in the cavity. In the
following section, we analyze the LW modes and compare them
to the ones in the standard stratification shown in Fig. 3(b)
[31], which lacks the transformer layer. We have found that the
inclusion of the quarter-wavelength transformer enables high
lens aperture efficiency by exciting multiple LW modes. The use
of multiple modes to illuminate quasi-optical systems was first
demonstrated in [28] over a 10% bandwidth. Here, the achieved
bandwidth is higher than 35%. Moreover, no double-slot iris
is needed to match the input impedance of the structure to a
waveguide.
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Fig. 4. Frequency dispersion diagram of the LW modes, radiating into an
infinite silicon medium, in the presence of a λ0/2 air cavity (a) without and (b)
with a εm = 2.5-transformer.

A. LW Mode Analysis

In the standard stratification with a half wavelength cavity
below a semi-infinite dense medium [see Fig. 3(b)], there is a
pair of nearly degenerate TM1/TE1 LW mode that radiate close
to broadside, plus a TM0 mode radiating toward the critical angle
[31]. This TM0 mode is usually suppressed with a double slot
iris in order to efficiently illuminate a lens [31]. In Fig. 4(a), the
propagation constants kρ = k0

√
εr(sin θLW − jαLW ), with

LW pointing angle θLW and attenuation αLW , of the three
modes in a silicon infinite medium are shown as a function of
frequency. The TM1/TE1 pair points toward θLW ≈ 5◦ and a
frequency-independent TM0 mode points toward θLW ≈ 18◦.
When the transformer layer is introduced, the propagation prop-
erties of these modes as well as the number of modes change.
For instance, Fig. 4(b) shows the propagation constants of the
LW modes as a function of frequency when εm = 2.5. It can be
observed that there are three TM modes and two TE modes for
this geometry.

To understand the topology of the different LW modes present
in the stratification, it is useful to evaluate the ρ-component of
the modal field inside the stratification as follows [33]:

eρ (	r) =
−jkρi cosφ

2
Res (VTM (kρi, z))H

(2)
0 (kρiρ) (5)

where Res(VTM (kρi, z)) is the residue of the TM voltage solu-
tion of the transmission line in Fig. 3 evaluated at pole location
kρi (see Fig. 4), and H(2)

0 is the zeroth-order Hankel function
of the second kind. The modal fields eρ corresponding to the
TM modes in the standard stratification are shown in Fig. 5(a)
as a function of z. The profile of the modes inside the cavity is
similar to the modes that propagate in a parallel-plate waveguide
(PPW) with a plate separation of h0 = λ/2 [32]. For instance,
the TM1/TE1 modal field resembles a sin(πzh0

)-like shape.
When the transformer has a relative permittivity εm > 5 and

thickness λ/4
√
εm, the poles and resulting modal fields are very

similar to the results from [31]. The presence of the quarter-wave
transformer makes ZL larger than the impedance of the infinite
medium, which is the opposite effect to a standard LW radiating
into free-space [34]. The LW angle and attenuation constant are
larger because the impedance contrast between ZL and Z0 is

Fig. 5. TM modal fields (ρ-component) at the central frequency along z in the
stratifications of (a) Fig. 3(a) with εm = 8 (thin lines) and of Fig. 3(b) (thick
lines) and of (b) Fig. 3(a) with εm = 2.5.

Fig. 6. LW poles present in the stratification of Fig. 3(a) at the central frequency
for different choices of dielectric permittivities of the transformer layer, εm
between 1 and 11.9.

reduced. For example, the modal fields are shown in Fig. 5(a)
(thin lines) for εm = 8. The associated propagation constant at
the resonant frequency is shown in Fig. 6.

When the relative permittivity of the transformer layer is
small 1 < εm < 3, the reflection at the top of the cavity is
very small and therefore the structure is comparable to a PPW
with a plate separation of 3λ0/4. However, in contrast to the
PPW, the TM2/TE2 modes are not in cutoff because there is no
PEC boundary condition at z = 3λ/4 . Therefore, five modes
propagate in this configuration. The frequency behavior of the
five poles is shown in Fig. 4(b) for εm = 2.5. The TM0 mode is
similar to the TM0 mode in Fig. 4(a). The attenuation α1

LW of
TM1/TE1 poles is lower and their pointing angle θ1LW ≈ 15◦ is
larger than without transformer. The TM2/TE2 modes attenuate
quickly and have a pointing angle θ2LW ≈ 5◦. The modal field
components eρ along z corresponding to this stratification are
shown in Fig. 5(b). The TM0 and TM1 field profiles are similar
to the fields shown in Fig. 5(a). It is clear that the TM2 mode
shows a sin( 2πz

h0+h1
)-shape, which is similar to the profile of the

TM2 mode in a PPW.
A complete overview of the five LW modes that propagate

in the stratification at fc is shown in Fig. 6 as a function of
εm. The regions εm < 3 and εm > 5 in which the LW modes
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Fig. 7. Far-field radiation pattern in (a) the H-plane and (b) E-plane decom-
posed into the contributions from each LW pole (see Fig. 4), calculated using
(6) for the stratification in Fig. 3(a) with εm = 2.5 at the central frequency. The
structure is fed by a square waveguide of size 0.68λ.

resemble PPW modes are indicated in the figure withh0 = 3λ/4
and h0 = λ/2, respectively. In the region 3 ≤ εm ≤ 5, the TM
poles switch roles which corresponds to the region, whereZL ∼
120π. For example, the TM0 pole for εm < 3 is associated with
the TM2 mode for εm > 5. Therefore, a transition region 3 ≤
εm ≤ 5 is required so that the numbering of the modes and the
associated field profile are consistent with both those in a PPW
[32] and the stratification without transformer [31].

The far field radiated into the semi-infinite dielectric is evalu-
ated using the spectral Green’s function (SGF) approach [28]. To
identify the contribution of each of these modes in the far field,
the total voltage solution in the transmission line of Fig. 3(a) can
be approximated around each LW pole kρi as follows [28], [34]:

VTM/TE (kρ) |kρ≈kρi
=

2kρi
k2ρ − k2ρi

Res
(
VTM/TE (kρi)

)
. (6)

Fig. 7 shows the far-field contribution due to each LW pole,
using (6), for εm = 2.5 and a square waveguide of size 0.68λ
(the colors correspond to the poles in Fig. 4). In the H-plane
[see Fig. 7(a)], the contributions are due to TE modes, whereas
the E-plane contributions [see Fig. 7(b)] are due to TM modes.
The sum of the LW pole contributions (dashed gray) is a good
approximation of the far field radiation pattern calculated with
the nonapproximated voltage solution (solid gray). The radiation
pattern resembles a “top-hat” pattern: it is nearly uniform in
the region θ ≤ 15◦ and then rapidly decays. This beam shape
can be attributed to the presence of multiple LW modes that
together illuminate the region nearly uniformly and results in a
high aperture efficiency when it is coupled to a lens with f# =
1.8.

B. Optimal Transformer Permittivity

The optimal transformer permittivity was found by evaluating
the aperture efficiency of a silicon elliptical lens fed by a number
of different stratifications with 1 < εm < 11.9. Note that f# of
the lens is different for each εm.

The aperture efficiency of the lens antenna was calculated
in reception using a Fourier Optics (FO) approach [35] and as-
suming a lens with a quarter-wavelength of perfect antireflective
coating at fc = 550 GHz. The optimization consisted of finding
out the optimal phase center, lens f# and iris geometry similar to

Fig. 8. Lens aperture efficiency as a function of frequency when fed by the
multimode LW feed in Fig. 3(a) for different values of εm. f# of the lens varies
for each permittivity. A double-slot iris has been used for the results shown in
solid lines, while the red dashed line has been simulated with an open-ended
square waveguide of 0.68λ.

what it was done in [36]. With this approach, we have calculated
the aperture efficiency in the frequency range 400–750 GHz of
different transformer relative permittivities εm to determine its
optimal value.

The results of the aperture efficiency optimization are shown,
for several values of εm, in Fig. 8. The aperture efficiency
bandwidth, defined as the bandwidth in which the aperture effi-
ciency is larger than 80%, is larger for any choice of transformer
permittivity than for the standard case. Furthermore, a lower
transformer permittivity corresponds to a lower lens f#, which
is consistent with the pointing angles of the main modes in Fig. 6.
The optimal value for the transformer relative permittivity is
found to be εm = 2.5, which couples to a f# = 1.8 lens with
an aperture efficiency bandwidth of 35%.

It was found that when εm > 5, it is necessary to suppress the
TM0 mode since only the TE1/TM1 modes will be exploited
for the pattern shaping, for example, by using a double-slot
iris [31]. When εm ≤ 5, all the modes are used to synthesize
the top-hat pattern as in Fig. 7 and the structure can be fed
directly by an open-ended square waveguide. Specifically, using
an open waveguide of size 0.68λ0 leads to a decrease of only
2% in aperture efficiency, as shown in Fig. 8, while significantly
simplifying the fabrication.

The optimized LW lens antenna has a truncation angle of
15.5◦ and a phase center of 1.44 mm below the ground plane.
An overview of the single lens geometrical parameters is given
in Fig. 9(a). The far-field radiation patterns (i.e., the primary
patterns) into the silicon lens are shown in Fig. 9(b).

The input impedance of the waveguide in the presence of the
proposed stratification has been calculated as in [28] using

1/Zin =
1

4π2

∫ ∞∫
−∞

|Mx (kx, ky)|2Ghm
xx (kx, ky, z

= 0)dkxdky (7)

where Ghm
xx is the SGF of the structure in Fig. 3(b) and Mx is

the spectral current associated with the TE10 waveguide mode.
This result is validated with the impedance obtained from CST in
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Fig. 9. (a) Cross section of a single elliptical lens array element fed with
the optimized LW feed and its geometrical parameters. (b) Far-field radiation
patterns into an infinite silicon medium by the lens feed shown in (a). Fields
calculated using the SGF in black, full-wave results in red are done with the
perforated silicon layer shown in the inset, where periodicity p = 79 μm and
hole diameter d = 73 μm.

Fig. 10. (a) Waveguide impedance compared to [see Fig. 3(a)]. (b) Reflection
coefficient of the optimized lens antenna with transformer layer compared to
[31].

Fig. 10(a). The agreement between the result of (7) and the full-
wave simulation is excellent. Furthermore, Zin is not strongly
frequency dependent and can be matched without a double-slot
iris.

The simulated reflection coefficient is shown in Fig. 10(b),
calculated using (7) and compared to the full-wave approach.
The reflection coefficient is below−10 dB for frequencies higher
than 450 GHz. The impedance bandwidth is significantly larger
than the standard structure without a transformer layer fed by a
double-slot iris [31]. The bandwidth of the antenna is not limited
by the impedance matching bandwidth but by the frequency
dispersion of the radiation patterns.

IV. LENS-PHASED ARRAY PERFORMANCES

In this section, we investigate the performance of the scanning
lens-phased array based on the proposed multimode LW feed.
The considered array topology is the same as discussed in
Section II, consisting of 19 lenses of diameter Dl = 20λ0

in a hexagonal grid. Each lens is fed by the waveguide-fed
LW stratification discussed in Section III and is covered by
a quarter-wavelength AR coating. The waveguide’s E-plane is
parallel to x̂, according to the reference system shown in the inset
of Fig. 1. The lens and array geometry are shown in Figs. 9(a)
and the inset of 1, respectively.

A. Single Lens Element Performance

The broadside and steering properties of a single lens element
at 550 GHz have been analyzed using the FO approach described
in [35]. In this model, the effect of multiple reflections at the lens
surface or spillover at the lens edge is not taken into account;
instead, they are included as a loss in the gain. However, because
of the AR coating of the lens, multiple reflections are low, and
due to the proposed multimode LW feed, the spillover is low as
well.

The broadside patterns radiated by a single lens element with
the proposed LW feed (i.e., the secondary patterns) are shown
in Fig. 11(a) and 11(b). The pattern displays good symmetry at
broadside. The side-lobes are slightly lower in the H-plane due
to the taper of the primary pattern in this plane [see Fig. 9(b)].
Furthermore, the pattern strongly resembles an airy pattern
radiated by a 20λ0 uniform circular current distribution (shown
in red). A directivity of 35.7 dBi in the array element pattern is
achieved with an aperture efficiency of 85%.

Next, the lens is displaced 2 mm relative to the feed along the
E-plane. This results in a scan angle in the secondary pattern
of 19.2◦. The scanned secondary radiation pattern is shown in
Fig. 11(c) in UV-coordinates. Fig. 11(d) shows the radiation
pattern, where the beam has been rotated toward its maximum to
show the three main planes. The radiation pattern in the H-plane
is almost the same as the broadside pattern. In the E-plane, the
side-lobes become 2 dB higher and the main beam is broadened.
The directivity of the steerable array element pattern toward
19.2◦ is 34.6 dBi with an aperture efficiency of 54%. The scan
loss (i.e., the gain relative to broadside) of the single lens is
shown in Fig. 11(e). The lens can be scanned up to 25◦ (2.5 mm
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Fig. 11. Radiation pattern of a single lens for (a) and (b) broadside and (c) and
(d) scanned to 20◦ at 550 GHz. The scan loss and gain of the lens element pattern
is shown in (e) as a function of scan angle and approximate displacement.

lens displacement) in both the E- and H-planes with a loss below
3 dB. It can be seen also in the same figure that the achieved scan
loss is stable over the entire 35% bandwidth.

B. Lens-Phased Array Performance

In order to evaluate the steering properties of the 19-element
lens-phased array, we multiply the obtained single lens patterns
with the corresponding array factor. Since the array periodicity
is very large, no mutual coupling effects will be present in this
case. For broadside, all the array elements are fed in phase; for
the scanned cases the lenses are fed progressively.

For broadside, Fig. 12(a) and 12(b), the grating lobe level
is −17 dB with a gain of 48.2 dB. When scanning to 19.2◦,
shown in Fig. 12(c) and 12(d), the highest grating lobe is in
the E-plane and is −13.2 dB. The grating lobe level is higher
than the broadside case due to the lower aperture efficiency of the
scanned lens, but still acceptable for many applications. The gain
when scanning the array toward 19.2◦ is 46.7 dB. The E-plane
radiation pattern is shown in Fig. 12(e) for scan angles up to 30◦.

V. LW LENS ANTENNA PROTOTYPE AT 550 GHZ

A prototype at 550 GHz has been developed to validate the
radiation properties of the LW feed and demonstrate the dynamic

Fig. 12. Radiation pattern of a 19 lens array at 550 GHz for (a) and (b)
broadside and (c) and (d) scanned to 20◦. The E-plane radiation pattern is shown
in (e) for scanning up to 30◦.

steering capabilities of the proposed lens antenna. The prototype,
shown in Fig. 13, consists of a silicon lens array where the
central element is fed by the proposed LW feed. The overall array
geometry is a scaled version of the one shown in Section II, in
order to fit the array in the metal fixture developed in [26]. The
number of elements has been reduced to 7, marked in gray in the
inset of Fig. 1 and the lens diameter is around 10λ0 instead of
20λ0. As a consequence of the smaller diameter, the lens surface
lies in the near field of the feed. For this specific diameter of10λ0,
we have optimized the lens subtended angle θ0, as in [27], in
order to achieve the maximum aperture efficiency. The resulting
optimized θ0 = 17.3◦ or equivalently, f# = 1.6.

The lenses, the transformer, and air cavity are synthesized in
silicon wafers. This stack of wafers sits on a metal fixture, where
a receiver array could be potentially integrated. In this case, the
metal block consists of a straight waveguide that transforms the
standard WR1.5 waveguide into a square waveguide of 362×
362 μm as in [26]. The piezoelectric actuator sits on the side
of this metal fixture and translates the stack of wafers in one
axis. The translation displacement achieved by the prototype is
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Fig. 13. Photograph of the prototype at 550 GHz that validates the embedded
element pattern of the lens-phased array using an integrated piezoelectric motor
to perform the mechanical scanning of the array element pattern. The height of
the complete stack of wafers, including the LW cavity wafer, transformer wafer,
stacked silicon wafers, and lens array wafer is 7.1 mm measured from the ground
plane. The elliptical lenses subtend an angle of 17.3◦ from the focus which is
1.2 mm below the ground plane.

±1.25 mm, i.e., a scan angle of around ±24◦, and it is executed
by a piezoelectric actuator motor as in [26]. A lens pusher fixture
translates the silicon stack across the LW feed using alignment
metal pins as rails that support the movement of the lens.

A. Silicon Lens Array Wafer Stack

The silicon lens array consists of seven elliptical lenses of
aperture Dl = 5.13 mm (9.4λ0) and height of 548 μm syn-
thesized in a hexagonal configuration in order to provide a
tight array spacing with high aperture efficiency. The array of
lenses has been fabricated from a 1-mm high-resistivity silicon
wafer using a laser micromachining and was then coated with
a Parylene antireflection coating. The lens array is shown in
Fig. 14.

A few other high-resistivity silicon wafers, i.e., 5 wafers of 1
mm thick and 4 wafers of 300 μm, were stacked to create the re-
quired thickness of the array. These wafers have been processed
using a DRIE process developed in [37]. The alignment of these
wafers was performed using a silicon pin technique used in [38].
A silicon pin of 1 mm, shown in the inset of Fig. 14, was used in
the alignment of the lens array wafer with the silicon stack. This
increment in size facilitates the fabrication of the socket in the
lens array with the laser without compromising the alignment.
Unfortunately, the alignment of these two layers could not be
measured accurately but was estimated to be better than 20 μm.

B. Transformer Layer and LW Cavity

The transformer layer has been synthesized by creating an
artificial dielectric from a high-resistivity silicon wafer. The

Fig. 14. Photograph of lens array wafer fabricated using laser micromachin-
ing. Inset photograph of the silicon pensile alignment pin on its pocket, defining
the alignment between the lens wafer and the bottom silicon wafer.

Fig. 15. (a) 3-D and (b) top view of the fabricated artificial dielectric taken
under the microscope.

artificial dielectric targeted a relative permittivity of 2.5 and
it was synthesized with circular perforations [39] of 73 μm
diameter to a depth of 88 μm in a regular triangular lattice of
period 79 μm.

The validation of this artificial dielectric synthesis is shown
in Fig. 9(b), where radiation patterns of the LW feed using a
homogeneous dielectric layer are compared with a full-wave
simulation of the perforated layer in silicon. The figure shows
the good agreement between the radiation patterns and confirms
the little impact that the anisotropy of synthesized dielectric has,
thanks to the highly directive LW patterns. Note that the spurious
radiation in the E-plane for angles larger than 20◦ is associated
with the finite size of the structure in the full wave simulation.

A photograph of the perforated silicon layer and its dimen-
sions is shown in Fig. 15. A good agreement between the
fabricated and designed dimensions has been achieved using
the silicon micromachining process based on DRIE [37].

The LW cavity was fabricated using a wafer of thickness
300 μm and etching 20 μm of the overall wafer to achieve the
desired 280 μm.

VI. MEASUREMENTS

First, the reflection coefficient of the antenna was measured
using a PNA-X and a calibrated WR-1.5 frequency extender. Its
comparison with full-wave simulation is shown in Fig. 16. Note
that the level of the measured reflection coefficient lies below
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Fig. 16. Measured and simulated reflection coefficient of the embedded lens
antenna array prototype measured in the WR 1.5 frequency band and plotted
against full wave simulations.

the simulation due to the losses of the metal block fixture which
are around 2.8 dB, as explained in [26]. But overall, the general
shape of the reflection coefficient agrees well with the simulated
performance of the antenna. The compression of the spring was
calibrated by moving the lens back and forth with the piezo while
verifying that the reflection coefficient did not have significant
changes. All in all, the measured reflection coefficient is below
−20 dB in a bandwidth of more than 50%, which is higher than
the bandwidth of the aperture efficiency for this antenna.

The embedded element pattern prototype was validated using
a far-field setup similar to the one used in [26]. The prototype
was connected to an ad hoc Schottky based transmitter that is
fed by one of the synthesizers of the PNA-X to be able to fit
in two rotational stages. To receive the signals, we used one of
the WR1.5 PNA-X extenders as receiver and a standard gain
horn. This ad hoc far-field setup limits the measurement band to
525 to 575 GHz, constrained by the available bandwidth of the
transmitter and the scanning range was limited to 40◦ in azimuth
and 45◦ in elevation.

A. Embedded Element Patterns

The lens array was translated with the piezoelectric motor
with steps of 0.2 mm along ŷ, according to the reference system
shown in Fig. 1. At each step, the radiation pattern of the AUT
was measured. A small correction in the reference system of
the radiation patterns was applied to these measurements since
center of rotation of the scanner was a centimeter below the
phase center of the lens array prototype. The effect of this
correction is very small and it is shown in Fig. 17, where the
scan angle versus displacement is compared for the corrected
and the raw set of measurements. The figure also shows a
good agreement between the measurements and the simulations
using the aforementioned FO analysis. The solid red line shows
the scan angle with the displacement for an optical system of
f# = 1.6 using the geometrical expression from (2). A good
agreement of the measurements and simulations with this red
solid line shows low f# of this multimode LW feed compared
with the standard case.

Fig. 18 shows the measured radiation patterns for the central
frequency at three different scan angles in the H plane, broadside,
10◦ and 20◦, which correspond to a lens array displacement of
0, 0.5, and 1 mm. Note that the three measurements, and the rest
of the scanned angles, present a small tilt of 3.5◦ in the E-plane,

Fig. 17. Scan angle as a function of the displacement of the lens antenna
array of the measured radiation patterns. The red line represents the scan angle
obtained from displacing the feed of a quasi-optical system of an f# = 1.6.

that corresponds to a misalignment in x̂ of 150 μm between the
lens array with the feed. It is suspected that this is misalignment
comes from a combination of errors and tolerances: the align-
ment tolerance given by the metal pins and the silicon wafer,
the position accuracy between the pin pockets used in the lens
wafer with respect to the actual lens array, and last, a cumulative
error between the front and back alignment of the silicon pin
pockets on the bulk silicon wafers employed. Nevertheless, this
small tilt has barely any impact on the aperture efficiency of
the antenna and it could potentially be removed with another
piezoelectric motor that would allow the scanning of the array in
x̂. Note that this tilt has been taken into account in the simulation
shown. Fig. 18 (b), (d), and (f) shows E-, H-, and D-plane cuts
normalized to 0◦ of the 2-D measured radiation pattern and
the FO simulations. A very good agreement between the two
is shown, especially for the broadside case. The medium and
large angle displacement presents slightly higher discrepancy on
the side-lobe level, due to the higher spillover/reflection power
presented in these cases, which is not taken into account in
the FO simulation. Moreover, the relative permittivity of the
quarter-wavelength Parylene antireflection coating ( εr = 2.62)
used for this lens array prototype deviates from the ideal relative
permittivity ( εr = 3.45) for a silicon lens. As presented in [26],
the effects of a nonideal AR layer affect more the side-lobes
while scanning. Nevertheless, the main beam and position of the
nulls of the side-lobes are very close to the simulated results.

The gain loss as a function of the scan angle and relative to
the broadside case is shown in Fig. 19, for the center frequency
of 550 GHz and the extremes of the measured frequency band,
525 and 575 GHz. The loss is measured by taking the peak
power received on each scanned position and comparing it to
the gain drop evaluated using the FO simulations. Simulations
and measurements differ at most 0.5 dB for the three points in
the band, which we consider a very good agreement considering
the limitation on the measurement setup, power fluctuations, and
the effect of the multiple reflections in the lens array.

Unfortunately, the absolute gain could not be measured across
the frequency due to a power fluctuation between the calibration
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Fig. 18. Measured 2-D radiation pattern of the embedded lens antenna at 550
GHz for (a) broadside, (c) 10◦ scan angle and (e) 19.2◦ scan angle. E/H/D-
Plane cuts of the measured and simulated pattern at the aforementioned scanned
positions in (b), (d), (f).

Fig. 19. Measured (dashed lines) and simulated (solid lines) gain scan loss in
the H-plane normalized to the broadside case as a function of the scan angle for
525, 550, and 575 GHz.

and the actual gain measurement in this ad hoc measurement
setup. However, considering that the fabrication techniques and
materials employed for this effort are analogous to the ones
presented [26], we can expect that the actual gain will be close
to the simulated single lens gain of 28.2 dB.

Fig. 20. Measured 2-D radiation pattern of the array at 550 GHz for (a) broad-
side, (c) 10◦ scan angle and (e) 19.2◦ scan angle in the H plane. E/H/D-Plane cuts
of the measured and simulated pattern at the aforementioned scanned positions
in (b), (d), (f).

B. Array Patterns

In order to estimate the performance of the array, we calcu-
lated the array radiation pattern by multiplying the measured
radiation patterns of the embedded lens antenna by the array
factor. The array factor is composed of the seven lenses in the
hexagonal pattern, as shown in gray in Fig. 1.

Fig. 20 shows the array patterns of the broadside case, 10◦

and 20◦ of scan angle. The 2-D array patterns show the multiple
grating lobes from the array factor but as a result of the multipli-
cation with the element pattern, they remain below −9 dB even
for the largest scan angle, in the 60◦ plane. The E, H-, and 60◦

planes of the radiation pattern normalized to 0◦ are shown for
these scan angles and plotted against the array pattern using the
FO simulation. The maximum grating lobe level for broadside,
10◦ and 19.2◦ scan angle is −12, −11, and −9 dB, values that
are considerably lower than other sparse arrays [12]. The results
obtained with this prototype show higher grating lobes than those
reported in Section IV due to the limited lens diameter, which
leads to a near field illumination of the lens.

Fig. 21 shows the directivity of the array patterns for the
lowest, central, and highest measured frequency, as a function
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Fig. 21. Directivity as a function of the scan angle for the 7 element array for
525, 550, and 575 GHz.

of the scan angle. The simulated directivity is calculated by
integrating the array pattern in the measured solid angle. The
expected deviation due to this truncation is less than 0.25 dB.
The agreement between the simulations and measurements is
within 1 dB in the worst cases. The fluctuations in the measured
directivity are due to the measurement setup, the use of a
Parylene matching layer instead of an ideal one which increases
the impact on the multiple reflections in the directivity, especially
when scanning and the feed spill over while scanning. Note that
the FO simulations of the directivity do not consider the multiple
reflections inside the array.

Overall, the experimental results follow the predictions ob-
tained from the simulations, which demonstrate the operability
and performance of the new proposed LW lens feed, as well
as the dynamical steering of the element pattern up to around
25◦ applicable in future implementations of active lens-phased
arrays at these high frequencies.

VII. CONCLUSION

A scanning lens-phased array architecture for the dynamic
steering of highly directive beams at submillimeter wavelengths
was presented, combining a sparse array of lenses with
mechanical displacement relative to their feed. The proposed
architecture drastically reduces the number of active elements
compared to a fully sampled array, yet still enables wide-angle
scanning.

We have derived the requirements of the lens antenna feed in
order to control the level of the grating lobes over wide angles.
For this purpose, we have proposed a multimode LW feed that
is able to achieve an aperture efficiency greater than 80% over
a bandwidth of 35% and a scan loss lower than 3 dB up to
25◦. This LW feed uses a transformer layer to generate multiple
modes which help to produce a top hat pattern with a suitable
f# for scanning. Additionally, this layer ensures impedance
matching of the feed without a double slot iris, which simplifies
the fabrication process.

A prototype of an embedded lens antenna has been built
at 550 GHz, integrated with a piezoelectric motor. We mea-
sured the radiation and scanning performance of the em-
bedded pattern and combined these results with the array
factor to obtain the array pattern of the phased array. We
found excellent agreement between the measurement and sim-
ulated performance, validating the capability of this antenna
architecture for future implementations of active lens-phased
arrays.
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