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A Transmit Lens Array With High-Gain
and Beam-Steering Capabilities at

Submillimeter Wavelengths
Maria Alonso-delPino , Senior Member, IEEE, Sjoerd Bosma , Member, IEEE,

Cecile Jung-Kubiak , Senior Member, IEEE, Juan Bueno , Goutam Chattopadhyay , Fellow, IEEE,
and Nuria Llombart , Fellow, IEEE

Abstract—This article introduces a novel transmit lens array
with beam-steering capabilities for submillimeter-wave space in-
struments. The transmit array consists of two sparse silicon lens
antenna arrays connected by a waveguide array, in which active
components can potentially be integrated, arranged in a hexagonal
grid. The upper lens array is mechanically actuated to achieve
dynamic beam-steering. The bottom lens array is fed coherently
by a quasi-optical (QO) power distribution lens antenna. This
antenna is capable of distributing power to a multipixel lens array
in a hexagonal configuration with a power coupling efficiency of
approximately 60%. The transmit lens array and QO power distri-
bution lens antennas are based on a recently developed multimode
leaky-wave feed, which results in lens antenna aperture efficiencies
of nearly 80%. A model based on high-frequency techniques has
been implemented to design and optimize the complete architec-
ture, allowing to evaluate its directivity and gain. We have fabri-
cated and measured a prototype based on seven-lens elements with
excellent agreement to the performances estimated by the model.
This article demonstrates for the first time an array architecture
that reaches 36 dBi directivity, 32 dBi gain, and +/−25° scanning
with 3 dB scan loss over a 450–650 GHz band.

Index Terms—Leaky-wave antenna, quasi-optical (QO) power
distribution, scanning lens phased array, submillimeter-wave
antennas, THz arrays, transmit lens array.

I. INTRODUCTION

SUBMILLIMETER-WAVE heterodyne instruments primar-
ily rely on the mechanical actuation of a large telescope

system with bulky and power-hungry motors to realize beam-
steering [1], [2], [3], [4]. To enable future space missions with
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severe mass and power constraints, dynamic beam-steering ca-
pabilities of high-gain beams are required in a more compact
form factor [5]. Phased arrays, extensively used in the microwave
regime, would be an ideal candidate for these missions due
to their compact, low-profile architecture. Now that integrated
silicon technology is reaching ft/fmax in the terahertz regime,
one can envision its use at such high frequencies [6], [7], [8],
[9]. However, high-gain, fully sampled arrays suffer both from
physical constraints with packaging and high losses in the power
distribution network [6], [7], [8], [9], [10], [11].

We recently proposed a sparse lens phased array [12] capa-
ble of wide-angle beam-steering (±25°) of a very high-gain
beam (>35 dBi) using an electro-mechanical phase shifting
network. The sparse array factor (AF) can be steered electron-
ically using IQ-mixers as demonstrated in [13] or via micro-
electromechanical systems (MEMS) phase shifters [14], both
integrated in waveguides. To control the grating lobe level, the
element pattern is steered dynamically by a small (in the order of
a few millimeters) translation of the lens array from their feeds.
The sparsity of this lens array architecture greatly reduces the
integration complexity with respect to a fully sampled array [6],
[7], [8], [9] since it reduces the number of active elements by
∼ (2De/λ0)

2, beingDe the diameter of the element aperture and
λ0 the wavelength in free-space. Compared to a conventional QO
system of the same diameter and f-number, the lens phased array
has a lower profile, improves the beam-steering performance
while requiring a significantly smaller mechanical displacement
[12]. This has been realized using an integrated piezo-motor as
proposed in [12], [13], [14], and [15]. As demonstrated, this
technology can translate this lens array with accuracies in the
nanometer scale and exhibit minimal power consumption and
heat generation.

There are not many broadband and efficient solutions to dis-
tribute power over large arrays at submillimeter-wave frequen-
cies. Waveguide splitters can be efficient for a limited number
of elements that are closely spaced [16], [17]. However, at these
frequencies, losses increase rapidly with the number of elements
and the spacing of the array [16], [17], [18], [19]. In the example
in [19], the total loss for a 2 × 2 power distribution at 1.37 THz
was 13–20 dB. Another option is to use phase-gratings, cur-
rently used for local oscillator power distribution to hot electron
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Fig. 1. Photograph final transmit lens array fixture showing the top scanning
lens phased array and bottom lens array with the piezo-motor.

bolometer (HEB) and superconductor-insulator-superconductor
(SIS) detector technology [20], [21], [22]. These gratings are
only feasible over a narrow-band and are not scalable to large
arrays [22]. To overcome these limitations, we propose a novel
quasi-optical (QO) power distribution architecture [23], [24],
[25] that provides efficient and broadband power distribution
and yet scalable with the number of elements and large aper-
tures. Moreover, this architecture provides amplitude and phase
coherency among the elements. This QO architecture is based
on a near-field coupling between the collimated beam generated
by a QO antenna and the collimated beams of a sparse lens array.

In this article, we develop a lens phased array that is coherently
fed using a QO power distribution architecture. This results
in a transmit lens array architecture in which the bottom lens
array handles the power distribution while the top lens array
radiates a high-gain beam with scanning capabilities. Overall,
the proposed architecture results in a high-gain steerable beam
over 450–650 GHz band. In [15], we presented for the first time
a single silicon lens antenna integrated with a piezo-electric
motor. In [12], we presented the lens-phased array concept with
a prototype of a single antenna array embedded element and
its scanning capabilities with the piezo-electric motor. In [13],
we presented a 4 × 1 lens phased array at 100 GHz using
plastic lenses with dynamic beam-steering. Some preliminary
analysis and prototypes can be found in conference papers in
[23], [24], and [25]. However, this article entails the detailed
model, design, fabrication, assembly, and characterization of
a seven-element transmit lens array prototype using silicon
micromachining techniques at 500 GHz for the first time, as
shown in Fig. 1.

The rest of this article is organized as follows. First, we explain
the proposed geometry and dimensions in Section II. Section III
presents the semianalytical model to design and optimize the
transmit lens array and its performance. The fabrication and
assembly of a 450–650 GHz of a seven-element transmit lens
array is shown in Section IV. Its characterization is presented in
Section V. Finally, Section VI concludes this article.

II. TRANSMIT LENS ARRAY ARCHITECTURE

The proposed transmit lens array architecture is shown in
Fig. 2. The transmit lens array is composed of two sparse lens

Fig. 2. Proposed transmit lens array and QO power distribution architecture.
The main geometrical parameters are provided together with the different
efficiency terms.

arrays. The bottom lens array coherently couples the radiation
from a QO power distribution antenna to an array of waveguides,
where active components can potentially be integrated. The top
lens array combines coherently all the received power from the
waveguide array into a narrow beam that can be scanned over a
certain field of view [12]. In the following sections, a detailed
description of these two main parts is provided.

A. QO Power Distribution Architecture

The QO power distribution is constituted by a large silicon
lens antenna that radiates a collimated, nearly uniform beam at
its circular aperture, with diameter DPD. This aperture has the
same size as bottom N-element lens array each with a circular
aperture of diameter De. The lens antennas constituting this ar-
ray are also designed to form a collimated uniform beam to max-
imize the power coupling between both geometries, see Fig. 2.
If all the lens antennas had an ideal 100% aperture efficiency, the
only loss in this architecture would be related to how well the
circular aperture of the large lens is sampled by smaller circular
apertures of the lens array ηfill factor = N( De

DPD
)
2
. When lenses

of equal diameter are considered, a lens array with a hexag-
onal lattice is the one that provides the higher coverage of a
circular area compared to a rectangular lattice. For instance,
the fill factor efficiency for a seven-element hexagonal array
is ηfill factor ≈ 78% and reaches up to 90.7% as the number of
elements increase.

This architecture is not just a scalable power distribution
solution for arrays with a high number of elements, but also
for arrays with large apertures. To maintain a low-profile, the
architecture can be scaled up by tiling subarrays, as shown
in Fig. 3. Instead of illuminating the entire aperture of the
transmit-array Da, DPD only illuminates a subarray composed
of De apertures. This reduces its profile by Da/DPD compared
to a standard QO-system of the same f-number.

The initial demonstration of the lens antenna of the QO power
distribution architecture operating at 450–650 GHz was shown
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Fig. 3. Example of subarray tiling of the QO lens antenna aperture DPD to
synthesize the aperture of the transmit array Da.

TABLE I
OPTIMIZED TRANSMIT LENS ARRAY AND QO POWER DISTRIBUTION

ANTENNA DIMENSIONS

in [25], with the focus on maximizing its aperture efficiency. This
antenna was realized using a silicon lens truncated to θPD fed
by a multimode leaky-wave waveguide feed [12]. The feed was
composed of a grounded open square waveguide of dimensions
awg, an air cavity of λ0/2, and a dielectric transformer slab of
thicknessλ0/4

√
εm, where εr = 2.5. Its geometrical parameters

are indicated in Fig. 2 and Table I. It was demonstrated in [25]
that the aperture efficiency of this lens antenna is above 80%
across the 450–650 GHz. The radiation pattern inside the silicon
lens resembles a top-hat pattern: nearly uniform until θ < 18 ◦.
The same lens antenna is used in this work to illuminate coher-
ently a seven-element hexagonally arranged lens array. This is
the bottom lens array in Fig. 2, which in this demonstration has
the same equivalent diameter DPD as lens antenna. Despite the
equal diameter of the lens antenna and bottom array, most of
the power is coupled from the lens antenna to the array. This is
due to their close proximity, in the near-field region, where there
is negligible field spreading. The same leaky wave feed is used
in the lens array to ensure a high coupling coefficient between
both antennas via uniform collimated beams. In the following
section, we present a detailed analysis of the power coupling
efficiency from the lens antenna to the bottom lens array.

B. Lens-Phased Array Architecture

The second part of the proposed transmit lens array (see
top array in Fig. 2) consists of a mechanically actuated lens

Fig. 4. Radiation pattern of the lens-transmit array showing the translation of
the element pattern towards a grating lobe of the AF at 475 GHz in the H Plane.
The AF at 450 GHz and 500 GHz is displayed in grey to exhibit its frequency
dispersion.

phased-array, which enables dynamic beam-steering of a high-
gain beam. The lens phased array has the same geometry as
described in [12] and it is symmetrical w.r.t the bottom one
described previously. Both lens arrays are connected through
an array of square waveguides of length twg, as shown in Fig. 2.

In order to achieve continuous angular beam-steering, the
combination of an electronic phase shifting network (scanning
of the array factor) and a mechanical translation of the lens
array (scanning of the element pattern) is required [12], [13].
In this work, the electronic phase shifting network has not
been included in the prototype, in order to first assess the raw
performance and coherency of the overall transmit lens array.
Therefore, it is not possible to steer the array factor using our
prototype. We can partially demonstrate the steering capabilities
by using only the mechanical steering of the element factor to a
certain number of discrete angles.

The mechanical steering is achieved via the translation of the
lens array using the piezo-electric motor from [12], [13], [15].
The discrete angles that this configuration can be steered to are
those where the element pattern maximum coincides with one
of the array factor’s grating lobes. This is visualized in Fig. 4.
For the proposed case with a seven-elements hexagonal grid and
a periodicity of 10λ0, the number of discrete scanning angles in
the H plane for 30° scanning (up to 3 dB scan loss) are three, as
indicated in the same figure. The location of these grating lobes
changes with frequency.

Nonetheless, a feasible strategy to implement the electronic
beam-forming network in the waveguide array is the integration
of phase shifters in the 450–650 GHz band, as the ones in
[14] based on MEMS technology. Another possibility is to
realize QO power distribution and the phase shifting network
at a lower frequency where more phase-shifting devices and RF
power are available. For example, at H-band, the proposed QO
power distribution could couple to an array of vector network
modulators based on I/Q-mixers as in [12] or attenuator-based
modulators [26]. After that, each element would be coupled to
a power amplifier and a doubler to reach the 450–650 GHz.
Thanks to the sparsity of the proposed array, i.e., interelement
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Fig. 5. (Left) Schematic of the QO power distribution architecture. (Top right)
Equivalent Thévenin circuit for the lens array evaluated in reception. (Bottom
right) Electric field of the lens array and quasi-optical power distribution lens
antenna on the aperture plane at 550 GHz.

spacing of 5.14 mm, and the vertical integration capabilities of
the silicon micromachined stack of wafers, the different MMIC
could be integrated in-between the two lens antenna arrays. This
approach is similar to the methodology applied in [27], where
a lens antenna was integrated with a 1.9 THz tripler in a sili-
con micromachined package. Vertical-to-horizontal waveguide
transitions could be employed to interconnect the antennas with
each phase-shifter, while lateral interconnections are envisioned
for the routing of the dc bias and IF lines.

III. DESIGN AND PERFORMANCE OF A SEVEN-ELEMENT

TRANSMIT LENS ARRAY

The elements of the proposed transmit lens arrays are large
in terms of the wavelength, which results in unviable full-wave
simulations. To tackle this limitation, we developed a quasi-
optical model to assess its performance (efficiency and radiation
patterns) and optimize this architecture. We model the efficiency
of the overall transmit lens array as the product of three main con-
tributions, as highlighted in Fig. 2: the power coupling efficiency
to the array of waveguidesηc, the impedance matching efficiency
between the two lens arrays ηm, and the aperture efficiency of the
lens phased array ηap. The overall efficiency encompasses the
aforementioned terms, and it is referred to as the transmit lens
array efficiency ηTA. Next, these efficiency terms are detailed
individually.

A. Power Coupling Efficiency Analysis

The first step is to calculate how much power is received at the
input of the waveguide array, which is at the antenna terminals
AA′ indicated in Fig. 5. This power is referred as P (i)

AA′ where
i = 1 . . . N indicates the corresponding waveguide terminal and
N is the number of elements of the array (in this demonstration
N = 7). Then, the power coupling efficiency, ηp is defined as
the summation these received powers, normalized to the input

Fig. 6. Electric-field distribution at the aperture of the QO power distribution
lens antenna �EQO and the lens array �ELA at 550 GHz in the E plane at 550 GHz.

powerPin, (see Fig. 5) of the QO power distribution lens antenna

ηp =
1

Pin

N∑
i=1

P
(i)
AA′ . (1)

To evaluate the power received in each waveguide, we apply
an analysis of the antennas in reception, analogous to [25]. This
approach allow us to evaluate the coupling efficiency without
the need for more time-consuming physical optics simulations
as in [26]. The problem is analyzed in reception by using the
equivalent Thévenin circuits of Fig. 5, one per waveguide, and
assuming a matched load (the mismatch is considered in the
following section). The antenna impedance of all the elements
is identical and indicated as ZA. Then, the received power at
each lens terminal is defined as

P
(i)
AA′ =

∣∣∣(VAA′I)(i)
∣∣∣2

16P rad
LA

(2)

where P rad
LA is the power radiated by the leaky-wave feed of

the antenna element of the array in the infinite dielectric silicon
medium, and it is proportional to I2. VAA′ is the open circuit
voltage used in the Thévenin circuits of Fig. 5.

The open circuit voltage can be calculated as the reaction
integral between the incident electric field �EQO associated to
the QO power distribution lens and the field radiated by the lens
antenna array element in transmission �E

(i)
LA over a closed surface

surrounding the antenna

(VAA′I)(i) =
2

ζ0

∫ ∫

S
(i)
A

�E
(i)
LA · �EQOdA (3)

where ζ0 is the intrinsic impedance of the air medium. For
the specific case of the elliptical lens antenna and choosing
the surface plane on the top of the lens antenna aperture S

(i)
A .

The fields radiated by the lens array �E
(i)
LA and quasi-optical

power distribution lens antenna �EQO on the aperture plane S
(i)
A

(indicated in Fig. 6) are calculated using geometrical optics
technique as in [28]. The lens of the QO power distribution lens
antenna is large in terms of the wavelength and consequently, it
resides in the far-field of the leaky-wave feed. The lenses of the
array are in the order of a few wavelengths; hence, for those, the
near-field effects have been considered, as in [12].

This model has been used to optimize the power received
by the transmit array as a function of the truncation angle θPD
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Fig. 7. Power coupling efficiency, aperture efficiency, and transmit lens array
efficiency as a function of the lens antenna truncation angle at 550 GHz

Fig. 8. Schematic of a single element impedance matching efficiency equiv-
alent model and circuit.

of the QO power distribution lens antenna at 550 GHz. The
power coupling efficiency as a function of the truncation angle
is shown in Fig. 7. It is maximum for a truncation angle of 17.5°
reaching almost 60%. Note that a quarter-wavelength parylene-
C (εr ≈ 2.62) has been assumed for the calculations. For small
truncation angles, most power will be lost due to spill-over, while
for larger truncation angles, the uniformity of the aperture field
is too low to provide good coupling to all lenses.

B. Impedance Matching Efficiency

The impedance matching efficiency quantifies a potential loss
of power associated to an impedance mismatch between the top
and bottom lens arrays. Since the mutual coupling between the
array elements is negligible, this efficiency can be simplified
to the evaluation of one end-end waveguide transition shown
in Fig. 8. This transition includes the bottom and top leaky-
wave stratifications radiating into an infinite silicon medium,
the waveguide square apertures and a straight waveguide piece.
This structure is represented using the equivalent circuit shown
in Fig. 8 (Right). It is composed by the sameV (i)

AA′ voltage source
described in (4), the leaky wave antenna’s input impedance
ZA, and a transmission line of length twg with a characteristic
impedance of the TE10 mode ZWG = kζ0/β, where β is the
propagation constant in the waveguide. Thus, the impedance
matching efficiency is defined as

ηm = 1−
∣∣∣∣Zin − Z∗

A

Zin + ZA

∣∣∣∣
2

(4)

Fig. 9. Real and imaginary part of the input impedance seen from AA’ plane
and the antenna impedance as a function of the frequency.

Fig. 10. Power coupling efficiency, aperture efficiency, impedance matching
efficiency, and transmit lens array efficiency as a function of the frequency.

where Zin = ZWG
ZA+jZWG tan(βtwg)
ZWG+jZA tan(βtwg)

. The simulated antenna
impedance and the calculated input impedance as a function
of the frequency are shown in Fig. 9. The input impedance
resembles the impedance of the antenna, exhibiting a constant
real value of approximately 500 Ω and an imaginary part also
close to 0 Ω over the high frequency band. In this part of the
spectrum, the impedance match efficiency is above 95%, as
shown in Fig. 10. However, the lower part of the frequency
spectrum is affected by the proximity of the frequency cut-off
of the square waveguide (413 GHz). In this region, the matching
efficiency drops considerably down to 78% at 450 GHz, as
shown in Fig. 10.

C. Lens Phased Array Aperture Efficiency

The aperture efficiency of the lens phased array—the top part
in Fig. 2—is defined as the ratio of power received at the antenna
terminals BB’ from a plane wave incident on the lens to the
power in the plane wave (limited to the lens’ area), as illustrated
in Fig. 11

ηa =
PBB′

Ppw
. (5)

The plane-wave power in the area ATA = π(DPD
2 )

2
is Ppw =

ATA|Epw|2/(2ξ0). PBB′ is the power received by the transmit
array on the terminals BB’ induced by a plane-wave excitation
is calculated as

PBB′ =
|VBB′I|2
16P rad

TA

(6)
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Fig. 11. Schematic of the top lens antenna array coupling to a plane wave and
its Thévenin circuit.

and in this case

VBB′I =
2

ξ0

∫ ∫

STA

�ETA · �EpwdS (7)

where �ETA is the aperture field of the lens transmit array �ETA =
N∑
i=1

�E
(i)
TA , and �E

(i)
TA is the aperture field of the array element. In this

case, where top and bottom array are connected through a square
waveguide, we can add the weighs calculated from theV (i)

AA′ from

(3) �E
(i)
TA = �E

(i)
LAV

(i)
AA′ . Last, P rad

TA is the total power radiated by
the leaky-wave feed of the lens array in the semi-infinite silicon

medium P rad
TA = P rad

LA

N∑
i=1

|V (i)
AA′ |

2
.

The top lens phased array efficiency as a function of the trun-
cation angle is shown in Fig. 7. The aperture efficiency remains
constant for small truncation angles due to the uniformity of the
power distribution, which is almost 80% until almost 20°. For
larger truncation angles, it rapidly decreases because only the
central array element is efficiently illuminated by the large lens.

D. Transmit Lens Array Performance

Finally, the total transmit lens array efficiency is defined as
the product of the three previously analyzed efficiency terms

ηTA = ηcηmηa. (8)

This efficiency takes into account the entire transmit lens array
architecture: from the power distribution lens to the bottom array,
through the waveguide and radiated into free space by the top
array, including the losses due to spill-over and reflections at
the various lens-air and air-lens interfaces. As shown in Fig. 7,
the maximum is around 43% achieved for θB = 18.5◦ and the
maximum coincides with the maximum of ηc.

At the optimized truncation angle, one can check the ampli-
tude and phase of the V (i)

AA′ obtained in interface AA’. Note that
due to the symmetry of the array, only three unique induced
voltages are shown (the numbering of the elements is shown
in the inset Fig. 12). A maximum power difference of 2.6 dB
is achieved across the array and the maximum phase is 6◦, as
shown in Fig. 12(a). The resulting radiation pattern based on this
weight distribution is shown in Fig. 12(b) and is compared to

Fig. 12. (a) Power-coupling to each waveguide element relative to the central
element. (b) Resulting array pattern based on the weight distribution computed
from the �ETA compared with the ideal uniform case at 550 GHz.

the uniform case. The effect of these variations in the resulting
radiation pattern is very small. These simulated patterns were
obtained by multiplying the simulated element pattern by the
array factor, including the appropriate weight VAA′ .

Since the result of this nonuniform illumination between the
elements results on a coherent array illumination with negligible
tapering, the proposed configuration can be used to enable
dynamic beam-steering using the scanning lens phased array
concept [12]. Instead, if the array was to be used as a focal plane
array, the obtained power difference will need to be considered
when using this architecture to drive mixers or multipliers and
a different optimization goal might be needed to equalize the
power level among the elements.

After fixing the truncation angle at the optimum, the transmit
array efficiency and its compounding factors are plotted as a
function of frequency from 450–650 GHz. The results in Fig. 10
show an efficiency above 30% in the entire band and above 40%
between 500–575 GHz.

The optimized geometrical parameters of the lens transmit
array and quasi-optical power distribution lens antenna are
shown in Table I. These are the parameters that have been used
to develop the prototype that is detailed in the following section.

IV. PROTOTYPE FABRICATION AND ASSEMBLY AT

450–650 GHZ

We have developed a 450–650 GHz seven-element transmit
lens array prototype and the QO power distribution lens antenna.
The photograph of the prototypes are shown in Figs. 1, 13,
and 14. The transmit array is entirely synthesized in microma-
chined silicon, combining deep reactive ion etching (DRIE),
diamond turning, and laser-machining techniques. A sketch of
the silicon assembly and some photographs of it are shown in
Fig. 13. The bottom lens array of the assembly is used to couple
the radiation from the QO power distribution lens antenna to
an array of waveguides. The top lens array assembly is used
to realize the lens phased array. For the beam-steering, the top
lens array is connected to a piezo-electric motor through a small
metal fixture as in [12] (see Fig. 1). The piezo-electric motor
translates the top lens array with respect to the waveguide array
in the H plane, achieving a translation range of +/−1.25 mm,
and thus, a beams-steering of around +/−25°.
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Fig. 13. (Left) Schematics of the silicon assembly of the transmit lens array. (Top-right) Photographs of the top and bottom view of a lens Si lens array wafer
and Si cylinder assembled on the leaky wave wafers. (Middle-right) Photograph from the leaky wave wafers assembled showing the air cavity and transformer
layer. The inset is a photograph taken by the microscope of the artificial dielectric transformer layers synthesized with 73 μm diameter holes over a 79 μm lattice.
(Bottom-right) Photograph of the waveguide array wafer, the inset shows an SEM photograph of one of the square waveguides of 362 μm side.

Fig. 14. (Left) Photograph of the QO power distribution lens antenna. (Right)
Schematics of the silicon microfabricated wafers and lens assembly.

The bottom lens array distributes the power into seven
microfabricated square waveguides, and consists of a Si lens ar-
ray wafer, a Si cylinder, two leaky wave feed wafers and a wave-
guide array wafer. The lens array is fabricated in high resistivity
(>10 kΩ · cm) silicon using laser ablation.1 A parylene-C (εr
≈ 2.62) quarter-wavelength matching layer at the frequency of
550 GHz is deposited on the top of the lens array [12]. The lens
array four alignment holes that are used to align the array to rest
of the bottom lens array silicon stack. The lens array is glued
to a high resistivity, 5.9 mm thick silicon cylinder of 19.2 mm
diameter, which is used as a spacer to place the antenna feed
array at the focus of the lens array. The cylinder is machined
by diamond turning2 and contains an engraved circular mark
of 70 μm diameter and 6 μm depth on the center of both sides
of the cylinder. These circular marks are then used to align the
cylinder with the laser in order to ablate pin pockets on one side
of the cylinder and alignment markers on the other side. The
silicon pin pockets are used with the silicon pensile pins [12]
to align the cylinder to two leaky-wave silicon wafers (within
10 μm) whereas the alignment markers are used to position the
lens array accurately (within 15μm) and glue it onto the cylinder
(as shown in Fig. 13). Although we used a stack of Si wafers in
the past [12] to make the lens array extension, in this assembly,

1[Online]. Available: https://www.veldlaser.nl/en/
2[Online]. Available: https://www.sumipro.nl/

we replaced them with a single cylinder of 5.9 mm thickness. We
noticed that such a stack of wafers lead to unwanted reflections
among the large number of interfaces present in the assembly.
Further details are given in the Appendix.

The waveguides and the leaky wave feed are fabricated using
the same DRIE process described in [30]. The leaky wave feed is
composed of an air cavity of thickness 280μm and a transformer
layer of permittivity 2.5 and thickness of 88 μm as in [12].
The air-cavity is synthesized on a 300 μm silicon wafer that
is etch down to a thickness of 280 μm. The transformer layer
is synthesized on a 300 μm high resistivity silicon wafer by
etching holes of 73 μm in diameter and 88 μm depth over
a triangular lattice of 79 μm as in [12], see inset in Fig. 13.
The waveguide array is fabricated on a 300 μm silicon wafer
that is gold-plated. The inner walls of the waveguides are very
smooth, as can be seen in the scanning electron microscope
(SEM) image (see inset Fig. 13). The waveguides and cavity are
aligned and glued together using silicon pensile pins as in [12].
The assembled bottom array is aligned to the metal fixture using
1.5 mm dowel pins to assure a reliable alignment within 25 μm
accuracy between the bottom and top lens arrays.

The top lens array consists of two leaky-wave feed wafers, a
Si cylinder and a lens array wafer, all synthesized and assembled
in the same manner as the bottom lens array. The leaky-wave
feed wafers are connected to the metal fixture that translates
the overall top lens array via the piezo-electric motor. The top
array is aligned to the metal fixture using 1.5 mm dowel pins
in the E plane whereas we use a the piezo-electric motor in the
H plane to steer the radiation beams. To maintain alignment
while the piezo-electric motor moves, these pins are used as
rails where the piezo-electric motor performs the push/pull of
the lens array across the axis of movement. The top array is fixed
to the metal fixture using spring loaded screws that ensure good
contact between the bottom and top arrays during the piezo-
electric motor movement.

The QO power distribution lens antenna consists of a single
elliptical lens of diameter 15.4 mm, an alignment Si wafer, the
two leaky-wave feed wafers, and a metal split-block fixture to
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Fig. 15. Schematics and photograph of the transmit lens array measurement
setup.

which all components are assembled. The fabricated prototype
is shown in Fig. 14. The silicon lens, coated with an antireflective
coating is optically aligned and glued to an alignment Si layer.
This layer is synthesized on a high resistivity 300 μm thick
silicon wafer that has engraved a series of square patterns to
enable the optical alignment of the lens. The leaky wave feed is
identical to the one used in [12]. The alignment Si layer is aligned
to the leaky wave feed using the aforementioned silicon pensile
pins and glued. The fabrication, assembly, and characterization
of the stand-alone QO power distribution lens was explained in
[25], showing a very good agreement with simulations.

V. MEASUREMENT RESULTS

The fabricated prototype has been characterized using an
ad-hoc measurement antenna setup, which consists of a planar
computer numerical control (CNC) scanner and a performance
network analyzer (PNA) in combination with a pair of frequency
extenders in the WR2.2 band. Unfortunately, due to unavailabil-
ity of WR 1.5 frequency extenders at the Technical University
of Delft Laboratory, the transmit lens array prototype could not
be measured at the highest frequency band (above 500 GHz).
The measurement setup photograph is shown in Fig. 15.

To facilitate the antenna characterization of a high-gain an-
tenna in a planar setup, a hyperbolic lens is used in front of
the transmit lens array to focus the beam on a spot at 10 cm
distance [13], [25]. This solution provides a smaller scanning
area to reduce the scanning time, thus, facilitates a dynamic
alignment of the different components, similar to what was done
in [13] and [25]. Moreover, we can utilize a far-field evaluation to
characterize the setup losses and increase the dynamic range of
the overall measurement setup with respect to near-field planar
scanning.

The waveguide flange of the frequency extender is placed at
the focus of the hyperbolical lens (at 10 cm), and it is used to mea-
sure the radiation patterns in that spot. A thin sheet of Eccosorb
absorber is placed the surrounding the waveguide flange aperture
to mitigate the multiple scattering and reflections propagating

Fig. 16. Measured and simulated broadside radiation patterns of the transmit
lens array at 475 GHz.

Fig. 17. Measured and simulated directivity and gain as a function of the
frequency. Dashed line shows the raw measurement and the solid line shows the
time-gated measurement (T.G).

between the different components [31]. This absorber can be
interchanged with a horn antenna with a gain of around 20 dB
to measure the transmit lens array gain. Since it is a planar
near-field scan, a compensation factor of the tilt of the probe has
been applied. The compensation of the tilt has been obtained
from a full-wave simulation of an open-ended waveguide on a
ground plane.

The quasi-optical power distribution antenna is set a few
millimeters from the transmit lens array. To align the two, the
transmit lens array and the hyperbolic lens are placed on a
five-axis motorized stage with a 1.25μm resolution, independent
from the QO power distribution lens antenna.

A. Radiation Pattern and Gain Measurements at Broadside

The radiation patterns were measured in the spot of the hyper-
bolic lens as it is indicated in Fig. 15 in the WR 2.2 band. The
measured one-dimensional (1-D) cuts of the radiation pattern
in the E and H planes at 475 GHz of the transmit lens array
are shown in Fig. 16. The agreement with the simulations is
excellent showing a very directive symmetric main lobe with
grating lobe level below −11 dB.

The directivity of the 2-D patterns at the broadside position of
the transmit lens array has been measured across the frequency
band of 450–500 GHz (see Fig. 17). A time-gating technique
has been applied to the measurements to filter out unwanted
reflections coming from the antenna measurement setup, as
shown in Fig. 17(solid line). The simulated directivity has been
computed from the simulated patterns over the measurement

Authorized licensed use limited to: TU Delft Library. Downloaded on February 13,2025 at 12:35:47 UTC from IEEE Xplore.  Restrictions apply. 



72 IEEE TRANSACTIONS ON TERAHERTZ SCIENCE AND TECHNOLOGY, VOL. 14, NO. 1, JANUARY 2024

Fig. 18. Measured 2-D radiation patterns of the transmit lens array at 475 GHz
for the different scanning angles at (a) broadside, (b) 8.5°, (c) 16.7°, and
(d) 25.5°.

scanning area to avoid truncation errors. Overall, the agreement
with the simulations is excellent (within 0.5 dB) across the band.

The measured gain is shown in Fig. 17 and it is obtained from
the calibrated S21 measurement at broadside using a standard
diagonal horn antenna and applying the Friis equation. The
measured gain is presented without the losses associated to the
waveguide block of the quasi-optical power distribution lens
(around 3.2 dB) and plastic hyperbolic lens (around 0.75 dB)
and the parylene-C matching layer loss (1.6 dB per lens array
measured in [32]). The simulated gain has been computed from
the transmit lens array efficiency ηTA presented in Fig. 10,
Gsim = 4π ATA

λ2 ηTA. Overall, the measured gain oscillates within
1.5 dB of the simulated gain, validating the semianalytical model
presented in Section III and the technological implementation
of the proposed transmit lens array.

B. Beam-Steering Measurements

The beam-steering capabilities of the transmit lens array were
characterized by displacing the top lens array relative to the
waveguide array using the piezo-electric motor. In this demon-
stration without phase shifters, the positions scanned were the
ones corresponding to the array factor grating lobes, as explained
in Section I. As illustrated in Fig. 4, the scanned positions will
vary as a function of the frequency due to the dispersive behavior
of the array factor.

Using this prototype, we were able to measure four scanning
positions, i.e., from broadside up to around 25.6° (see Fig. 4).
The optimal scanning position was found around the calculated
position using the piezo-electric motor. The measured 2-D pat-
terns of the broadside, first grating lobe (8.5°), second grating
lobe (16.7°), and third grating lobe (25.6°) directions at 475 GHz
are shown in Fig. 18(a)–(d), respectively. It can be observed how
the side-lobes are below the −10 dB range and go up to the

Fig. 19. Measured and simulated scanned radiation patterns of the transmit
lens array at 475 GHz.

Fig. 20. (a) H plane cut of the measured radiation patterns of the transmit lens
array at broadside and the 25.6° scan angle. (b) Beam scanning angle versus lens
array displacement. (c) Measured gain scan loss normalized to the broadside case
at frequencies 450 GHz, 475 GHz, and 500 GHz.

−8.5 dB range for the third grating lobe scan at 25.6°. Fig. 19
shows the measured 1-D radiation patterns in the scanned plane
for the three scanned positions at 475 GHz. The agreement with
the simulations, is fair, considering the fact that the simulations
do not consider the effect of the multiple reflections inside the
lens array.

Since the array factor grating lobe position change as a func-
tion of the frequency, the position of the piezo was optimized
to find its maximum for 450 GHz, 475 GHz, and 500 GHz
independently. The same aforementioned alignment technique
was used for each frequency band. The 1-D patterns of the third
array factor grating lobe (around 25.6°) are shown in Fig. 20(a)
for each frequency. As expected, the third grating lobe displays
the highest dispersion, showing an angular variation of 2.5° for
a variation in frequency from 450 GHz to 500 GHz.

The displacement of the lens versus the scan angle for the
three frequencies is shown in Fig. 20(b). As it can be observed,
it follows an f# in-between 1.6–1.8, as expected from the single
element scanning performance. The scan loss versus the scan
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angle is shown in Fig. 20(c) for the three different frequencies.
Overall, the agreement with simulations is fair, following the
element pattern behavior as expected.

VI. CONCLUSION

We presented a transmit lens array with beam-steering ca-
pabilities that is fed coherently using a QO power distribution
for submillimeter wavelengths. The design has been optimized
with a semianalytical model that allows us to calculate the
performance of the QO power distribution and lens transmit
array. By using the evaluation of antennas in reception method-
ology, the transmit lens array performance can be obtained
from the computation of the QO power coupling efficiency, the
impedance matching efficiency and the aperture efficiency of the
transmit lens array. A seven-element transmit lens array using the
leaky-wave lens antennas developed in [12] has been optimized,
achieving 60% QO coupling, 80% of aperture efficiency, and
>90% matching efficiency.

A prototype working in the 450–650 GHz band has been
fabricated using a combination of laser, diamond-turning, and
DRIE micromachining technologies in silicon. A piezo-electric
motor has been integrated in the transmit array translating the
lens-phased array and steer the 35 dBi beam up to 25°. A very
good agreement between the measured and simulated perfor-
mance has been achieved, validating the semianalytical model
of the transmit lens array. These promising results demonstrate
the capabilities to achieve a high-gain and low-profile front-end
architecture that achieves steering capabilities over a large band-
width at submillimeter wavelengths.

APPENDIX

SILICON LENS WAFER STACKS

Initially, the same lens arrays as in [12] were used for this
prototype, including the lens spacers that were formed of five
1 mm thick wafers and three 300μm thick wafers. The leaky-lens
feed was refabricated to be included in the array configuration
(in [12] was only demonstrated for a single pixel) and in a new
metal fixture. Overall, the complete transmit lens array consisted
on 23 layers, 11 for the lens phased array, and 11 layer for the
bottom array and one for the waveguide array. All the layers
were aligned using the pensile silicon pins and glued together
as in [12]. Measurements of this prototype were realized on the
same measurement setup detailed in the Section IV.

However, the initial measurement results were not consistent
with expectations from simulations. Strong ripples were present
in the frequency measurements of the radiation patterns. An
example is shown in Fig. 21, where the directivity of the array
pattern is plotted against the frequency. This effect was not
observed in our previous prototype [12], since that prototype
had less layers and a smaller measurement bandwidth. For the
present work, the measurements were realized using commercial
frequency extenders covering the entire WR2.2 band. After
inspecting to the wafer stacks under the microscope, we realized
that few of the layers contained gaps in the order of tens of
microns. Even after trying to reassemble the stacks multiple
times, it was nearly impossible to prevent some sort of gap in

Fig. 21. Measured directivity for the multilayer based lens array assembly
compared with the cylinder based lens array assembly. Dotted line shows the
raw measurement and the dashed line shows the time-gated measurement (T.G).

the stack. Thus, we decided to substitute the wafer stack that
synthesized the lens height with a solid piece of high-resistivity
silicon. With this, we reduced the number of layers by half,
needing only nine layers in total.

Thus, to corroborate this suspicion, a new assembly was
realized using high resistivity cylinders of 19.2 mm diameter
and 5.9 mm think as the lens spacer. The directivity measured
using this prototype is also shown in Fig. 21. Indeed, the large
ripples are gone and after time-gating to remove environmental
and setup-related effects, the line is nearly straight. All other
measurements presented in this article were performed on the
new assembly with the cylinder silicon block.
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