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H-band Quartz-Silicon Leaky-Wave Lens with
Air-Bridge Interconnect to GaAs Front-End

Marta Arias Campo, Graduate Student Member, IEEE, Katarzyna Holc, Rainer Weber, Carmine De
Martino, Graduate Student Member, IEEE, Marco Spirito, Member, IEEE, Arnulf Leuther, Simona
Bruni, and Nuria Llombart, Fellow, IEEE

Abstract—Thanks to the large bandwidth availability,
millimeter and sub-millimeter wave systems are getting more
attractive to be used in a wide range of applications, such as high-
resolution radar or high-speed communications. In this
contribution, a new lens antenna in-package solution is presented
for the H-band (220-320 GHz), including a wideband quartz-
cavity leaky-wave feed combined with an air-bridge chip
interconnect technology, based on spray coating and laser
lithography. This interconnection acts as a wideband, low-loss
transition between the GaAs front-end and the quartz antenna,
avoiding the use of expensive waveguide split-blocks. An antenna
prototype including the interconnect has been manufactured and
characterized, validating the full-wave simulated results for the
integrated H-band leaky-wave with aperture efficiency higher
than 74% over 34% bandwidth, and radiation efficiency higher
than 70% over 37% of bandwidth.

Index Terms— mm-wave, H-band, lens antenna, leaky-wave
antenna, air-bridge chip interconnect, off-chip antenna, antenna-
in-package.

. INTRODUCTION

HE development of integrated systems at mm- and sub-

mm waves is leveraged by the growing interest in new
applications  requiring large bandwidth. Radar and
communication are probably the most representative industries
which promote and will profit from the emergence of the use
of higher frequency bands [1]-[3]. The standardization of
wireless communications at carrier frequencies in the 300
GHz band has already begun [4]. While allowing for larger
bandwidths, the use of higher frequencies comes with
increased propagation spreading loss and lower output power,
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which can be compensated with high-gain and efficient
antennas. Additionally, the efficiency in the transition between
the antenna and the front-end becomes especially meaningful.
The majority of systems operating in these frequencies make
use of waveguide technology to interface between the front-
end and antenna. Several chip to waveguide transitions have
been proposed in the literature at H-band, presenting mostly
losses higher than 1 dB [5]-[8]. In [9], a transition integrated
in a GaAs chip with 0.5 dB loss was reported, reaching more
than 100 GHz bandwidth. In any case, the manufacturing of
mm-waveguide split blocks is very costly, and therefore they
become unattractive for future commercial applications.
Silicon micro-machined waveguides have been proposed as a
more versatile and cost-efficient alternative [10]. However, the
transmission from the chip to the waveguide remains a
challenge, introducing additional losses.
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Fig. 1. Lens antenna concept with quartz leaky-wave feed and interconnect
to GaAs front-end.

On-chip antennas have been already proposed as a more
cost-effective and integrated approach. Solutions based on
grounded patches with front-side radiation show increasing
radiation efficiency for higher frequencies, but cover only a
small bandwidth [11], [12]. Dielectric loaded on-chip antennas
with front-side radiation [13]-[15] and end-fire radiation [16]
have been proposed at 300 GHz, reaching high efficiencies but
bandwidths lower than 13%. Antenna concepts based on
radiation through the chip with silicon lenses have been
proposed for imaging, radar or communication applications
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[17]-[22], achieving large impedance bandwidths. In these
back-radiating concepts, 1-1.5 dB losses occur due to the
propagation through the lossy chip substrate. Antenna
concepts such as double slots or dipoles are usually proposed,
which do not reach high lens aperture efficiency over large
bandwidths. In order to enable wideband, compact lens array
concepts as discussed in [23], and coherent lens arrays as
proposed in [24], high lens aperture efficiency is required over
a large bandwidth, and therefore more complex lens feed
designs are needed, such as leaky-wave (LW) feeds [25].
However, those are difficult to implement in on-chip
approaches [18].

Off-chip antennas have been as well proposed at
frequencies higher than 100 GHz for antenna-in-package
(AiP) concepts, using e.g. Alumina [26], LTCC [27], Silicon
membranes [28] or quartz carriers [29], achieving narrow
bandwidths (< 10%). In these concepts, MMIC area is spared
and more degrees of freedom for the antenna design are
introduced. Most of the concepts make use of bond-wires to
connect the antenna with the active front-end MMIC,
introducing loss and inductive effects which can be
compensated with narrow-band matching networks. In [28],
beam-leading technology is used at 150 GHz as an alternative
to bond-wire transitions, enhancing the transition
performance. A state-of-the-art compilation concerning 300
GHz on- and off-chip antenna solutions with front radiation
was published in the recent work [29], reporting relative
bandwidths lower than 15%.

In this work, a wideband antenna-in-package at H-band is
proposed, shown in Fig. 1, employing the multi-layer quartz
technology presented in [29] and exploiting leaky waves [25].
The use of quartz technology allows the development of more
complex antenna concepts, thanks to the lower ohmic loss and
the possibility to fabricate thicker and multiple substrate
layers. Quartz Fabry-Pérot resonators [30], [31] and cavities
[32] have been proposed in the literature at frequencies lower
than 60 GHz, combined with metal-mesh mirrors and
Frequency Selective Surfaces (FSS), respectively. However,
the reported designs do not reach bandwidths higher than
10%. The integrated approach combined with a silicon lens
proposed in this manuscript, enabling bandwidths larger than
30%, has not been reported to our knowledge. Quartz lenses
have been reported with double-slot [33] and patch feeds [34],
leading to higher back-radiation or reflection loss. Add-on
quartz layers have been proposed for antenna-in-packaged
array solutions, but lower efficiencies (45%) and narrow
bandwidths (<10%) are reported [35], [36].

A new approach for the air-bridge interconnect technology
is introduced in this work, achieving a low-loss, wideband
connection from the antenna to the front-end chip, enabling
the implementation of efficient off-chip antennas. The novel
air-bridge interconnect technology, based on spray coating and
laser lithography, achieves higher fabrication precision than
[28]. The proposed technology introduces a considerable
performance advantage with respect to bond-wire transitions
(estimated transition loss lower than 0.2 dB over the whole H-
band), and can be implemented with large-scale suitable

processes.

In order to cover the wideband high aperture efficiency
requirement, a resonant LW antenna is proposed as lens feed.
A similar antenna was presented in [23] using a plastic lens
and air cavity fed by a split-block waveguide, reaching 80%
aperture efficiency over more than 40% bandwidth. In this
work, the LW feed is implemented in the multi-layer quartz
technology presented in [29], using the novel air-bridge
interconnect. The proposed LW antenna is composed of a
quartz cavity and a silicon lens. The LW feed features high
directivity inside the lens, enabling the use of a truncated lens
with shallow shape [37]. The quartz LW cavity is excited by a
dipole, enabling a wideband differential interconnection from
the quartz to the front-end chip, with no need of ground
connection. Moreover, the presented antenna-in-package
concept allows mounting the front-end chips and
implementing the transitions between them on top of a low-
cost Printed Circuit Board (PCB) (e.g. FR4). The lens can be
as well placed on top of the antenna quartz chip as a surface-
mount component (Fig. 1), facilitating considerably its
assembly.

A quartz LW antenna including an interconnect to a GaAs
chip has been designed with minimized cavity size (integrated
design). Full-wave simulations for this design show wideband
impedance matching and stable patterns, reaching potentially
more than 74% aperture efficiency over 34% relative
bandwidth for an integrated prototype. Thanks to the low loss
characteristic of both interconnect and transmission line on
quartz, more than 70% radiation efficiency could be reached
in the whole bandwidth with this integrated antenna. A
prototype dedicated to the characterization has been
fabricated, elongating the dipole transmission line to allow
measuring the antenna with landing probes. Measurement
results for this prototype are in very good agreement with full-
wave (FW) simulations, validating the results for the
integrated design.

The paper is organized as follows: Section Il focuses on the
LW feed concept; Section Il presents the antenna-in-package
technology, as well as the LW feed and lens analysis and
design; Section IV describes the antenna prototype fabrication
and characterization.

1. WIDEBAND LEAKY-WAVE ANTENNA

The proposed antenna geometry is sketched in Fig. 1. The
quartz chip, which acts as lens feed, is placed beside the active
front-end chip, and connected to it by means of the air-bridge
interconnect technology presented here. The antenna consists
of a resonant LW quartz cavity, comprised between a ground
plane and the silicon lens, fed by a bow tie dipole. By
choosing a dipole antenna as excitation of the LW cavity, we
can benefit from the differential mode in the transition to the
GaAs chip. The differential transition does not need any
ground reference (hence no via connection), enabling
wideband performance. Moreover, the chosen stack-up does
not support the propagation of surface waves. In this section,
the antenna concept is described more in detail. Besides, the
fundamental differences between the LW excitation using a
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slot or a dipole are briefly discussed.

A. Wideband Leaky-Wave Antenna Concept

Resonant LW or Fabry-Pérot antennas [38], [39], [25]
exploit the propagation of a pair of LW modes, TM, /TE,,
along a half-wavelength dielectric cavity, in our case quartz
(dielectric permittivity e = 3.8), placed between a ground
plane and a dielectric material with higher dielectric
permittivity &,, in our case the silicon lens (! = 11.9). While
they propagate along the quartz cavity, the leaky-modes
radiate energy into the silicon lens. In this way, the feed
effective area increases, featuring more directive radiation
patterns and improving the lens illumination efficiency. The
feed directivity enhancement increases for a higher &, contrast
between the cavity and lens material. This effect is linked to
the critical angle in the interface between the cavity and the
lens (34° for quartz-silicon), after which very low power is
radiated by the LW antenna. The feed directivity improvement
is however achieved at a cost of decreasing the antenna
bandwidth [25]. The combination quartz-silicon presents a
similar &, contrast to the one in concepts using a lens with low
& (~2.5) and an air cavity, where relative bandwidths larger
40% have been achieved [23]. The use of a silicon lens is
advantageous in multi-beam architectures, as it enlarges the
achieved field-of-view with respect to lenses with low &, [23],
[33].

The LW cavity is fed by a dipole antenna, placed in its
center (Fig. 1) and at half distance between the ground plane
and the silicon (Fig. 2a). Having the cavity half-wavelength
height, the distance from the dipole to the ground plane is
quarter-wavelength, optimum for the wideband impedance
matching of the dipole. Two layers of quartz, with equal
height h./2, are stacked for this aim. A bow-tie dipole has
been chosen to enhance the antenna impedance bandwidth.

Silicon (&}) D Zs D Silicon (&l U Zs D
—— y
he/2 Quartz (&f) ‘ Z, ‘ Quartz (&€) . ;
[115/2 Dipole Zglé he W ‘
Ground plane e ot Gr}?ll:)l;(:‘ —&=

@ (b)

Fig. 2. Equivalent transmission line models for LW with quartz cavity and
silicon semi-infinite media fed by a) dipole (used in this work) and b) slot.
Metallic structures are drawn in black.

B. Leaky-Wave Source: Dipole vs. Slot

Resonant LW stratifications with a cavity between a ground
plane and a denser semi-infinite media support an additional
mode: TM, [40]. This TM, mode-radiates at an angle close to
the critical one, being likely to degrade the lens aperture
efficiency, n,,. Slot excitations have been usually applied in
the literature to excite LW lens feeds (Fig. 2b), fed by squared
waveguides [23], [25]. In this case, the effect of the TM, mode
is very visible in the radiation pattern, and it is either cancelled
[25] or attenuated [23] by means of a double-slot, in order to

keep high lens 7,,. The suppression of the TM, LW mode has
been as well discussed in the literature for Fabry-Pérot
antennas radiating in free-space [41]. In the antenna presented
in this work, the dipole does not excite the TM, LW mode,
which effect is therefore not visible in the radiation pattern.
The electric field radiated in the far-field by the same
stratification, excited by an elementary magnetic source
(infinitesimal dipole, Fig. 2a on the left) or by an elementary
electric source (infinitesimal slot, Fig. 2a on the right), are
compared in Fig. 3 for the E-plane. The radiation patterns are
calculated with multi-layer Spectral Green’s Functions (SGF)
at the center frequency for h, = A,;/2 where A, is the
wavelength in quartz. The contribution of both TM,, and TM,
leaky modes in the far-field has been separated for both
excitations with the approach described in [42], which
approximates the voltages and currents in the surrounding of
the LW poles (Eqy,Eqy, in Fig. 3). The sum of the
calculated contributions results in an approximated shape of
the far-field, which has been as well plotted in Fig. 3
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Fig. 3. E-plane radiation patterns normalized to broadside for the

stratification shown in Fig. 2. Left: elementary electric source. Right:
elementary magnetic source. Black: asymthotic calculation of the far-field
with multi-layer Green’s Funtion. Grey: far-field calculated with the potentials
and currents approximated in the surrounding of the LW pole.

The contribution of the TM; mode is similar for both
excitations, and represents well the fields in the surrounding of
these poles. However, as it is clear in Fig. 3, the contribution
of the TM, mode, which is strong and well represented by the
approximation in case of the slot, is completely cancelled in
case of the dipole. The dipole introduces a zero in the E-plane,
inherent to the electric elementary source. In the case where
the LW is radiating into a lens, efF = &l > &£, being £fF the
permittivity of the medium where the far-field is calculated,
the dipole zero is found in the critical angle between the cavity

and lens, 6,,,, = sin"1(y/g¢/&}), [43]. Both the zero and TM,
radiation angles are constant and almost coincident over a
wide band, in which the contribution of the TM, to the far-
field is consequently cancelled, as shown in Fig. 3 on the left.
Being the TM, mode contribution intrinsically cancelled by
the dipole excitation, the geometry of this source does not
need to be specifically optimized to shape the radiation
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pattern. In this way, in contrast to the double slot, a single
dipole may be used to excite the LW, and the dipole geometry
may be optimized by only aiming for a wideband impedance
matching.

The LW modes power attenuates inside the cavity along p
as e~2*7, being with & = Im[k,] [44], [45]. The TM, presents
the smallest a, and it sets therefore the antenna effective area,
when it propagates. For the stratification in Fig. 2, the TM,
attenuation related to the mode radiation, e~2%°, reaches
—10dB at p = 61, over the whole bandwidth. If the TM,
does not propagate, as with dipole excitation, the effective
area is given by the TE; mode, hence significantly reduced. In
this case, —10 dB attenuation is reached at a maximum
p =141, at 320 GHz. This smaller effective area allows
truncating the LW cavity (here the quartz chip) at a much
smaller size without affecting the radiation characteristic.

I1l. LEAKY-WAVE ANTENNA-IN-PACKAGE DESIGN

In this section, the stratification and geometry for the quartz
chip, GaAs chip and interconnect used between them are
explained in detail. The quartz LW feed and lens design
methodology are as well described, and their final geometry
and FW simulation results are shown for the design at H-band
(220—320 GHz).

A. Antenna-in-Package Technology

The geometry and layer stack-up for the LW quartz feed,
GaAs chip and interconnect are shown in Fig. 4. The top view
shows the quartz chip, where the quartz top layer is
transparent to show the dipole on the bottom layer. The top
quartz layer is truncated at a length sp = 300 um shorter than
the bottom, in order to leave space to implement the
interconnect to the GaAs chip. The dipole is manufactured on
the bottom quartz layer, with a ground plane below. The
antenna is realized in a 100 mm wafer technology using low
loss fused silica substrates. The final wafer thickness is
135 um with 3 um thick plated Au layers on front and back
side. The Au structures are defined using laser lithography and
wet etching. Both quartz layers are bonded with a thin layer of
thermoplastic glue (3 pm), which allows the two quartz chips
to get in direct contact. The high precision alignment is
performed manually, operating under a microscope, and
facilitated thanks to alignment marks in both bottom and top
quartz chips. This alignment process can be however
automatized. It has been observed that an air gap remains
between the glue and the outer side of the Au differential line
strips, and no glue penetrates in the gap between both strips.
This has been taken into consideration in the antenna design.

The GaAs MMIC and the quartz antenna are glued side-by-
side using silver epoxy. The GaAs chip is manufactured with
the same height as the bottom quartz chip, h./2 = 14/4, in
order to allow for a flat interconnect, as it is shown in the side
view. Alternatively, a preform may be placed below the GaAs
chip in order to reach the desired height. In the detailed view
of the stack-up, the metal and substrate layers in the GaAs are
displayed. The differential line in the GaAs MMIC is

embedded in photo-benzocyclobutene material (PBCB). A
ground plane shields the transmission line from the GaAs

substrate.
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Fig. 4. LW feed geometry and stratification. Metallic structures (gold) are
drawn in black. Top view: geometric parameters quartz chip: sp = 300 pm,
tl =440 pm, t2 =113 mm, h, =270 um. Side view: 1) GaAs: gold
thickness ground: 0.35 pm, differential line: 3um; substrate thicknesss and &, :
BCB1-2: 1.7 um, ¢, =2.7, tand§ = 0.002, PBCB1l: 3.5um, & = 3.2,
tand = 0.015, PBCB2: 4 um, &, = 3.2, tand = 0.015. 2) Interconnect gold
thickness: 0.8 pm. 3) Quartz: gold thickness: 3 um, roughness: 0.08 pm; glue:
&~3, 3 pm.

In order to implement the interconnect, the photo resist is
spray coated over the chips and structured using high-
resolution laser lithography to open the contact pads where the
chip-to-antenna interconnect is to be placed. A metal stack
layer is deposited by evaporating Ti/Au (30/500 nm,
respectively) followed by the second lithography step, where
the 20 pm wide interconnect metal stripes are defined. The
length of the interconnect stripes, [, = 70 um, is tailored to
match the distance between the chips. In the final step, the
metal layer is etched away, leaving the defined chip-to-
antenna interconnects. As a result, the metal stripes are
running from the contact pads of the front-end GaAs chip over
the supporting photoresist layer to the contact pad on the
quartz bottom layer. After the final lift-off step, the photoresist
is removed, leaving the air-bridge between the chips. In Fig. 5,
the interconnect processing steps are shown with more detail.
Fig. 6 shows a micrograph of a prototype realization of a
GaAs-quartz interconnect, after the final metal etching step.

The loss in the air-bridge interconnect has been estimated
by means of FW simulations, resulting less than 0.2 dB over
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the whole frequency band. The loss in the differential
transmission line in quartz has been measured as explained in
the Appendix, going from 0.8 dB/mm at 220 GHz to 1.3
dB/mm at 320 GHz (Fig. 19).

GaAs Quartz

(b)

(d)

Fig. 5. Fabrication steps for an air-bridge interconnect between a GaAs
MMIC (on the left) and a quartz chip (on the right). Yellow: gold. Orange:
photoresist. Grey: GaAs. Blue: quartz. a) GaAs und quartz chips aligned. b)
First lithography with vias fabrication. ¢) Metal stack deposited and second
lithography. d) Metal etching and final lift-off.

Fig. 6. Micrograph of a differential air-bridge interconnect between a GaAs
MMIC (on the left) and a quartz chip (on the right).

B. Leaky-Wave Feed and Lens: Analysis and Design

As a first step in the LW antenna design, the LW feed
radiation patterns inside the lens (primary patterns) have been
estimated with an ideal dipole without transmission line, a
non-truncated quartz cavity and the lens as a semi-infinite
silicon medium. This can be modelled with SGF in multilayer
stratified media, using the equivalent transmission line in Fig.
2a. A first optimization of the LW feed cavity height and
phase center, and the lens truncation angle was carried out
applying the analysis of the antenna in reception described in
[23]. This analysis allows a fast optimization of the lens 7,
including taper, phase, reflection and spill-over efficiencies.
After this first evaluation, the cavity height was set to
h, = 0.471,.

As a second step, the bow-tie dipole, placed at z = h./2,
and transmission line were optimized by means of FW
simulations with EMPIRE XPU [46] to maximize the
impedance bandwidth. The dipole geometry parameters were
set to L=0.661;, a=40° and g =28pum (Fig. 4),
providing a wideband matching to a 150 Q differential line. In

the GaAs front-end, 100 Q differential impedance is provided
(8 um width and 8 um gap). The dipole feeding line has been
tapered in two steps to transform 150 Q into 100 Q differential
impedance. In the region where no top quartz layer is present,
the differential line parameters were adapted to preserve the
100 Q differential impedance. Initially, a benzocyclobutene
(BCB) layer was planned to cover this piece of transmission
line, which was dimensioned with 10 pm width and 10 pm
gap to provide 100 Q. This BCB layer was finally not used,
becoming the impedance here 125 Q. The small impact of this
mismatch is included in the simulations. The interconnect is
implemented with two stripes with 20 um width and 10 um
gap (Fig. 6). This does not affect significantly the matching,
since the impedance variation is less than 15% and the
interconnect is short in terms of wavelength (I, = 0.064,).
The FW scattering parameters (S-parameters) for the AiP at
the reference plane (Fig. 4 top view) are shown in Fig. 7a.

After fixing the dipole and line geometry, the analysis in
reception was applied to the primary patterns obtained from
FW simulations with semi-infinite silicon medium and non-
truncated quartz cavity. The goal was to fine tune the lens
truncation angle and feed phase center in order to maximize
Nap Over the whole bandwidth. A silicon lens with 8mm
diameter has been considered, for which the optimum ellipse
truncation angle is 30°, and the feed phase center 0.641,
below the ground plane.

Finally, the truncation size of the quartz cavity was
optimized. The truncation length on the differential line side
(H-plane) should minimize the transmission line loss, while
preserving the primary patterns and impedance matching. The
cavity truncation on this side can be performed at t; = 0.754,
distance from the dipole at the centre frequency, where the
TE; mode attenuation due to the radiation reaches —10 dB at
270 GHz, and —6.5 dB at 320 GHz. Applying the analysis in
reception to the FW primary patterns including the truncated
cavity, it has been estimated that the antenna 7, is degraded
in less than 0.1 dB at 320 GHz with this truncation. This is
also partly thanks to the additional, length sp = 0.644,
needed on the bottom quartz layer for the implementation of
the interconnect (Fig. 4), which enlarges the effective
truncation length. The resulting transmission line length is
730 um, with a maximum estimated loss of 0.9 dB at 320
GHz. The opposite side and perpendicular with respect to the
transmission line may be truncated at a larger dimension
(t2 = 1.13 mm), in order to mechanically support the silicon
lens, which lies on the quartz chip (Fig. 4).

The FW primary patterns including the truncated quartz
cavity, bow-tie dipole, differential line and interconnect (AiP),
are shown in Fig. 7b at the center frequency. This figure
displays as well as a reference the primary patterns calculated
for an ideal dipole with the same length L, without cavity
truncation or transmission line. Fig. 7a displays the directivity
at broadside over the whole frequency band for both cases,
with a maximum directivity variation of 2 dB over frequency.
The AIP results are still in good agreement with the ideal
dipole after including all the non-ideal effects. The most
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significant difference is the cross-polar level, which increases
in the AiP, due to the transmission line radiation.

0 16
=)
Z
>
= £
S S
- o
o £
s
=
— AiP o
- - -Ideal dipole =~
-30 — 10
220 240 260 280 300 320
Frequency (GHz)
(@)
0 f=270GHz —E-plane
7 \ H-plane

Primary pattern (dB)

Fig. 7. a) Left axis: reflection coefficient of LW feed with 730um long
feeding line, with the silicon lens modelled as semi-infinite medium. The
reference impedance is 100Q differential, taken at the GaAs chip in the
reference plane shown in Fig. 4. Right axis: Feed directivity over frequency
inside the lens at broadside (lens modelled as semi-infinite medium). AiP: FW
simulations including the truncated quartz cavity, bow-tie dipole, 730pm
differential line and interconnect. Ideal dipole: SGF model with ideal thin
dipole. b) Feed radiation patterns at the center frequency. Solid lines: AiP FW
simulations; dashed lines: ideal dipole SGF simulations. Thick lines: co-polar.
Thin lines: cross-polar.

The lens radiation patterns have been calculated for the
ideal dipole applying Physical Optics (PO), as well as for the
complete AiP FW model in EMPIRE XPU with multiple
reflections, including the truncated quartz cavity, bow-tie
dipole, differential line and interconnect (Fig. 8a). A standard
/4 matching layer with &, = 2.8 has been considered in both
simulations. The matching layer &, corresponds to SUEX
material [47], which later on will be used in the fabrication.
The cross-polar level increase in the AiP due to the feeding
line radiation is also visible in the lens patterns. Fig. 8b shows
the FW simulated maximum directivity and gain for the AiP
with the lens. The gain includes losses in the interconnect
(<0.2 dB), differential line (<0.9 dB), and lens (<0.4 dB). The
loss from the differential line is estimated via measurements as
described in the Appendix. The n,, (defined as the ratio
between the directivity obtained with the lens, and the
maximum directivity possible for this circular aperture)
estimated with FW simulations for the AiP and the analysis in
reception (FW-Rx), validated with FW simulations including

the lens multiple reflections, is higher than 74% over 34%
bandwidth, as shown in Fig. 9. The AiP efficiency decay at the
higher part of the band with respect to the ideal dipole is
related to phase and polarization loss introduced by the
feeding line. The power lost in cross-polar is always lower
than 0.5 dB. The overall AiP radiation efficiency, 7,44,
(ohmic and dielectric losses) is higher than 70% over the
whole frequency band, as also displayed in Fig. 9.

f=270GHz
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Fig. 8. a) Lens radiation patterns at the center frequency. Solid lines: AiP
with lens, FW simulations with multiple reflections. Dashed lines: ideal
dipole, PO simulations. Thick lines: co-polar. Thin lines: cross-polar. b) FW
simulated directivity and gain over frequency for the AiP with lens. The
maximum directivity for the equivalent circular aperture has been plotted as
reference in dashed black line. The FW simulation with multiple reflections
includes the interconnect, feeding line, truncated cavity and lens with
matching layer.

C. Antenna Self-Coupling

A good estimation of the lens aperture and radiation
efficiency can be obtained by calculating the power coupled
back in the feed when placing a flat metallic reflector on top
of the lens, in the near-field (Fig. 10a). This is equivalent to
computing the power coupled between mirrored lenses (image
theory), as performed in [23], which facilities the gain
estimation of this kind of lens antenna. The field is collimated
by the lens and features a planar phase front in this near-field
region, thanks to the antenna high aperture efficiency.
Therefore, the incident field in the metal reflector, Etx, can be
estimated through geometrical optics (GO) propagation, with
the expression in [23], under the assumption that all rays
propagate in z-direction after the lens (Fig. 10a). The antenna
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self-coupling efficiency, n., can be calculated applying the

analysis in reception explained in [48] as
2

D
ST 12 Eex(p.$)-Erx(p.b)pdpddp

fle 4'((?Pr2ad (1)

being ¢, the wave impedance in vacuum, D the lens

diameter, F?Tx = —F?tx the field reflected in the metal plate and

P.,q the power radiated by the LW feed. Note that 7.

corresponds to the spill-over, reflection, phase, polarization
and radiation efficiencies related to two identical antennas, as

2
2 a
Ne = (nsonrefnphnpolnrad) = (%T%nrad) (2)
ap
where 7,7 is the amplitude taper efficiency, being this the
only term in 74, which does not come in to play in the

coupling.
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Fig. 9. Lens aperture efficiency and radiation efficiency (dielectric and
ohmic loss). Ideal dipole Rx: analysis in reception applied to the primary
patterns for an ideal dipole. AiP Rx: analysis in reception applied to the FW
simulated primary patterns for the AiP with interconnect, feeding line and
truncated cavity. AiP FW: simulation with multiple reflections for the AiP
including interconnect, feeding line, truncated cavity and lens with matching
layer.
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Fig. 10. a) Conceptual representation of the self-reflection setup. b) Lens self-
coupling (no dielectric or ohmic loss) evaluated with the analysis in reception.
Ideal dipole: analysis in reception applied with the primary patterns for an
ideal dipole. AiP: analysis in reception applied with the FW simulated primary
patterns for the dipole with interconnect, feeding line and truncated cavity.

Applying this analysis in reception, n, has been calculated
for the ideal dipole and infinite quartz cavity, as well as for the
FW simulated AiP with truncated cavity, bow-tie dipole,

feeding line and interconnect, radiating in a semi-infinite
silicon medium, as shown in Fig. 10b. For the sake of
comparison, no dielectric or ohmic losses (1,44) have been
considered in the AiP calculation. The difference between the
AiP 7. and the ideal dipole corresponds to additional phase
and polarization loss introduced by the dipole feeding line, as
previously mentioned. As the transmission line dimensions are
larger in terms of wavelength for the higher frequencies, its
radiation becomes increasingly significant in that case.

IV. ANTENNA PROTOTYPE AND MEASUREMENTS

In this section, the prototype fabricated to validate the
integrated antenna performance shown in Section I11.B is
described, containing a longer transmission line to enable
measurements with landing probes. The measurements
performed to validate the antenna matching, radiation patterns
and gain, are as well explained. The one-port S-parameters
and coupling measurements are calibrated with the SOL
(Short-Open-Load) method until the probe landing pads by
means of Quartz calibration wafers [49].

A. Antenna Prototype

In order to enable the characterization of the lens antenna, a
longer quartz chip dedicated to the measurements was
manufactured, with a feeding line length of 6.4 mm, allowing
contacting the antenna with the probes from the top side (Fig.
11a and Fig. 11d). The fabricated quartz antenna is connected
with the novel interconnect to the GaAs chip which later will
contain the front-end. A delay-line balun in the GaAs chip
enables the antenna characterization with single-ended WR3
landing probes (Fig. 11b). The delay-line balun is
implemented in the GaAs stratification shown in Fig. 4, and its
characterization is shown in the Appendix. Fig. 11c shows a
detail of the fabricated dipole embedded between the two
quartz chips, where the mentioned air gap between the glue
and the gold structures can be appreciated.

A silicon lens has been fabricated with diamond turning. On
the bottom side of the lens, a circular profile with diameter
equaling the diagonal dimension of the quartz chip enables an
accurate alignment between the dipole and the lens focus (Fig.
1). A deeper opening was realized with laser cut on the side
where the antenna is connected to the active front-end, in
order to leave space for the rest of front-end chips and surface
mount components, as shown in Fig. 1. The accuracy in this
opening is not critical, as the LW lens feed does not illuminate
the lens bottom area. After all front-end chips have been
mounted on the PCB, the lens can be placed on top without the
need of a microscope, allowing to speed up the fabrication
process.

The lens has been provided with a matching layer realized
with 165 pm thick SUEX coating, following the procedure
described in [47]. As shown in Fig. 11a, only the top part of
the lens has been covered, as very low energy is present in the
lateral lens area, thanks to the directive LW feed radiation
patterns inside the lens. This facilitates considerably the
matching layer implementation.
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(d)

Fig. 11. a) Silicon lens with longer quartz feed (6.4mm transmission line) for
S-parameter and near-field characterization. b) GaAs delay-line balun
connected to the antenna feeding line in the quartz chip. c) Micrograph of the
fabricated dipole. d) Full view of the long quartz antenna fabricated for
characterization purposes, with GaAs balun on the left. The red dashed line
marks the measurement reference plane. The black dashed line marks the size
of the antenna to be integrated in the final system (Fig. 4).

B. Antenna Scattering Parameters

The measured antenna matching is shown in Fig. 12a, for a
lens with matching layer, compared to FW simulations with
the same antenna geometry (6.4 mm transmission line length),
including the interconnect and GaAs delay-line balun
(reference plane shown in Fig. 11d). Both results show good
agreement. Fig. 12b shows the measured antenna S;; in time
domain. Here, reflections from the different interfaces in the
design have been identified. The S;; for a lens without and
with matching layer are compared, showing the reduction in
the first reflection coming from the lens interface in case of
using matching layer. The result of time-gating the reflection
corresponding to the dipole is as well displayed in Fig. 12a.
The level of the time-gated reflection in the dipole is as well in
good agreement in FW simulations and measurements. This is
a second validation of the accurate loss estimation with the
transmission line on the quartz chip done in the Appendix.

C. Far-Field Measurements

The characterization of the lens antenna far-field was
performed by measuring the near-field on top of the lens with
an open ended WR3 waveguide probe, as shown in Fig. 13a.
An area of 22 x 22 mm? was scanned with steps of 440 um at
1.5 cm distance of the lens equivalent aperture. Both co- and
cross-polar near-fields have been measured over the same
plane and area, introducing a twist to rotate the waveguide
probe polarization in case of the co-polar measurement. The
resulting far-field patterns are shown in Fig. 14, compared to
the ones estimated with FW simulations, showing good
agreement. The loss introduced by the twist, estimated to be 1
dB, has been calibrated in the co-polar measurement. A beam
steering of 3° was observed in the radiation patterns,

corresponding to —120 um feed shift in x-direction (reference
system in Fig. 4). The measured radiation patterns have been
centered in Fig. 14 for the sake of comparison. Fig. 15a shows
the measured and FW simulated directivity over frequency, in
good agreement. The measured co-polar directivity has been
normalized to the power measured for both co- and cross-polar
components, as it is the case in the FW simulation. Fig. 15b
compares the measured and FW simulated polarization loss,
calculated as the ratio between the co-polar power and the
total radiated power, showing in good agreement. The
polarization loss increases in the higher part of the band, due
to the common mode excited by the non-ideal balun, and the
longer transmission line length used in this prototype
dedicated to characterization. A FW simulation substituting
the balun by an ideal differential excitation shows cross-
polarization loss lower than 0.5 dB (Fig. 15b).

—Dipole reflection
——Full antenna

-40 L N L N "
220 240 260 280 300
Frequency (GHz)
(@)
10 15t ref.' ——Lens 2 no ML
transition Lens 1 with ML

—— Lens with metal plate

15 ref. -
= -30} ¥ dipole metal plate
3 nd
27" ref.
—
w40 dipole

Fig. 12. a) Antenna reflection coefficient for the prototype in Fig. 11, at the
marked reference plane. Dashed: FW simulations. Solid: measurements. The
FW simulated S;; does not include the effect of multiple reflections in the
lens. In both FW and measurements, the dipole reflection is calculated
applying a time window from 0.05 ns to 0.12 ns. b) Antenna reflection
coefficient measurements in time-domain, for lenses with and without
matching layer (ML), and for the self-coupling setup. The reflections in the
different interfaces have been marked, indicating the reflection order.

D. Antenna Gain: Self-Coupling Measurement

In order to validate the simulated antenna gain, the power
coupled from the reflection from a metal plate on top of the
lens has been measured. The measurement setup is shown in
Fig. 13b, where the metallic reflector is placed at 500 um
distance from the lens equivalent aperture. Using this setup,
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only one-port needs to be calibrated. Moreover, as shown in
(2), this measurement setup is proportional to 7?2,
simplifying the antenna efficiency measurements. The antenna
efficiency terms contributing to the self-coupling were
explained in Section 111.C. Here, the reference plane is located
as shown in Fig. 11d, and therefore the coupling includes the
loss in the delay-line balun and long feeding line. Fig. 12b
shows the measured S;; in time domain, where the reflection
coming from the metallic reflector has been identified. A FW
simulation, including dielectric and ohmic loss, reproducing
the measurement setup has been performed, using a perfect
electric conductor as reflector. The —120 um estimated off-
focus displacement of the feed has been included in the FW
simulation, in order to consider the corresponding phase loss
coming from the plate reflection. The results, time-gated to
evaluate the reflection coming from the metallic reflector, are
shown over frequency in Fig. 16 for both FW simulation and
measured results, showing good agreement. The differences
between FW and measurement results are related to the
tolerances in the measurements, dielectric and ohmic losses
modelling, and prototype fabrication (balun, interconnect,
quartz antenna, silicon lens and matching layer).

Metal reflector

TE4

5+ 5

Lens

GaAs
Balun

Quartz feeder

3258-GSG-75-8T
g!r-—-— T > —

Fig. 13. a) Near-field measurement setup. b) Measurement setup for self-
coupling. Top: sketch of the prototype and reflector. Bottom: photo of the
setup, showing the lens and copper bridge acting as reflector.

Table | shows a summary of the different loss contributions
in the antenna with short transmission line (730 pm) for the
integrated front-end, and the antenna with long transmission
line (6.4 mm) for characterization purposes. Those have been
validated by means of the self-coupling measurement, together
with the near-field and feeding line characterization.

TABLE |
ANTENNA LOSS CONTRIBUTIONS
Feeding | Freq. Balun Inter- Feeding Lens&  Polari-
line (GHz) | (dB) connect  line ML zation
(um) (dB) (dB) (dB) (dB)
220 13 0.2 0.6 0.4 0.0
730
320 1.6 0.2 0.9 0.4 0.3
220 13 0.2 5.1 0.4 0.4
6400
320 1.6 0.2 8.3 0.4 1.8

f=220GHz

Radiation patterns (dB)
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Fig. 14. Lens far-field patterns for the prototype in Fig. 11. Thick line: co-
polar. Thin line: cross-polar. a) 220 GHz, b) 270 GHz, c¢) 320 GHz.

V. CONCLUSION

In this contribution, a wideband H-band leaky-wave
antenna with a quartz cavity fed by a dipole is presented, to be
used as silicon lens feed. The quartz antenna is connected to
the active GaAs front-end by means of a novel air-bridge
interconnect technology based on spray coating and laser
lithography. The new proposed packaging approach avoids the
use of waveguide split-blocks, and facilitates the front-end
assembly. The combination of this packaging with the
proposed leaky-wave feed configuration leads to an appealing
integrated antenna solution for this band. Full-wave antenna
simulations show good impedance matching, aperture
efficiency higher than 74% over 34% bandwidth, and radiation
efficiency higher than 70% over 37% bandwidth for an
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integrated antenna. The radiation efficiency accounts for
losses in the GaAs-quartz interconnect, dipole feeding line and
lens. A prototype dedicated to the characterization has been
fabricated. Scattering parameters, near-field and coupling
measurement have been performed, validating the
performance of the proposed integrated antenna-in-package
solution at H-band.

28

Directivity (dB)

—— Measurement

22 . - .
220 240 260 280

Frequency (GHz)
@)

300 320

L|- - ' FW
- = FW no balun
——Measurements

-1.5

Polarization loss (dB)
N

-2
220 240 260 280 300 320

Frequency (GHz)
(b)

Fig. 15. a) Lens antenna directivity and b) lens antenna polarization loss
(ratio between power radiated in co-polar and total radiated power). All curves
correspond to the long antenna prototype dedicated to the characterization
(reference plane shown in Fig. 11d). The FW simulation without balun in b) is
performed substituting the balun with a differential port.
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Fig. 16. Time-gated S;, of the lens antenna with a metallic reflector placed at
500 pum from the lens top (measurement setup in Fig. 13b). The time domain
signal is shown in Fig. 12b. A window from 0.23 ns to 0.32 ns has been
applied, to account only for the first reflected wave.
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APPENDIX

In this appendix, the validation of the estimated losses in the
interconnect between the quartz and GaAs chip, the quartz
differential transmission line feeding the dipole, and baluns
used for the characterization, is described. In order to enable
the use of single-ended WR3 landing probes, baluns
implemented in the GaAs MMICs have been included in all
measurements to transform the differential mode into single-
ended. The delay-balun used in the antenna measurements has
been as well characterized, in order to de-embed its
contribution. The two-port S-parameters measurements have
been calibrated until the probe landing pads with the TRL
(Through-Reflect-Line) method on a commercial impedance
standard substrate (ISS).

A. Feeding Line and Interconnect Characterization

The losses in the differential transmission line in quartz
were characterized by measuring 1) a back-to-back structure
with two rat-race baluns (Fig. 17a), and 2) the same baluns
with a quartz differential transmission line in between (Fig.
17¢), connected with air-bridge interconnects. The 2.75 mm
long transmission line is implemented in the same quartz
stratification with bottom and top layers where the antenna is
embedded, shown in Fig. 4. The differential line has the same
impedance as will later be used in the antenna transmission
line (100 Q). The rat-race balun was designed in the GaAs
MMIC with the stratification shown in Fig. 4. The balun
provides a single-ended input impedance of 50 Q and transfers
this to 100 Q differential impedance.

©

Fig. 17. Fabricated back-to-back structures a) Rat-race baluns for interconnect
and quartz differential transmission line characterization. b) Delay-line baluns
used in the antenna characterization. c) Rat-race baluns with 2.75mm long
quartz transmission line (two interconnects).

Fig. 18 shows the FW simulated and measured S-
parameters for both back-to-back structures, with good
agreement over the whole frequency band (average error 1
dB). Note that FW simulations do not include the effect of the
landing pads, which originate the mentioned difference with
the measured results. Fig. 19 displays the transmission for the
2.75 mm differential line and two interconnects, calculated as
the ratio between the S,; measurements for the back-to-back
structures in Fig. 17a and Fig. 17c. By applying this ratio, the
effect of the landing pads is mostly compensated. The results
are compared with the ones estimated from FW simulations,
showing good agreement. Taking into account 0.2 dB loss for
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a single interconnect, estimated with FW simulations, the
calculated loss in the differential transmission line in quartz
goes from 0.8 dB/mm at 220 GHz to 1.3 dB/mm at 320 GHz
(Fig. 19).

B. Delay-Line Balun for Antenna Measurements

The delay-line balun loss was validated with measurements
by means of a back-to-back structure, shown in Fig. 17b,
showing good agreement with FW simulations (Fig. 20). The
effect of the landing pads is comparable to the one observed in
Fig. 18.
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