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ABSTRACT This work details the design and characterization of a wideband on-chip dual-polarized
double-slot antenna for sub-THz frequencies, integrated in SiGe-BiCMOS technology. The proposed
design features two perpendicularly arranged double-slots that provide dual-linear polarization and efficient
illumination of dielectric lenses through the silicon substrate. To decrease the level of cross-polarization, a
number of parasitic slots are added. Two feeding architectures have been studied, leading to two different
prototypes. The first is designed in a 130 nm SiGe-BiCMOS process and is tailored for integration
with single-ended circuit topologies. It achieves a maximum antenna efficiency of 63% in its operational
bandwidth of 170-250 GHz, with a cross-polarized component lower than −22 dB up to 240 GHz. The
second prototype is designed in a 90 nm process and is suited for differential circuits. A 55% fractional
bandwidth is achieved around the central frequency of 287.5 GHz, with a maximum antenna efficiency
of 56% and a cross-polarized component lower than −19.5 dB. The port isolation is better than −37 dB
up to 300 GHz. Both prototypes are characterized in the 200-325 GHz frequency range, with very good
agreement between the measurements and simulations.

INDEX TERMS Antenna on-chip, dual-polarization, lens antennas, SiGe-BiCMOS, terahertz technology.

I. INTRODUCTION

THE continuous need for increased capacity and
reduced latency in wireless communication networks

has resulted in significant interest towards sub-Terahertz (sub-
THz) frequencies owing to the large swaths of available
spectrum [1]. For instance, due to the stable atmospheric
propagation, the IEEE 802.15.3d standard allocates up to
70 GHz in the band of 250 GHz to 320 GHz for wireless
communications [2]. Significant benefits for many commu-
nication applications can be obtained from the ability to
support two independent polarizations. These can be used to
either boost the channel capacity (polarization multiplexing)
or provide resilience against multipath fading (polariza-
tion diversity) [3]. In turn, this relies on dual-polarized

antenna solutions with high isolation and low levels of cross-
polarization.

In the area of THz technology, significant challenges arise
from the transceiver implementation. These include active
electronics and antenna performance limitations, as well as
losses arising from the antenna-electronics interconnections.
More specifically, the main challenge in antenna design is
maintaining high radiation efficiency over a wide bandwidth,
since generating output power becomes increasingly difficult
as the carrier frequency increases [4]. This challenge can be
more significant when considering the need for polarization
discrimination in dual-polarized antennas. To adhere to this
requirement, highly integrated solutions are favored at these
frequencies to minimize the losses associated with transitions
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FIGURE 1. (a) Concept illustration of proposed lens antenna. (b) Top and bottom
view of the antenna prototype. (c), (d) On-chip antenna proposed in this contribution,
(c) antenna oriented for single-ended circuits and (d) antenna oriented for integration
with differential circuit.

in and out of the silicon (Si) chip. A common way to
accomplish this is by integrating the antenna alongside the
transceiver on the same chip (antenna on-chip–AoC) [4], [5].
This on-chip implementation becomes feasible thanks to the
small antenna dimensions at sub-THz frequencies. Due to
limitations arising from the available metal-dielectric stack of
Si integrated technologies, so far little work has been reported
on dual-polarized AoC designs that reach wideband operation
with high radiation efficiency.

In this work, we present a dual-polarized on-chip antenna
for sub-THz frequencies, realized in SiGe-BiCMOS process.
To reach wideband operation, the antenna is placed in the
top layer of the back-end of line and illuminates a dielectric
lens through the chip’s substrate. The dual-polarization is
achieved by perpendicularly arranging two double-slot anten-
nas, whereas a number of parasitic slots are included to
decrease the level of cross-polarization. An illustration of
the antenna concept and a photograph of the prototype are
shown in Fig. 1(a) and (b). Two types of feeding architectures
have been investigated, resulting in a single-ended and a
differentially fed prototype, depicted in Fig. 1(c) and (d),
respectively. Both antenna prototypes are characterized in the
200-325 GHz frequency range, and the obtained results are in
excellent agreement with the simulations. The achieved level
of cross-polarization and port isolation constitute the state-
of-the-art at these frequencies, while the radiation efficiency
remains competitive across the wide bandwidth of operation.
These performance metrics make the proposed design a
suitable candidate for future communication systems.

This work is divided as follows. Section II describes the
technology-based limitations in AoC designs and provides
an overview of possible antenna topologies. Section III

FIGURE 2. Illustrations of: (a) typical metal-dielectric stack in BiCMOS processes,
(b) AoC backed by AMC, (c) AoC integrated with off-chip DR or superstrate and (d)
AoC integrated with high resistivity Si lens.

details the proposed antenna concept, as well as the design
considerations required to satisfy the metal density rules of Si
integrated technologies. Section IV elaborates on the Si lens
design, while Section V discusses the experimental charac-
terization of the two antenna prototypes. Finally, Section VI
draws conclusions.

II. ANTENNAS ON-CHIP AT SUB-THZ
Whereas efficient AoC designs are very desirable, the
metal-dielectric stack of mass production-oriented Si-based
technologies is highly unfavorable for antenna integration. In
typical CMOS or BiCMOS processes, a metallization stack
is formed inside silicon dioxide (SiO2), comprised of several
copper or aluminum layers. The vertical thickness of this
stack is in the order of 10-15 µm. With advanced processes,
thicker and higher conductivity metals are available at the top
side of the chip, called back-end of line (BEOL), which are
commonly used for the design of feeding lines and antennas
[6]. To accommodate high-frequency active front ends, this
metal-dielectric stack is grown on top of a thick lossy doped
Si substrate, also called bulk Si. An illustration of such a
metal-dielectric stack is shown in Fig. 2(a). Regarding the
AoC performance, the high relative permittivity (εr ≈ 11.9),
the relatively low resistivity (1-50 Ωcm) and the thickness
of the substrate Si mean that it will absorb significant part
of the energy emerging from the antenna, resulting to low
radiation efficiencies [7]. More specifically, when an antenna
is printed on a thick dielectric substrate, it radiates through
the substrate with a power ratio of Psub/Pair ∝ ε

3/2
r [8]. This

intrinsic technology limitation leads to two main options for
AoC designs, either shielding the antenna from the substrate
or radiating through it.
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To avoid substrate radiation, the antenna must be shielded
from the bulk Si using part of the metallization available in
the stack-up. This is often realized through artificial magnetic
conductors (AMCs), which can be formed by metallic peri-
odic structures on grounded dielectric slabs. These features
are designed to provide in phase reflections and enhance
the gain of the on-chip antenna, as in [9] or [10]. Although
this mitigates the losses associated with the presence of the
lossy Si, it results in narrowband operation and low radiation
efficiencies due to proximity of the radiator and the ground
plane. Antenna designs shielded from the substrate can be
enhanced by integrating the AoC with off-chip dielectric
resonators (DR) [11], [12], [13], or superstrates [14], [15].
These approaches can boost the AoC’s performance, but
struggle with providing high radiation efficiency over a wide
bandwidth. Furthermore, while improved with respect to
standard AoC designs, the gain of such antennas is limited.
This makes on-chip antennas integrated with DR or super-
strates less attractive as feed options in larger quasi-optical
reflector or lens-based systems. Indicative illustrations of an
AMC-backed antenna concept, as well as an AoC integrated
with an off-chip DR or superstrate are shown in Fig. 2(b)
and (c), respectively. Another noteworthy approach for the
enhancement of an AoC shielded from the Si substrate is
the use of artificial dielectric layers (ADLs), as proposed
in [16] or [17]. Although a very promising solution, the
fabrication of such sub-wavelength metallization features can
be challenging at high frequencies.

Wideband on-chip antennas can instead be realized when
the antenna layer is not shielded from the bulk Si. In this
approach, the antenna radiates through the substrate and must
be integrated with a dielectric lens of similar permittivity
to avoid the excitation of substrate modes [18], as shown
in Fig. 2(d). This comes at the cost of additional losses
associated with radiating through a lossy material (bulk Si),
but for thin substrates this can be acceptable. In addition, the
integrated lens gives more flexibility in the antenna pattern
shape and can result in high gain. An integrated lens antenna
architecture is also pursued in this work. It should be noted
that most wideband and high efficiency AoC designs in the
literature are integrated with on-chip detectors. In this case,
the detector’s size allows placing it very close to the antenna,
e.g. between the double-slot in [19] or in the center of the
ring slot in [20] and [21], mitigating the need for long on-
chip feeding lines and therefore reducing the overall loss. For
antennas integrated with transmitter or receiver chains, this
is not possible due to the relative dimensions of the antenna
and circuit components, as can be indicatively noticed in
[22]. This leads to increased loss as a result of the on-chip
routing.

Additional research directions for AoC designs refer to
etching the substrate [23], realizing Si integrated cavities
(SIC) with through substrate vias (TSV) [24] and increasing
the Si resistivity by proton implantation in the vicinity of
the antenna [25]. These approaches can remove some of the
limiting aspects of the on-chip environment but come at the
cost of process complexity and fragility.

FIGURE 3. Cross-section of: (a) metal-dielectric stack in the 90 nm SiGe-BiCMOS
process (dimensions not to scale). (b) GCPW line with the CPW part at M7 and the
shield as a shunt combination of M1 to M4. (c) MS lines with the signal at M7 and M5 ,
sharing a common ground plane (M6).

III. PROPOSED ANTENNA ON-CHIP
This section describes the proposed antenna concept includ-
ing considerations for the feeding architecture and SiGe-
BiCMOS technology rules. The antenna performance is
assessed using full-wave simulations and is also presented
at the end of this section.

A. DUAL-POLARIZED DOUBLE-SLOT
The proposed antenna geometry is depicted in Fig. 1(c). It
consists of a pair of double-slots positioned orthogonal to
each other, with each slot pair associated with one linear
polarization [26]. Owing to the structure’s symmetry, exciting
the vertical slots at their centers forms a virtual short at the
centers of the horizontal slots. This allows the independent
excitation of the second double-slot in the shorted plane
and leads to high isolation between the two polarizations.
As depicted in the micrograph, a modified version of the
dual-polarized double-slot is considered, including a number
of parasitic slots. The dimensions and position of these
parasitic features are tuned to increase the directivity at the
lower frequency of the operating band, as in [19], and also
reduce the level of the cross-polarization. The effect of these
structures will be further discussed in Section III-D.

For the antenna design description, we consider a 90 nm
SiGe-BiCMOS process. Similar considerations to those
detailed below are applicable to any CMOS or BiCMOS
technology. The metal stack of the considered process is
comprised of three thick (M7-M5) and four thin (M4-M1)
copper layers on top of a 185 µm Si substrate with a bulk
resistivity of 18.5 Ωcm, as illustrated in Fig. 3(a). The choice
of the antenna layer, in this case the slot plane, depends
on the employed feeding line topology. Due to their higher
conductivity, the thick metals on the top side of the chip
(M7-M5), i.e., the BEOL, are typically used for the design of
feeding lines and antennas. Placing the slot antenna in one of
the top metals can also improve its radiation properties due
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FIGURE 4. Simulated loss and characteristic impedance of the on-chip lines
depicted in Fig. 3.

to the formation of a thin leaky-wave cavity between the slot
plane and the Si substrate [19].

B. ANTENNA FEEDING ARCHITECTURE
The feeding architecture of the dual-polarized double-slot
depends on the type of circuit chosen for integration. When
targeting differential circuit topologies, long line routing is
required to form a differential signal for each double-slot.
An example of this can be seen in Fig. 1(d). Such topologies
can indeed be advantageous at dense mm-wave architectures
because of the high immunity of differential circuits to
crosstalk and noise. However, from the antenna point of view,
integration with single-ended circuits is preferable due to the
much shorter feeding line required and the absence of an
intersection point for the feeding of the two polarizations.
In this case, a dual-polarized double-slot such as the one in
Fig. 1(c) can be integrated with four single-ended transmitters
or receivers where the horizontal and vertical slot-pairs
are excited with opposite phase. Since the feeding scheme
required for differential circuits presents more challenges in
terms of maintaining low loss and high port isolation, this
case will be described below.

Considering the structure of Fig. 1(d), two approaches can
be pursued to feed the two polarizations. Namely, they can be
excited either through the same or via a different layer. The
trade-offs in these two methods arise from the transmission
line implementation in the metal-dielectric stack of the SiGe-
BiCMOS process.

1) TRANSMISSION LINES IN SIGE-BICMOS
When feeding both polarizations through the same layer, the
complete height of the metal stack can be used, providing
more flexibility in the feeding line design. However, since
both polarizations share the same layer while the lines
intersect (see Fig. 1(d)), care must be taken in the design
of the line cross-over to maintain high isolation. A good
candidate for this type of feeding is the grounded co-planar
waveguide (GCPW) line shown in Fig. 3(b). The CPW part is
situated at the top metal (M7) while the shield is constructed
by shunting metals 1 to 4, to lower the loss.

The second option to feed the structure of Fig. 1(d)
is to use lines that share a common ground plane which

coincides with the slot plane. In this case, the feeding of each
polarization can be performed at either side of the common
ground. This configuration inherently features high isolation
since the two signal lines are separated by a metal layer
thicker than the skin depth. Nevertheless, a smaller part of
the metal stack is available for each line, resulting to tighter
metal spacing and thus higher line loss. An example of this
type of feeding using the high conductivity copper layers
in the BEOL is shown in Fig. 3(c). There, two microstrip
(MS) lines are considered with strips at M7 and M5 sharing
their ground plane (M6). To assess these two approaches,
estimates of their loss are presented in Fig. 4. These are
extracted through full-wave simulations including materials
properties of the metal-dielectric stack. The copper and via
conductivities range from 4 · 106 to 5 · 107 S/m, while the
considered relative permittivity values are 4 for SiO2 and 11.9
for Si. Regarding their loss, for SiO2 a loss tangent of 0.001
is used while for Si it is extracted per frequency from the
nominal bulk resistivity (18.5 Ωcm). As noted through the
line loss simulations, to maintain high radiation efficiency,
it is preferable to feed both polarizations through the same
layer. For this design, a GCPW line with WCPW = 3 µm and
SCPW = 9 µm (ZGCPW ≈ 65 Ω) is chosen, so the slots are
placed in M7.

2) LINE CROSS-OVER
To maintain high port isolation between the two polarizations
for the structure of Fig. 1(d), the cross-over of the two lines
at their point of intersection needs to be carefully designed.
Since the chosen GCPW line utilizes all the metal layers of
the stack, the first step in this process is to free up some layers
by locally bringing the line’s shield to M5. This is performed
only for a line length of 15 µm, with the line width and
spacing tuned to maintain the characteristic impedance. In
turn, the GCPW line corresponding to the other polarization
is locally transformed into a MS with ground at M5 and
strip as a shunt combination of M2 and M1. This is shown in
Fig. 5(a), where for clarity the common ground plane at the
point of intersection is drawn in red, while the signal line of
the MS section is drawn in blue.

Looking at Fig. 5(a), it is expected that one path in the line
cross-over features higher loss. This is due to the line being
locally exposed to the substrate Si, the via connections, and
the thin MS section. However, the degradation in insertion
loss is simulated to be below 0.2 dB in the targeted band-
width, while the port isolation remains better than −55 dB.
It should be noted that to maintain the symmetry in the
antenna feeding, the line cross-over of each polarization is
also performed in the mirrored section of the line routing
where no crossing is present. This is depicted in Fig. 5(b).

C. METAL DENSITY RULES
Apart from the presence of the substrate Si, another challenge
in designing efficient AoC in CMOS or BiCMOS technolo-
gies is conforming to the metal design rules.

For an on-chip component to satisfy these rules, metal
filling (sub-wavelength patches) needs to be included in
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FIGURE 5. (a) Line cross-over at the intersection point of the GCPW lines. The
ground plane at the crossing is drawn in red and the signal line of the MS section is
drawn in blue. (b) Micrograph indicating the line cross-over sections in the feeding
routing.

areas of the design where metal is not desired, and cheesing
(small areas without metal) needs to be maintained in shapes
exceeding a certain size. This process involves some risks
in terms of performance degradation. For example, metal
fillers close to transmission lines or antennas can increase
the loss of the host SiO2 material and modify the impedance
of these structures, as observed in [14]. Similarly, performing
cheesing in regions with high surface currents can modify the
propagation constant of these structures and also increase the
loss as a result of a reduction in the effective conductivity.

To avoid these risks, in the proposed design the filling
and cheesing are carefully controlled to preserve the sensitive
areas of the structure. More specifically, the volume over the
slots, the area between the signal and ground layers of the
feeding lines as well as the region where the feeding line
meets the slots, are left empty of metal fillers. To compensate
for this, the filling in the remaining areas is increased beyond
its minimum requirement, resulting in values between 15%
and 40% depending on the layer. Furthermore, for areas
close to the feeding lines and slots, the maximum allowed
width of solid metal is used, with cheesing performed in
the surrounding regions (see Fig. 5(b)). The procedures
described above are implemented in a manner such that all
the technology rules are satisfied. An illustration of the filling
and cheesing patterns per layer in the vicinity of the dual-
polarized double-slot antenna is shown in Fig. 6.

Including the filling and cheesing in full-wave simulations
can be very computationally intensive due to the large num-
ber of sub-wavelength features. Regarding the cheesing, its

FIGURE 6. (a) Top-view and (b) exploded view of metal layers close to the double
slot antenna. For the exploded view, three metal layer groups are generated: M7
(bottom), M6-M5 (middle) and M4-M1 (top).

effect can be omitted since the perforations are implemented
in regions with low surface currents. In terms of the filling,
the SiO2 region that contains metallizations is replaced by
an effective anisotropic medium. The permittivity and per-
meability tensors of this medium are extracted as described
in [27]. This process is also detailed in the appendix of [19].

D. PARASITIC SLOTS
An important parameter for antennas used to feed integrated
lenses refers to their directivity. More specifically, a directive
feed illuminates the more efficient (top part) of the lens and
results in lower spillover.

To enhance the directivity of the proposed AoC design,
several parasitic slots are added, as shown in Fig. 1(c).
These structures are positioned such that they radiate in-
phase with the dual-polarized double-slot. In addition, they
are tuned to predominantly influence the lower frequencies
of the targeted band, where the patterns of the double-slot
are relatively broad. Apart from increasing the directivity,
the parasitic slots are also used to reduce the maximum level
of the cross-polarized field component in the central part of
the operating bandwidth, with an average reduction of 4 dB
within a fractional bandwidth of 35%.

For the antenna prototype in the 90 nm process targeting a
central frequency of 287.5 GHz, the dimensions of the dual-
polarized double-slots and parasitic slots are: Ls = 283 µm,
Ws = 18 µm, Ds = 145 µm, Lp = 420 µm, Wp = 30 µm and
Dp = 70 µm. To illustrate the improvement obtained with the
parasitic slots, the far-field patterns of the antenna are plotted
in Fig. 7(a)-(c) for 240, 287.5 and 335 GHz respectively.
These patterns are extracted in infinite Si through a full-wave
simulation in CST Studio Suite [28] without considering the
truncation of the chip. It can be seen that the parasitic slots
mainly affect the lower frequencies.

E. SIMULATED PERFORMANCE IN INFINITE SI
To evaluate the overall performance of the proposed AoC
design, the dual-polarized double-slot including the parasitic
slots is simulated with a differential feeding scheme like
that of Fig. 1(d). The resulting S-parameters are illustrated
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FIGURE 7. Far-field in infinite Si at (a) 240, (b) 287.5 and (c) 335 GHz, for the AoC
with (solid) and without (dashed) the parasitic slots.

in Fig. 8(a), while the radiation efficiency in infinite Si is
plotted in Fig. 8(b). To tune out the imaginary part of the
slot’s impedance, a 41 µm short stub is used.

As shown in Fig. 8, the AoC in which the feeding is com-
patible with differential circuits achieves a −10 dB matching
bandwidth of 200-375 GHz (60% with fc = 287.5 GHz) with
high port isolation (S 12 < −50 dB). In this frequency range,
the radiation efficiency in infinite Si remains higher than 50%,
with a maximum of 66%. These efficiency values are very
similar for the structure without the parasitic slots since the
difference in the feeding line length is minor. It should be
noted that the main loss contribution in the differentially fed
antenna is associated with losses in the GCPW lines used
for the feeding line routing. For comparison, the simulated
performance of a single-ended oriented prototype is also
shown in Fig. 8(a) and (c). In this configuration, the matching
bandwidth of the antenna is slightly reduced to 215-360 GHz.
The radiation efficiency in this bandwidth is higher than
69% with a maximum of 77%, showing a clear improvement
compared to the previous case.

IV. DIELECTRIC LENS DESIGN
To mitigate the excitation of substrate modes, an AoC that
radiates through the substrate Si can be integrated with
dielectric lenses [18]. These lenses also focus the radiation
of the on-chip feed, increasing the directivity. In turn, this
enables integrated lens antennas to efficiently illuminate
larger quasi-optical components, making them attractive feed
solutions for many communication and sensing applications.

In this work, the proposed AoC is integrated with an
elliptical lens, as shown in Fig. 9(a). This lens is made of
high resistivity Si (ρ > 1 kΩcm) and is coated with a quarter-
wave Paryfree layer (εr = 2.9, tanδ ≈ 0.04 at 300 GHz),
to minimize reflections. Due to the relatively broad primary
patterns of the dual-polarized double-slot, the truncation
angle of the lens is set to 70◦. Furthermore, its lower focus

FIGURE 8. (a) Reflection coefficients and port isolation for the proposed AoC
concept. (b), (c) Radiation efficiency decomposition in infinite Si for (b) differentially
fed and (c) single-ended AoC.

is positioned 50 µm below the slot plane, to coincide with
the antenna’s phase center, and its diameter is set to 1 cm.
This diameter choice can change depending on the desired
directivity without affecting the antenna efficiency.

To assess the performance of the integrated lens antenna,
the structure with the parasitic slots and differential feeding
is used together with the aforementioned elliptical lens. The
lens antenna is simulated by combining full-wave simulations
of the dual-polarized double-slot described in Section III,
with Geometrical Optics (GO) and Physical Optics (PO)
techniques used to model the lens. The simulated radiation
patterns outside the lens (secondary patterns) are shown
in Fig. 9(b). Good rotational symmetry can be observed
with low level of cross-polarization. The antenna efficiency
is plotted in Fig. 9(c). It consists of the radiation effi-
ciency in infinite Si, which is decomposed in Fig. 8(b), as
well as the spillover and reflection efficiency at the lens-
air interface. For both polarizations, the efficiency remains
higher than 50% in the 225-345 GHz range. As discussed in
Section III-E, considering the structure oriented towards
single-ended circuit integration, the antenna efficiency can be
improved by about 10%. Finally, Fig. 9(d) depicts the lens
efficiencies. These are calculated as detailed in the appendix
of [29]. It can be seen that the proposed AoC illuminates the
elliptical lens with an aperture efficiency around 80%.

V. PROTOTYPES AND CHARACTERIZATION
To evaluate the proposed antenna’s performance, two proto-
types have been fabricated targeting different portions of the
sub-THz band. Namely, a dual-polarized double-slot antenna
for single-ended circuits is realized in a 130 nm SiGe-
BiCMOS process with a central frequency of 210 GHz, while
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FIGURE 9. (a) Lens antenna geometry (not to scale). (b) Secondary patterns (Pol. H) at 245, 290 and 335 GHz. (c) Antenna efficiency decomposition, where the efficiency
in infinite Si refers to the differentially fed antenna (Fig. 8(b)). (d) Elliptical lens efficiency decomposition.

a similar antenna for differential circuits is implemented
using the 90 nm technology described in Section III with
a central frequency of 287.5 GHz. The micrographs of these
two prototypes are depicted in Fig. 1(c) and (d), respectively.
To enable the characterization of both antennas using the
same Si lens, a compromise is made in the matching layer
frequency, with the thickness of the Paryfree layer set to
quarter-wave at 260 GHz.

The lens antenna assembly is performed in an in-house
setup designed to enable precise integration of Si lenses with
on-chip antennas. This custom-built station can achieve an
accuracy better than 10 µm between the antenna phase center
and the focal point of the lens. To meet the handling require-
ments of this setup, the chip is glued to a 4.2 mm × 4.2 mm
× 0.5 mm high resistivity Si (ρ > 1 kΩcm) wafer before the
lens assembly, while the lens is fixed to a metallic holder
using clamps. A photograph of the lens antenna prototype is
shown in Fig. 1(b).

A. MEASUREMENT SETUPS AND CALIBRATION
The on-chip antennas are characterized using waveguide
based Ground-Signal-Ground (GSG) probes and a Keysight
N5224B vector network analyzer (VNA) in conjunction with
OML WR-3.4 band frequency extenders.

The S-parameters are obtained in the probe station setup,
shown in Fig. 10(a). To bring the reference plane on the
chip, a Through-Reflect-Line (TRL) calibration is performed
using on-chip structures, as in [30]. Micrographs of these
calibration features are shown in Fig. 10(b) for the 90 nm
process. Similar structures are realized in the 130 nm tech-
nology. Since the antenna radiates towards the bulk Si, to
avoid reflections from the chuck in the probe station setup,
the chips are glued to a lossy Si wafer (2-5 Ωcm) of 1 mm
thickness. This resembles a semi-infinite Si region, allowing
for accurate characterization of the antennas.

FIGURE 10. (a) Probe station setup. (b) On-chip calibration structures in 90 nm
SiGe-BiCMOS (Thru-Reflect-Line and Load).

FIGURE 11. Over the air near-field measurements setups with: (a) open ended
waveguide probe and 90◦ bends, (b) 45◦ mirror and a horn antenna.

Regarding the radiation properties of the lens antenna,
these are extracted in the near-field measurement setups
depicted in Fig. 11. In both cases, one extender is mounted on
a CNC mechanical scanner and connected to an open ended
waveguide probe (Fig. 11(a)) or a horn antenna (Fig. 11(b)).
This enables planar measurements of the radiation emanating
from the lens. On the other side of the setup, the antenna
under test is fed by a GSG probe mounted on a commercial
micro-manipulator. This micro-manipulator is placed on a
different optical table to prevent vibrations generated by the
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FIGURE 12. (a) Micrograph of single-ended dual-polarized double-slot.
(b) Metal dielectric stack in the 130 nm process (dimensions not to scale).
(c) Cross section of the 50 Ω feeding line. (d) Close up version of the AoC.

CNC machine from impacting the stability of the RF probe
landing, as in [31]. Since the lens antenna is fed from the
back-side, the radiation propagates downward, presenting two
options for the antenna characterization.

One option requires the use of 90◦ waveguide bends to
bring the measurement plane close to the lens aperture, as
in Fig. 11(a). In this case, the small power spreading allows
the use of an open-ended waveguide probe while maintaining
a high dynamic range. Although this configuration is highly
suited for the fine sampling of the lens’ aperture field, it is
more sensitive to reflections, as well as misalignment and tilt
introduced by concatenating waveguide blocks. Both these
effects can notably increase the cross-polarization. Another
option is to redirect the radiation of the lens antenna through
the use of a 45◦ mirror (Fig. 11(b)), similar to the approaches
employed in [31] and [32]. This presents a more convenient
setup, since the distance between the moving part and the
sensitive RF probe landing is larger; however, due to the
increased power spreading, it requires the use of a horn
antenna to preserve the dynamic range. Given the directivity
of the horn, pattern correction is employed for the setup of
Fig. 11(b), as detailed in the Appendix.

To bring the reference plane on the chip in the radia-
tion setup, a two step calibration is performed. First, the
effects of the VNA and extender modules are de-embedded
via a TRL calibration using a standard waveguide-based
calibration kit. Subsequently, the effects of the waveguide
bend with the RF probe, as well as the landing pad and
launch line, are extracted by an SOL (Short-Open-Load)
calibration using the on-chip structures of Fig. 10(b). It
should be noted that these structures are not used as ideal
standards. Instead, their response is characterized in the
probe station setup using the TRL calibration procedure
described previously. The calibrated measurements obtained
by this process are used as reference standards for the SOL
calibration.

FIGURE 13. Simulated (dashed) and measured (solid) active reflection coefficients
for the antenna depicted in Fig. 12(a).

B. SINGLE-ENDED ANTENNA
The antenna oriented for single ended circuit integration is
tuned to operate over the 170-250 GHz frequency range
(38% bandwidth with fc = 210 GHz). A zoomed-out version
of this structure is shown in Fig. 12(a), while the metal-
dielectric stack of the 130 nm SiGe-BiCMOS process is
illustrated in Fig. 12(b). The main difference with respect
to the technology of Fig. 3(a) refers to the reduced thickness
of the SiO2 region formed between the slot antenna and the
bulk Si. This leads to a reduction in the achievable bandwidth
compared to the design described in Section III. Furthermore,
due to the larger physical dimensions (lower fc), in this case
metal fillers with the minimum possible densities are allowed
over the slots but not between the signal and ground layers of
the GCPW lines. Last but not least, a quarter-wave impedance
transformer is added to the feeding of each slot, ending in a
50 Ω GCPW line with the cross-section shown in Fig. 12(c).
These modifications result in an antenna with: Ls = 368 µm,
Ws = 20.5 µm, Ds = 198 µm, Lp = 572 µm, Wp = 40 µm
and Dp = 70 µm.

1) REFLECTION COEFFICIENTS
The antenna designed for single-ended circuit integration is
a four-port component with each port connected to one slot.
To properly excite each double-slot, a pseudo-differential
configuration is required where signals with phase coher-
ence and 180◦ shift are fed at the opposite ports, namely
ports 1-2 and 3-4 (see Fig. 12(a)). The desired parameter for
the characterization of this component refers to the active
S-parameters at each port.

Due to the structure’s symmetry and the opposite phase of
the excitations, the two double-slot pairs are isolated from
each other. For example, the signals from ports 3 and 4
experience an identical path to port 1, but since they are
excited with opposite phase, their effect is canceled out. This
means that the active S-parameters can be calculated as:
S act.

ii = S ii − S ji, where if i = 1, 2 then j = 2, 1 and if
i = 3, 4 then j = 4, 3.

The most accurate way to measure this component requires
landing probes connected to the extender modules on oppo-
site GSG pads, whereas dummy probes (connected to
waveguide loads) are landed on the remaining pads. The
purpose of the dummy probes is to negate strong reflections
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FIGURE 14. (a), (b) Measurement and simulation comparison of the lens’ far field for (a) single-slot excitation and (b) reconstructed
double-slot excitation in post process. (c) Directivity and gain comparison.

that could affect the measured S-parameters. By full-wave
simulation of the entire antenna it was estimated that the
coupling to the orthogonal ports (S 13 = S 14) is below
−16 dB in the considered frequency range. This means that
the reflected signals from these ports will be attenuated
by at least 30 dB. Therefore, omitting the dummy probes
can still provide sufficient accuracy for this component’s
characterization. Following the process described above, all
slots are characterized and the results are plotted in Fig. 13.
It can be seen that the measurements are in very good
agreement with the simulations. Small differences between
the four slots could be attributed to slight inconsistencies in
the probe landing as well as process variation.

2) RADIATION PROPERTIES
Similarly to the discussion regarding the S-parameters, the
desired operating mode of the single-ended dual-polarized
double-slot requires the simultaneous excitation of the ports
corresponding to each double-slot with opposite phase. In
a radiation measurement setup, this would necessitate the
landing of two RF probes simultaneously and the use of three
synchronized extenders. Taking into account the availability
of two WR-3.4 extenders in our setup, a simpler characteri-
zation process is performed for this component.

In particular, a single RF probe is landed on the AoC and
the co- and cross-polarized components are measured in a
two-dimensional grid 2 cm from the lens aperture using the
setup of Fig. 11(a). An E-plane 90◦ waveguide bend is used
for the co-polarized component, while an H-plane 90◦ bend

is used from the cross, complimented by a waveguide twist.
These waveguide blocks have been separately characterized
and are de-embedded from the respective measurements. In
turn, the far-field of the lens is obtained through the Fourier
transform of the near-field data.

By landing one RF probe on the component of Fig. 12, a
single-slot is excited. This results in a much broader primary
pattern in the E-plane as well as a small tilt in the secondary
patterns, since the Si lens is aligned with the center of the
dual-polarized double-slot. In addition, the loss is increased
due to reflections in the RF pads which are left unterminated.
Although this is not the desired operating condition, it can
still be used to assess the antenna design. As such, the
same structure is simulated in CST Studio Suite [28] using a
model of the RF pad to terminate three of the four ports.
The comparison between simulation and measurements is
depicted in Fig. 14(a), showing reasonable agreement.

Using this single-slot measurement, the double-slot exci-
tation can also be reconstructed in post process. More
specifically, due the structure’s symmetry, the field radiated
by the opposite slot is approximated through mirroring the
measurement over the center of the two dimensional grid.
In turn, the measurement and its mirrored counterpart are
combined over the measurement plane, and the corresponding
far-field is obtained. The same process is performed in the
simulation and the resulting far-field comparison is presented
in Fig. 14(b). By combining the two slots in the double-
slot topology, a rotationally symmetric beam is formed
along broadside and the cross-polarized component of the
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single-slot is suppressed. As described in the previous sub-
section, secondary reflections from the orthogonal ports
are highly attenuated and thus do not feature a strong
effect.

For both excitation types, the far-field directivity and gain
are plotted in Fig. 14(c). As can be noticed, the measured
directivity is higher than the simulated one; this is inherent
to near-field measurement setups due to the truncation of
the measurement plane. This becomes more apparent for
the single-slot excitation because of the tilted beam in the
E-plane arising from the offset between the excited slot
and lens center. This effect is also translated to the gain,
which is computed using the effective area formalism, as
described in the appendix of [33]. Regarding the gain for
the single-slot excitation, its value highly depends on the
reflections caused in the RF pads. As such, due to the
difficulty of accurately modeling the on-chip landing pad,
a higher discrepancy between the simulation and measure-
ment can be expected when compared, for example, with
the differentially fed prototype described in the following
section. Oscillations in the measurements can be attributed to
a combination of calibration artifacts and reflections due to
the high spillover in the single-slot excitation. Note that while
the directivity of the double-slot excitation can be recon-
structed using the above described process, the gain cannot be
extracted.

Although able to provide sufficient characterization of
the dual-polarized double-slot, the process described above
features a significant simplification. In particular, it enforces
a symmetric excitation of the double-slot. This would not
be the case when the antenna is integrated with electronic
circuits. Small imbalances in the excitation can be expected
due to process variation as well as any asymmetry in the
circuit part. To show that the proposed antenna concept
is robust considering reasonable excitation imbalances, a
differentially fed AoC integrated with a balun is characterized
in the following subsection.

C. DIFFERENTIALLY FED ANTENNA
The antenna oriented for differential circuits is designed in
a 90 nm process for a central frequency of 287.5 GHz.
A micrograph is shown in Fig. 15 and the dimensions are
those reported in Section III. This antenna omits the parasitic
slots and is integrated with a Marchand balun to enable the
excitation of each double-slot through a GSG probe.

1) MARCHAND BALUN
The balun designed for this purpose is based on an edge-
coupler on the top metal (M7), with an asymmetric ground
shield used to reduce the imbalances at the differential port.
A zoomed in version of the AoC with the balun is shown
in Fig. 15(b). The balun’s measured amplitude and phase
imbalances are lower than 1.8 dB and 4◦ in the 200-325 GHz
frequency range, while the insertion loss is less than 2.5 dB.
More details on the design and characterization of this balun
can be found in [34].

FIGURE 15. (a) Micrograph of the dual-polarized double-slot antenna in 90 nm
SiGe-BiCMOS. (b) Zoomed-in version. (c), (d) Simulated (dashed) and measured (solid)
S-parameters of the antenna on-chip, with respect to the (c) antenna and (d) balun
reference plane.

2) REFLECTION COEFFICIENTS AND PORT ISOLATION
Due to the on-chip balun, the differentially fed antenna can
be characterized in a straightforward manner using GSG
probe measurements. The measured reflection coefficients
and port isolation (S 12) are plotted in Fig. 15(d) with respect
to the reference plane of the balun, while Fig. 15(c) shows
their simulated values with respect to the reference plane
of the antenna. Although the reflection coefficients are in
good agreement with the simulations, the port isolation is
degraded. This can be partly caused by effects arising from
the measurement setup and calibration procedures, which are
especially noticeable when measuring small values at high
frequencies. In addition, the port isolation degradation can
be attributed to the balun imbalances, which are higher than
simulated above 290 GHz [34]. Recognizing these aspects,
the measured (S 12) is below −37 dB until 300 GHz and
remains lower than −33 dB up to 325 GHz.

3) RADIATION PROPERTIES
Regarding the radiation properties of the differentially fed
antenna, the setup of Fig. 11(a) is used to extract the co-
polarized component, while that of Fig. 11(b) is used to
extract the cross-polarized component. The resulting far-
field patterns are plotted in Fig. 16(a) and (b) for both
polarizations, derived through a Fourier transform of the near-
field measurements. Excellent agreement can be observed
when compared to the simulated results. It is worth pointing
out that due to omitting the parasitic slots, this antenna has an
inherently higher cross-polarized component, when compared
with the simulations of Fig. 14.

Finally, the directivity and gain are shown in Fig. 16(c),
with the reference plane of the gain being that of the antenna.
The antenna efficiency is derived as described in [35], using
the near-field directivity and gain. In turn, the far-field metrics
are obtained using standard expressions. To remove the losses
associated with the balun, its insertion loss is subtracted from
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FIGURE 16. (a), (b) Measurement and simulation comparison of the lens’ far field for the (a) vertical and (b) horizontal polarization. (c) Directivity and
gain comparison. The reference plane for the gain is that of the antenna (see Fig. 15).

the measured loss. Small discrepancies above 275 GHz could
be attributed to calibration artifacts.

D. MEASURED PERFORMANCE OVERVIEW
In summary, the measurements presented above are in very
good agreement with the simulations and both prototypes are
validated in terms of their wideband performance, low cross-
polarization, and radiation efficiency.

The single-ended antenna showcases the low cross-
polarization that can be reached by combining the dual-
polarized double-slot with parasitic slots. For the double-slot
excitation, the maximum cross-polarized component, normal-
ized to the maximum co-polarized, is below −22 dB until
240 GHz. At higher frequencies, an increase in the cross-
polarized component can be observed, but it still remains
below −19 dB up to 265 GHz. This performance degradation
could be attributed to a misalignment in φ for the setup of
Fig. 11(a), which is a reasonable assumption when several
waveguide components are concatenated. This indicates that
the setup of Fig. 11(b) is more suitable for cross-polarization
measurements. Although the double-slot excitation is recon-
structed in post process, and thus the loss estimation cannot
be verified, the single-slot excitation is used as a reference to
assess this aspect, showing good agreement with simulations.

Regarding the differentially fed antenna, the presence
of the Marchand balun makes its characterization more
straightforward. Even with the balun’s imbalances, the cross-
polarized component remains below −19.5 dB over the

200-325 GHz frequency range for both polarizations. In
addition, the measured directivity and gain agree very well
with the simulations given the operating frequency.

Both antenna prototypes could be integrated with elec-
tronic circuits such as those in [36] and [37]. The resulting
integrated units can be employed to illuminate larger quasi-
optical reflector or lens-based systems used in point-to-point
links at sub-THz, as described in [38].

VI. CONCLUSION
This work presents an on-chip dual-polarized double-slot
antenna for sub-THz frequencies that can efficiently illumi-
nate dielectric lenses through the Si substrate. A modified
version of the dual-polarized double-slot is proposed, featur-
ing several parasitic slots that allow reducing the level of the
cross-polarization. Two antenna prototypes are characterized,
with and without parasitic slots, realized in SiGe-BiCMOS
processes. The first prototype is designed for a central
frequency of 210 GHz and is tailored for integration with
single-ended circuit topologies. It achieves a maximum
antenna efficiency (including spillover and reflections at the
Si lens) of 63% in its operational bandwidth (170-250 GHz),
while maintaining the level of the cross-polarized component
below −22 dB up to 240 GHz. The second prototype is
designed for a central frequency of 287.5 GHz and is
suitable for differential circuit topologies. A 55% fractional
bandwidth is achieved, with cross-polarization levels below
−19.5 dB for both polarizations across the whole band,
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TABLE 1. Performance Comparison for Antenna On-Chip Solutions at Sub-THz Frequencies.

and port isolation better than −37 dB until 300 GHz. The
maximum antenna efficiency is 56%, including losses in the
feeding line routing. Both prototypes are characterized in
terms of S-parameters and radiation properties, showing very
good agreement with the simulations. These antenna concepts
could be scaled to higher frequencies.

A performance overview of several notable AoC designs
at sub-THz is given in Table 1. It can be seen that the pro-
posed antenna achieves state-of-the-art in cross-polarization
and port isolation, while providing competitive radiation
efficiency across the wide bandwidth of operation.

APPENDIX
HORN PATTERN CORRECTION
An important post-processing step in near-field measurements
is correcting for the patterns of the probe. This can be omitted
when using an open-ended waveguide, since this antenna
features broad patterns within the typically limited angular
range of the setup. However, when a horn is used, as in the
setup of Fig. 11(b), pattern correction is necessary.

Several earlier works have studied probe-compensation in
near-field measurements. In [39] it was shown that correcting
for any relative position of the probe and the antenna under
test requires measurements with two different probes or two

independent orientations of the same probe. Due to the
limited angular range of our setup (θ ≤ 15o), an abstract
illustration of which is shown in Fig. 17, the probe correction
process can be simplified as detailed below.

First, the equivalence theorem is applied to substitute the
horn antenna by equivalent electric currents in its aperture,
and the open circuit voltage is expressed:

VocI0
�
~r f
�

= 2
"

Sh

~Einc(~r) · ~J eq
horn

�
~r ′
�

dSh, (1)

where ~J eq
horn(~r ′) = Jeq,x

horn(~r ′) x̂+ Jeq,y
horn(~r ′) ŷ and Sh the area of

the horn’s aperture. This open circuit voltage is proportional
to the measured S 12. Since the measurements are performed
relatively close to the far-field distance, the incident field
generated by the lens antenna can be written as:

~Einc(~r ) � (Eθ
inc(θ, φ)θ̂ + Eφ

inc(θ, φ)φ̂)
e− jk0 |~r f +~r ′ |

|~r f + ~r ′|
. (2)

Given the dimensions of the horn aperture and measurement
grid, the spherical spreading term can be approximated as:

e− jk0 |~r f +~r ′ |

|~r f + ~r ′|
≈

e− jk0(r f +r̂ f ·~r ′)

r f
. (3)

The error of this approximation is less than 0.8% for the
amplitude and 8◦ for the phase over the entire measurement
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FIGURE 17. (a) Illustration of measurement setup of Fig. 11(b). (b) Measured
directivity and gain of horn antenna. (c) Equivalent link for Fig. 11(a). (d) Far-field of
horn antenna from near-field measurements.

grid of 7 cm ×7 cm. To simplify the resulting expressions, the
incident field is assumed constant over the horn’s aperture:
Eθ

inc(θ, φ) ≈ Eθ
inc(θ f , φ f ) and Eφ

inc(θ, φ) ≈ Eφ
inc(θ f , φ f ). Given

the dimensions of the horn (4 mm × 3 mm), this assumption
considers the field constant in an angular range of ±0.9◦ in
both θ and φ, which is reasonably accurate in the main beam.

Applying the approximations described above, the expres-
sion of the open circuit voltage can be notably simplified.
Regarding the vectorial projections between the cartesian and
spherical unit vectors in eq. (1), the resulting trigonometric
functions are approximated as: cos(θ) ≈ 1 for the θ variable,
while the terms sin(φ) and cos(φ) are evaluated at φ f . Using
the Ludwick 3 definition for the co- and cross-polarized
components, the open circuit voltage becomes:

VocI0(~r f ) ≈
e− jk0r f

r f

�
Eco

inc(~r f )
Z Z

Sh

Jeq,x
horn(~r ′)e− jk0 r̂ f ·~r ′dSh

+ Ecx
inc(~r f )

Z Z
Sh

Jeq,y
horn(~r ′)e− jk0 r̂ f ·~r ′dSh

�
. (4)

The remaining integrals in eq. (4) correspond to the Fourier
transforms of the equivalent currents of the horn. Depending
on the relative orientation between the horn and lens antenna,
this results to:

VocI0(~r f ) ≈
e− jk0r f

r f

�
Eco

inc(θ f , φ f )E
co/cx
horn (θ f ,−φ f )

+ Ecx
inc(θ f , φ f )E

cx/co
horn (θ f ,−φ f )

�
. (5)

After characterizing the horn antenna, its cross polarization
was found to be below −30 dB with a maximum along
broadside, as for example shown in Fig. 17(d) at 260 GHz.
Neglecting the coupling through the cross polarization of the
horn, the probe-correction can be summarized as:

S cor
12 (~r f ) =

r f S 12(~r f )e− jk0r f

Eco
horn(θ f ,−φ f )

, (6)

where the incident field (Eco/cx
inc (~r f )) is proportional to S cor

12 (~r f ).
Through a Fourier transform of the corrected S 12 for both
relative orientations between the lens and horn antennas, the
far-field of the lens can be obtained, corrected for the patterns
of the horn.
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