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Abstract—This work presents a Quasi-Optical (QO) antenna
for energy efficient backhaul/fronthaul links at 300 GHz. The pro-
posed antenna concept consists of an offset Gregorian reflector
configuration illuminated by a lens-based subsystem. The overall
structure is fed by an antenna on-chip (AoC) implemented in
a 90 nm SiGe-BiCMOS process. The diameter of the primary
reflector is 45 cm, providing a directivity of 62 dBi and featuring
a half-power beamwidth of 0.15 degrees. By operating in the
radiative near-field, the proposed antenna system achieves a
power spreading loss of only 0.8 dB for a point-to-point (PtP)
link of 100 m. To satisfy the tight alignment requirements of the
envisioned scenario, scanning capability is included through the
lens-based subsystem. This is done by rotating a lightweight free-
standing silicon (Si) lens and allows correction for misalignment
of + 2 degrees (or = 14 beams) with a scan loss lower than 1.1
dB over a 90 GHz range. The spillover and reflection losses of
the QO system are 1-1.5 dB, with the loss of the AoC at 2.5 dB.

Index Terms—Quasi-optical system, mechanical beam steering,
backhaul link, offset Gregorian reflector, lens antenna, terahertz
technology.

I. INTRODUCTION

To meet the ever-increasing demand for capacity in high-
traffic areas, 5G and future 6G network architectures favor the
deployment of small cells for localized coverage. The scalable
implementation of this approach requires efficient and low-
cost backhaul / fronthaul connections (i.e., line-of-sight links
of about 50-200 m). Although optical fibers are a reliable
solution for these types of connections, their deployment is
costly and requires urban disruptions. A high-performance
alternative can instead be realized via wireless links in the
sub-Terahertz (THz) band, which also enable rapid and cost-
effective deployment.

The main challenge for antennas targeting medium range
links at sub-THz frequencies is the low radiated energy
efficiency of systems operating in the far field. Indicatively,
the free space path loss for a 100 m link at 300 GHz can
be as much as -120 dB. This is further aggravated because
of performance limitations in active electronics circuits, since
generating output power becomes increasingly difficult as the
carrier frequency increases. A promising solution to alleviate
this issue is establishing a link in the radiative near-field
region [1], [2], [3]. In this manner, the active energy can
remain focalized while propagating over the wireless channel,
resulting to propagation spreading losses in the order of
only a few dB. However, to maintain link distances in the
hundreds of meters in the radiative near-field, electrically

large antennas with ultra-high gain (>50 dB) are needed.
One significant impairment of such systems is the sensitivity
to beam misalignment due to their very narrow beamwidth.
As described in [4], there are several causes that can lead
to misalignment in a point-to-point (PtP) link. To compen-
sate for these adverse effects, steering capabilities must be
incorporated in the antenna design, with typical specifications
requiring scanning of + 2 degrees [5].

In recent years, several antenna systems targeting medium
range links at sub-THz frequencies have been demonstrated.
To achieve the required gain, both systems that are based
on reflectors [5], [6], [7], as well as dielectric lenses [8]
have been proposed. For most of these designs, the necessary
alignment of the link is achieved by orienting the entire system
including the electrically large primary, e.g., [6] or [7]. This is
sufficient for a system demonstration, but does not provide the
capability for fast beam steering and dynamic misalignment
compensation that can be required during the link’s operation.
More specifically, while this varies per installation scenario,
antenna mast oscillation can range between 1 and 10 Hz. In
contrast to the approach described above, some designs have
addressed the alignment considerations through the mechan-
ical movement of the feed [5]. Although this approach can
provide rapid beam steering, it requires movement of the most
sensitive component of the system and thus can degrade its
longevity. Another option that has been proposed to realize
the scanning in this type of antennas is electronic steering of
the feed through the use of sub-arrays, as in [9]; however, this
becomes increasingly challenging at higher frequencies.

In this work, we present a Quasi-Optical (QO) antenna
system operating around 290 GHz that is well suited for
medium-range links at sub-THz frequencies. The proposed
antenna concept consists of an offset Gregorian reflector
configuration that provides the required directivity, a lens-
based subsystem used to realize the beam steering, and a
silicon (Si) lens illuminated by an antenna on-chip (AoC)
that enables efficient integration with electronics circuits. A
concept model of the QO antenna is shown in Fig. 1. The
proposed system achieves a scanning of + 2 degrees (or + 14
beam) with a scan loss of only 1.1 dB. The beam steering is
realized through the mechanical movement of a lightweight
free-standing dielectric lens, which is highly suited to the
dynamic alignment requirements of PtP links. The QO antenna
is optimized for radiative near-field links of 100 m, reaching
power spreading loss lower than 1 dB over the wireless
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Fig. 1. Side view (left) of the Quasi-Optical antenna, illustrating the reflector
and lens components and perspective view (right) of the antenna system’s
CAD model including the fixtures and mechanical components.

channel. The AoC used in this design has a radiation efficiency
around 55 % in the 250-325 GHz frequency range, while it
also supports dual linear polarization with high isolation and
low levels of cross-polarization. This enables the realization
of polarization multiplexing or diversity schemes over the
wireless channel. The size of the QO antenna system is 78
cm x 50 cm x 50 cm, including the fixtures and mechanical
components, while the spillover and reflection losses of the
QO system are 1-1.5 dB.

II. QUASI-OPTICAL ANTENNA DESIGN
A. Reflector System

Regarding large-aperture QO antennas for collimating or
focusing high-frequency electromagnetic fields, the primary
component can be either a free-standing dielectric lens or
a reflector. For lenses, the standard option is to use plano-
hyperbolic shapes made of low loss and low cost plastics, such
as HDPE or Topas [10]. These designs present a significant
trade-off between the lens thickness and the system size which
is described through the lens focal distance to diameter ratio
(f#). Furthermore, while plastic lenses could eventually be
molded to suit mass production, machining a large-diameter
plastic prototype can be challenging due to the mechanical
properties of the aforementioned low loss plastics. Reflectors
are a more common option in electrically large QO systems,
with several configurations providing high-performance and
compact designs. However, one notable drawback of reflector
systems is their inherent weight. Unlike transmissive compo-
nents, such as lenses, reflectors employ a single surface to
influence the electromagnetic field. As such, material can be
removed from the back of the reflector to reduce weight. In
addition, even though not yet developed for high frequencies,
processes such as aluminum extrusion can alleviate many of
the concerns in a reflector’s fabrication. Considering their
capability for high performance and compactness, a reflector
system is pursued in this work.

The first step in the reflector design is choosing the configu-
ration that will be used. In this regard, single reflector systems
were deemed unsuitable for this work due to their limitations
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Fig. 2. (a) Scale drawing of offset Gregorian system. (b) Coupling versus
the link distance between two circular apertures of 45 cm using the prolate
spheroidal function distribution given in [17], optimized for dj;,x = 100 m.

in terms of performance associated with blockage (front-fed)
and asymmetry as well as high levels of cross-polarization
(side-fed) [11]. Instead, folded dual-reflector systems can
alleviate these issues while also being compact. Among a
number of notable configurations, an offset Gregorian reflector
is chosen for this design. This system consists of a paraboloid
primary (or main) reflector and an ellipsoid secondary (or
sub-reflector). An offset Gregorian configuration is preferred
to an offset Cassegrain since it introduces a lower level of
cross-polarization [12]. With respect to other high performance
configurations, such as the Dragonian [13], offset Gregorian
systems are more compact due to the lower fy of the reflectors
and the smaller size of the secondary.

The performance of dual-reflector systems highly depends
on the relative size of the main and sub-reflectors, as well
as the subtended angle and orientation of the feed. Several
works have addressed the optimization of offset dual-reflector
systems based on Geometrical Optics (GO) approaches, e.g.
[14] or [15]. The design procedure pursued in this work
is the one described in [12], resulting in a design with
low level of cross-polarization and low spillover loss. An
illustration of the final offset Gregorian system is shown in
Fig. 2(a). The feed subtended angle (6.) is set to 23 degrees,
aiming for a non-collimating lens implementation, while the
secondary’s circular aperture diameter (V) is chosen as 16 cm
for compactness. Regarding the clearance between the main
and sub-reflector (d..), this is set to 11 cm to avoid blockage
when introducing the lens system and scanning mechanism
into the reflector design. Last but not least, the diameter of the
primary’s circular aperture (D,) is chosen as 45 cm to achieve
a power spreading loss lower than 1 dB for a link of 100 m
over a 90 GHz bandwidth. To illustrate this, an estimate of the
coupling (power spreading) versus the link distance is plotted
in Fig. 2(b). This is calculated as detailed in [3] and refers
to a link with two identical systems that employ apertures of
45 cm in diameter. For the field distribution in the equivalent
aperture, a prolate spheroidal wave function is considered, as
detailed in [16] or [17]. Essentially, this function describes
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Fig. 3. Proposed three-lens system used to realize the beam steering.

a tapered distribution with a quadratic phase such that the
field is focalized on the receiver and it provides the maximum
coupling in the radiative near-field for a certain link distance
and aperture diameter. In this design, this optimal theoretical
distribution is targeted for a link of 100 m.

B. Lens System

To complement the offset Gregorian configuration, a three-
lens system is also included. The purpose of these lenses is to
realize beam steering through movement of a lightweight free-
standing component and to efficiently couple the radiation of
the AoC from the on-chip environment to the reflector system.

The proposed lens architecture is shown in Fig. 3 and
consists of three lenses (Lj_3). Ly is a silicon (Si) hyper-
hemispherical lens with a diameter of 2 cm and a truncation
angle of 73.8 degrees. This lens efficiently couples the radi-
ation of the AoC to free-space as will be further described
in a following subsection. Then, an 8§ cm diameter free-
standing lightweight Si lens (Ls) is used to realize the beam
steering through its mechanical rotation (Lo weighs 0.2-0.3
kg). To enhance the scanning performance of the system, the
rotation of Ly is performed from an offset position 8.5 cm
below the center of its lower surface, as shown in the figure.
Following L5, a second free standing lens (L3) made of plastic
is included, with a diameter of 10.2 cm. The purpose of L3
is to provide magnification, reducing the effective fu seen
by Lo when the system is analyzed in reception. This means
that only a small angular rotation is required by Lo to reach
scan angles of about 2 degrees in the far-field, simplifying the
mechanical implementation. Lenses L;_» are made of high
resistivity Si due to its negligible loss, while L3 is made of
HDPE (¢, ~ 2.3 and tand ~ 3.9x10~* at 300 GHz [18]). For
the Si lenses, a 170 um ParyFree (¢, = 2.3) layer is considered
in the silicon-air interfaces to minimize reflections.

The surfaces and relative positions of Lo and L3 are co-
optimized with the aim of maintaining good performance for
scanning up to 2 degrees. This optimization is implemented
in Zemax [19] and aims to reduce the phase aberrations
in the lower focus of L; taking into account the complete
QO system. Considering standard conic expressions for these

TABLE I
LENS SYSTEM GEOMETRICAL PARAMETERS

Lens  Surface  Radius of curvature (1 /c)  Conic constant (k)
Ll Sl -10 mm 0
Lo S2.1 65.196 mm -3.61
Sa.2 36.106 mm -3.608
Ls S3.1 -125.084 mm -2.871
532 -67.01 mm -0.017
. 1Bttt x
Broadside Orirey .
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[ .’ < Lower
% focus of L,
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Fig. 4. (a) Ray tracing in reception for incident plane waves from broadside
and 2 degrees scanning angles. These plots include the effects of the dual-
reflector system and are extracted using Zemax [19]. (b) CAD model of flexor
based scanning mechanism.

surfaces, as given in eq. (1), their parameters can be found in
Table I. Ray tracing illustration of the optimized lens system
can also be found in Fig. 4(a) for the broadside and maximum
scanning configurations.

c-p?
z =
1+/1—(1+k)-c2-p2
It should be noted that scanning by the movement of a

lightweight free-standing lens (Ls), is suitable for the rapid
beam steering required in the dynamic alignment of PtP links.

(1

C. Scanning mechanism

The motion required for the scanning, that is, the rotation
of Lo from a point 8.5 cm below its surface, is realized
through the flexor-based mechanism depicted in Fig. 4(b).
This mechanical system transforms the vertical movement of
two motors which are positioned along orthogonal planes, into
angular rotation of Ly. Through the simultaneous movement
of these motors, the desired motion of Lo can be implemented
in all planes. The angular rotation that this mechanical system
can reach is 6;;;; < 10 degrees (see Fig. 3), due to the materials
used in the flexors. This is taken into account in the design of
the lens system, ensuring that the specified rotation of Ly is
sufficient to achieve the desired scanning of 2 degrees.

D. Antenna on-chip

To illuminate the described QO system, a dual-polarized
double-slot antenna realized in a 90 nm SiGe-BiCMOS pro-
cess is employed. This AoC achieves wideband operation by
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Fig. 5. (a) Illustration of hyper-hemispherical lens (L1) with micrograph of
the AoC. (b) Simulated secondary patterns of L1 at 290 GHz. (c) Radiation
efficiency and (d) s-parameters. The measurements are extracted in a near-
field setup using an elliptical Si lens to preserve the dynamic range.

radiating through the Si substrate and is integrated with a
hyper-hemispherical Si lens (L) to avoid the excitation of
surface waves. An illustration of this lens antenna and its
simulated secondary patterns are shown in Fig. 5(a) and (b),
respectively. In terms of performance, the radiation efficiency
is around 55 %, with low levels of cross-polarization and
high polarization isolation. The efficiency decomposition and
s-parameters are shown in Fig. 5(c) and (d), respectively,
together with preliminary measurements extracted using an
elliptical Si lens. As noted in [20], 1-1.5 dB of loss in
this AoC is attributed to an on-chip line routing of 800
pm which is required to enable integration with differential
electronic circuits. A detailed description of this lens antenna’s
characterization will be presented in a dedicated contribution.

ITII. SIMULATED PERFORMANCE

To evaluate the QO antenna’s performance, its scanning
capability and the achieved coupling over the radiative near-
field channel, are extracted via simulations. In particular, Fig.
6(a) shows the coupling versus the link distance at 290 GHz
for the actual antenna prototype, which is also compared with
the theoretical values given in Fig. 2(b). It can be seen that the
coupling remains very high for link distances around 100 m.
In turn, the far-field directivity and gain of the QO antenna are
plotted in Fig. 6(b) and (c), respectively, for scanning in the
main planes over a 90 GHz bandwidth. It is worth pointing
out that the scan loss does not exceed 1.1 dB for the desired
scanning range of + 2 degrees (or & 14 beams). Last but not
least, since the system is optimized for a link of 100 m, the
scanned beams at that distance are plotted in Fig. 6(d) and (e)
with the 2D co and cross-polarized field components shown in

Fig. 6(f) for the broadside and the maximum scanning cases.
One can notice that high beam quality is maintained in the
desired scanning range, while the maximum level of the cross-
polarized field component remains low for both the broadside
and scanning scenarios (<-30 dB and <-20 dB respectively).

The results discussed above are extracted by a combination
of Physical Optics (PO) and Geometrical Optics (GO). More
specifically, the scanning lens mechanism (L, and Ls) is
modeled through an in-house multi-GO approach, similar to
that described in [21], whereas L is modeled with a PO tool
and the AoC is simulated using a full-wave solver. In turn, the
offset Gregorian system is simulated in GRASP [22] using PO
and including diffraction effects.

IV. CONCLUSION

We presented a high performance QO antenna system for
medium range wireless links at sub-THz frequencies. The
proposed design incorporates a lens system to realize beam
steering, as well as a wideband and efficient dual-polarized
AoC to facilitate interconnection with on-chip electronics.
Beam steering is realized by rotating a lightweight free-
standing Si lens through the use of a flexor-based mechanism.
This QO antenna concept is well suited for PtP links at 300
GHz and achieves a scanning range of + 2 degrees with a scan
loss of 1.1 dB. Furthermore, the system is optimized for link
distances of 100 m, reaching power spreading loss lower than
1 dB. The spillover and reflection losses of the QO system
are 1-1.5 dB, whereas the ohmic loss in the AoC is about 2.5
dB due to an on-chip routing used to enable integration with
differential circuits. The system’s size is 78 cm x 50 cm x 50
cm including the metallic fixtures and scanning mechanism.
These performance metrics make the proposed QO antenna
a suitable candidate for medium range wireless PtP links at
sub-THz frequencies. The prototype is under fabrication and
will be characterized in the coming months.
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