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Executive Summary

An important part of the TeraGreen project is the development of state-of-the-art dual polarized antennas
in the H-band, 220-325 GHz, that can operate over a very wide spectral RF bandwidth and with high
polarization isolation. The integration of the antenna with the transmitter and receiver chains is also crucial
for achieving overall competitive system performances. This deliverable, D4.1, describes the work done in
WP4 regarding the design and characterization of a dual polarized antenna integrated on the same chip
that the TeraGreen circuits will be developed (See D3.1). The work in this deliverable covers the effort done
in two tape-outs in 2024. The July 2024 tape out in the SiGe BiCMOS-process B12HFC with 90nm
lithography is the first scheduled tape out in the TeraGreen project, the main purpose of this tape out is to
build the foundation for the design of antenna integrated receivers and transmitters working in the H-band
(220-325 GHz) by designing the main building blocks. As a backup, we also designed a similar type of
antenna in the process B11HFC with 130nm lithography, as this process is well established and is also
offering MPW production runs. Multiple versions of the antenna also in terms of frequency operation have
been taped-out to match different bands of operation of the circuits designed in D3.1. To evaluate in detail
the performance of these antennas, several test structures such as baluns, transmission lines and line
transitions have been designed and tested in the different bands. The on-chip antennas were also
integrated with a differential amplifier in the B12HFC tape-out and with entire transmitter and receiver
chains in the B11HFC tape-out.

The proposed TeraGreen antenna is composed by a planar dual-polarized double slot designed on-chip
suited for integration in SiGe BiCMOS. This planar antenna is designed to be fully compliant with the
technology rules. The antenna’s feeding lines are designed to enable integration with differential circuit
topologies, mitigating the need for single-ended to differential baluns and their associated losses. The
simulation results show a -10dB bandwidth of 50% with high isolation (<-50dB) and low cross polarization
(<-20dB). A modified version of the design including parasitic slots is also proposed. This reduces the
cross-polarization level (<-24dB) in the targeted band with a small reduction of the radiation efficiency due
to slightly longer line routing. The planar antenna radiates through the BiCMOS substrate and achieves
high directivity via the use of silicon lens. The total radiation efficiency of the integrated lens antenna
(including spillover and reflection loss at the air-lens interface) exceeds 50% in the bandwidth where the
structure is well matched.

The simulated results from the first two tape outs are summarised in Table 1.

TABLE 1: SUMMARY OF COMPONENTS AND PERFORMANCES

Isolation
(min-max)

Insertion Loss
(min-max)

Bandwidth
(-10dB S11)

Technology

Component

Dual-pol differential antenna for ~155 GHz
B12HFC 250-325 GHz (stand-alone) (207 - 362 GHZ) 1.95-2.5d8 =-52dB
Dual-pol single-ended antenna ~135 GHz 14-18dB )
for 250-325 GHz (stand-alone) (220 - 355 GHZ) ’ )
Transmission line transition (245 >200 GHz
um x 245 um section) (200 - 400 GHZ) 0.28-0.65dB =-58dB
~115 GHz
Marchand Balun for 250-325 GHz (220 - 335 GHz) 1.3-1.8dB -
Single-pol differential antenna for ~155 GHz 13-3.1dB )
190-260 GHz (stand-alone) (153 -310 GHz) ’ ’
Dual-pol differential antenna for ~115 GHz
B11HFC transceiver integration at 170- (157 - 272 GHZ) 2.1-3.3dB <-53.5dB
250 GHz (stand-alone)
Single pol.. dn‘ferentla! antenna ~115 GHz
for transceiver integration at 170- (157 - 272 GHZ) 2.1-3.1dB -
250 GHz (stand-alone)
Dual-pol single-ended antenna ~90 GHz
for 170-250 GHz (stand-alone) (165 - 255 GHZ) 1.45-1.85dB
Transmission line transition (220 >120 GHz
um x 220 um section) (180 - 300 GHZ) 0.23-0.42dB =-58d8B
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1. Introduction

The continuous need for increased capacity and reduced latency in wireless communication networks has
resulted in a significant interest towards Terahertz (THz) frequencies due to the large swaths of unused
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]. An important
requirement for such applications is the capability to support dual polarization. This can be used to boost
the channel’s capacity through polarization multiplexing schemes [3], but requires dual-polarized antenna
solutions with high isolation and low levels of cross-polarization.

1.1 TeraGreen Requirements

This delivery is related to the work done in Task 4.2 Design and characterization of a dual-polarized lens
antennas. An initial study between on-chip and in-package dual polarized antennas was done. Because of
the limited tolerances and single metal layer in the available packaging technology from Infineon, not
sufficient performance for a dual-polarized in-package antenna could be achieved. Dual polarized
antennas realized with a single metal layer as in [4] do not have sufficient isolation and bandwidth to meet
the TeraGreen requirements. Therefore, it was decided to continue with the on-chip solution for the 2024
tape-outs and the final demonstrations. For the on-chip solution, a co-integration of the front-end amplifier
and antenna has been pursued to achieve an efficient high frequency transition. The use of an on-chip
solution allows for the implementation of dual-polarization with high isolation between polarizations
thanks to the availability of multiple conductor layers and via interconnections for realizing two
independent feeding networks. Many examples of dual-polarized antennas done in multi-layer PCBs at
lower frequencies can be found in the literature as reference [5], [6].

The designed antennas in this deliverable target the first TeraGreen demonstration. In deliverable D2.3,
the requirements for this demonstration were defined. Table 2 details the requirements of the dual-
polarized antenna.

TABLE 2. INTEGRATED LENS ANTENNA REQUIREMENTS FOR WIDEBAND MEDIUM-RANGE DEMONSTRATION

Requirement Value

RF BW 50GHz
Polarization Dual
Loss <3dB

Isolation <20dB

1.2 Integrated Antennas at sub-THz frequencies

In the area of THz technology, transceiver implementations suffer from severe challenges including the
active electronics and antennas performance limitations as well as the losses arising from the antenna-
electronics interconnections [7]. In antenna design, the main challenge is maintaining high radiation
efficiency over a wide bandwidth, since generating high output power becomes increasingly difficult at
high carrier frequency [7]. Adhering to this requirement, highly integrated solutions are favoured at these
frequencies to minimize the loss associated with transitions in and out of the silicon chip. A common way
to accomplish this is by integrating the antenna alongside the transceiver on the same chip (antenna on-
chip — AoC). This direct on-chip implementation becomes feasible due to the small antenna dimensions
at THz frequencies and some work has already been reported on dual polarized on-chip antennas at 300
GHz. At these frequencies, most dual-polarized solutions are done with antennas that are integrated on-
chip with direct detectors [5,6]. In these examples, the detector’s size allows its placement very close to
antenna, i.e., in between the double-slot in [8] or in the center of the ring slot in [9] mitigating the need for
long on-chip feeding lines and therefore reducing the overall loss. For antenna integration with transceivers
as targeted in TeraGreen, this is not possible due to the relative dimensions of the antenna and circuit
components [10]. The most relevant solution of a dual polarized transceiver in [11] featured polarization
isolation in the order of -35 dB and levels of cross-polarization between -20 and -15 dB from 210 to 280
GHz.

teragreen.eu Te ra@reen 7
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Whereas efficient AoC designs are very desirable, the metal-dielectric stack of mass production-oriented
silicon-based technologies is highly unfavourable for antenna integration. In typical CMOS or BiCMOS
processes, a metallization stack is formed inside silicon dioxide (SiO2), comprised of a number of copper
or aluminum layers. The vertical thickness of this stack is in the order of 10-15 um depending on the
technology. In advanced processes, optimized for Rf integration, thicker and higher conductivity metals
are available at the top side of the chip which are commonly used for the design of feeding lines, inductors
and antennas [12]. The metal-dielectric stack is grown on top of a thick lossy doped silicon (Si) substrate,
as shown in Figure 1. Unfortunately, the high dielectric constant (g, = 11.9), the low resistivity (10-50 Qcm),
and the thickness (in the order of 200 um) of the silicon substrate mean that it will absorb significant part
of the energy emerging from the antenna, resulting in low radiation efficiencies [13]. This intrinsic
technology limitation leads to two main options for AoC designs described in the following section.

When an antenna is printed on a thick dielectric substrate, it radiates through the substrate with a ratio of
sf/z [14]. To avoid this, one approach is to shield the AoC using a metal layer of the stack [15]. This results
in narrowband operation due to proximity of the radiator with the ground plane (the thickness of the stack
can be smaller than A,£/30 at 300 GHz). Larger bandwidth in this kind of AoC designs can be obtained
through the use of a superstrate [16], [17]. Rather than shielding the antenna from the lossy Si, another
solution is to lap/etch the substrate by realizing membranes [18]. This comes at the cost of technology
complexity and fragility. Wideband on-chip antennas can instead be realized when the antenna layer is not
shielded from the substrate Si. In this approach, the antenna radiates through the lossy Si and needs to be
integrated with a dielectric lens of similar permittivity (&, ;.5 = &.5;) to avoid the excitation of surface
waves at the chip-lens backside interface [8], [9]. This design approach is also pursued for the TeraGreen
antenna. Apart from the wideband and efficient operation, dual polarization is also an important
requirement for communication system since it can either be used to offer better performance against
multipath fading or boost the channel’s capacity through diversity schemes. In this context, the most
relevant work is the dual polarization integrated lens antenna of [9], which suffers from low lens taper
efficiency (>30% up to 360 GHz) and high cross-polarization (maximum -15 dB in the D-plane for 210-280
GHz).

10 mm ‘
Elliptical Matching
; lens e layer
_ 70deg. |

Lens focus /_'Z:_ <BICMOS chip

N

High resistivity Si

Substrate Si

A

-Si0,

Air "2 Antenna

() (8)

FIGURE 1: (A) INTEGRATED LENS ANTENNA WITH ON-CHIP FEED ILLUSTRATION (THE LENS AND CHIP DIMENSIONS ARE NOT TO
SCALE). (B) DUAL-POLARIZED DOUBLE-SLOT ANTENNA FOR DIFFERENTIAL TRANSCEIVER INTEGRATION.

Considering the above, in this delivery we present a dual-polarized integrated lens antenna with high
isolation and low cross-polarization at H-band aiming at state-of-the-art performance. The on-chip feed of
the integrated lens is based on the dual-polarized double-slot proposed in [19], implemented for a
superconductor-insulator-superconductor (SIS) mixer at 550 GHz. Here it is integrated in a 90 nm SiGe
BiCMOS technology and is designed to be fully compatible with differential front ends, thus eliminating the
need for single-ended to differential baluns and their associated losses. A number of parasitic slots are
also placed around the double-slot antenna, similar to [8]. In our case, this is used to enhance the
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directivity at the lower side of the targeted band and reduce the level of cross-polarization. The design is
presented in detailin the next section considering the antenna for the B12HFC (90nm BiCMOS) technology.
Slight modifications performed in this design when implementing this antenna into the B11HFC (130nm
BiCMOS) technology will be described in a following section. Sections 3 and 4 cover in more detail the
components designed for the B12HFC and B11HFC tape-outs, respectively. Section 5 and 6 presents the
experimental characterization.

2. Dual Polarized Double-Slot Antenna in BICMOS

The proposed antenna geometry is depicted in Figure 1. Itis comprised of a pair of double-slots positioned
orthogonal to each other, with each double-slot associated with one linear polarization. Owing to the
structure’s symmetry, exciting the vertical slots at their centres forms a virtual short at the centres of the
horizontal slots [see Figure 2(a)]. This allows the independent excitation of the second double-slot in the
shorted plane and leads to high isolation between the two polarizations [19]. In TeraGreen, this antenna
conceptis implemented in B12HFC and B11HFC BiCMOS technologies. In B12HFC the associated metal
stack is comprised of three thick (M7, M6 and M5) and four thin (M4, M3, M2 and M1) copper layers on top
of a 185 um silicon substrate with a bulk resistivity of 18.5 Qcm, as shown in Figure 2(b). The choice of the
antenna layer, in this case the slot plane, is very much dependent on the employed feeding line topology.
Due to their higher conductivity, the thick metals at the top side of the chip (M7 to M5) 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 to the formation of a thin leaky-wave cavity between the slot plane
and the Si substrate, as explored in [8].

Ar
T Passivation
P
metal
(M,) . 15 pm
tal .
SiO,
Me—rz—r——7—7+ |
Substrate Si ~185 um

(a) (b)

FIGURE 2: (A) ILLUSTRATION OF THE DUAL POLARIZED DOUBLE-SLOT ANTENNA CONCEPT. (B) CROSS-SECTION VIEW OF METAL-
DIELECTRIC STACK IN 90NM SIGE BICMOS PROCESS. FOR CLARITY, THE DIMENSIONS ARE NOT DRAWN TO SCALE AND THE
THIN NITRIDE LAYERS ARE NOT ILLUSTRATED.

To make an AoC design for differential transceiver integration with high efficiency, the antenna-circuit
interconnection must feature low loss. Considering the structure of Figure 1(b), two approaches can be
pursued for feeding the two polarizations, namely feeding them 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 and they will be discussed in the coming sub-sections.

2.1 Technology design rules compliance

Apart from the presence of the lossy substrate, another challenge in designing efficient on-chip antennas
in BICMOS technology is conforming to the strict metal design rules. These prohibit large areas without
any metallization, as well as large areas of solid metal. The procedure of adding material in areas without
drawn shapes is called filling, while that of perforating shapes exceeding a certain size is called cheesing.
For different metal layers of the stack-up there are different density and maximum allowed dimension rules
that need to be fulfilled.

There are two ways to comply to these technology requirements, the simpler is to allow this cheesing and
filling to be performed automatically prior to the fabrication. This is much faster and more straightforward
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from the designer’s point of view, but it implies risks in terms of degrading the performance. For example,
metalfillers close to transmission lines can increase the loss of the SiO2 and lead to different characteristic
impedance than that simulated. Similarly, if cheesing is performed in the slot plane close to the antenna,
the propagation constant of the structure can be modified, leading to changes in the impedance as well
as radiation properties of the slots. To avoid these risks and maintain the closest possible similarity
between the fabricated prototypes and electromagnetic simulations performed, for the antenna of
TeraGreen, the filling and cheesing are carefully controlled by the designer. This results into a structure
thatis fully compliant with the technology rules, without the need for further cheesing or filling. Essentially
this time-consuming process ensured that the sensitive areas of the design (i.e., the antenna itself, the
transmission lines, etc.) maintain as much as possible their desired electromagnetic properties. A more
detailed discussion of this part will be performed in sections 3 and 4 where the designed structures on
chip are also introduced. Here, a brief discussion is performed regarding the metal filling, since its effect
needs to be considered in the design process for the final fine-tuning.

As mentioned above, to satisfy the minimum required density rules, a metal filling comprised of
subwavelength cubes (or patches) needs to be distributed inside the SiO- in areas where each metal layer
is not used. The addition of this metallization results into an effective permittivity higher than that of the
host medium and increases the losses due to the finite conductivity of the metals. To take into account
the impact of the filling in numerical simulation, the dielectric layers that contain this metallization are
replaced by effective anisotropic media. The permittivity and permeability tensors that describe these
media can be extracted through the steps described in [20]. This process is also detailed in the appendix
of [8]. An indicative illustration of a filler unit cell is shown in Figure 3 and its equivalent effective
anisotropic media tensors are given below.

Metals (M6-M1)
[ * conductivities from their
technology manual

SiO,
(&, = 4, tan~0.001)

Si;N,
(& = 6 — 7, tand~0.001)

FIGURE 3: INDICATIVE ILLUSTRATION OF FILLER UNIT CELL FOR METAL M6 TO M1. THE UNIT CELL SIZE IS 6.5 UM X 6.5 UM,
WHILE THE REALIZED FILLER DENSITIES ARE 18% FOR M6, 29% FOR M5, 28% FOR M4-M3 AND 20% FOR M2 AND M1. THE
EQUIVALENT PERMITTIVITY AND PERMEABILITY TENSORS EXTRACTED VIA THE METHOD OF [20] ARE GIVEN BELOW FOR 220GHz.

6.12 0 0 0.93 0 0
s==£0[0 6.12 0], ﬁ=uo[0 0.93 ol
0 0 5.28 0 0 0.88

_ 6.2-107* 0 0 _ 0.051 0 0
SE=[ 0 6.2-10~% 0], S”=[ 0 0051 0 l
0 0 0 0 0 0.042

As can be noticed by the above permittivity and permeability tensors, the addition of the metal fillers can
slightly increase the dielectric permittivity and the losses of the medium. To minimize the impact of the
filling in the radiation properties of the antenna, two different strategies have been attempted.

In the first tape-out (B12HFC), sensitive areas such as the volume over the slots are left empty of fillers.
The density of the filling in the remaining parts is increased beyond its minimum requirement, resulting to
values from 15% to 40% depending on the layer. Figure 4(a) shows a side view of the stratification including
the metal fill for this case. The reason for placing the slot at the top metal (M7 for B12HFC) is justified in
the next section, whereas the infinite high resistivity Si drawn under the substrate represents an integrated
Si lens. This approach guarantees as much as possible the electromagnetic properties of the slots but can
increase the losses due to the high filler density (close to 40% for some layers).
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FIGURE 4: DEPICTION OF DIFFERENT FILLING STRATEGIES FOR THE REGION OVER THE SLOT, WHICH IS POSITIONED AT THE TOP
METAL. FOR CLARITY, THE DIMENSIONS ARE NOT DRAWN TO SCALE AND THE THIN NITRIDE LAYERS ARE NOT SHOWN. (A)
CORRESPONDS TO THE CASE WHERE THE REGION OVER THE SLOT IS LEFT COMPLETELY EMPTY OF FILLERS BUT THE DENSITY
OUTSIDE THE SLOT IS HIGH, WHILE (B) ILLUSTRATES THE CASE WHERE ONLY THIN FILLERS ARE ALLOWED OVER THE SLOT BUT
WITH LOWER DENSITY.

Instead, in the second tape-out (B11HFC) and all the subsequent iterations, a different filling strategy is
employed regarding the slot regions. Namely, thicker fillers (such as M5 in B11HFC or M6 in B12HFC) are
not included over the slot, while thinner fillers are included but only at densities close to the minimum
allowed values Figure 4(b). In this case, the lower density of metal fillers leads to lower loss associated
with these structures and gives more confidence on the modelling process. In fact, it is expected that the
procedure detailed above to model the metal fillers can be less accurate for higher metal densities in the
unit cell. Excluding the thicker fillers over small areas (e.g., the slot width is about 20-30um) is much
easier, given thatthe metal layers in the back end of line have much larger windows in which their minimum
density is enforced by the fabrication process.

It should be noted that for both the B12HFC and B11HFC tape-outs areas are deemed very critical, such
as that between the signal and ground layers of the feeding lines as well as the region where the feeding
line connects to the antenna are left completely empty of metal fillers. Additional details, together with
illustrations of these filling strategies in the final layouts, will be provided in subsequent sections.

2.2 Double Slot Design in Infinite Si

The first step in the design is dimensioning the double slot to achieve a rotationally symmetric pattern that
can illuminate an elliptical silicon lens effectively [21]. For this step, the antenna is simulated full-wave
using MS CST [22] when radiating into an infinite silicon medium. The optimized slot dimensions are L =
283 um, W =18 um and S = 145 um [see Figure 2(a)]. The filling is modelled via an anisotropic medium as
described in the previous section. The resulting patterns in the main planes are shown with dashed lines
in Figure 5(a)-(c) for 250, 287.5, and 325 GHz, respectively. It can be noticed that the patterns feature good
rotational symmetry showcasing the capability of this antenna concept to effectively illuminate a lens with
a truncation angle around 70 degrees. Moreover, two different cases are illustrated through Figure 5,
namely with and without parasitic slots. These correspond to the addition of some features around the slot
which is described in section 2.5. As can be noticed from the following figures, the purpose of this addition
is to increase the directivity in the lower side of the targeted band and to reduce the level of cross-
polarization.
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FIGURE 5: (A)-(C) FAR FIELD PATTERNS OF THE DUAL POLARIZED DOUBLE-SLOT ANTENNA INSIDE INFINITE S| THROUGH EXCITING
THE VERTICAL SLOTS FOR (A) 250, (B) 287.5 AND (c) 325 GHz. THE SOLID LINES CORRESPOND TO THE CASE WITH THE
PARASITIC SLOTS WHEREAS THE DASHED LINES TO THAT WITHOUT. MORE DETAILS OF THIS STRUCTURE CAN BE FOUND IN
SECTION 2.5.

2.3 Antenna Feeding Network in SiGe-BiCMOS

As shown in Figure 6, two approaches can be pursued for feeding the two polarizations, namely feeding
them through the same or via a different layer. In the former case, Figure 6(a), the complete height of the
metal stack can be used, providing more flexibility on the feeding line design. However, since the feeding
of the two polarizations share the same layer and the lines intersect, a feeding line cross-over needs to be
implemented in order to maintain high isolation. A good candidate for this type of feeding is the grounded
co-planar waveguide (GCPW) line shown in Figure 7(a). The CPW part is situated at the top metal (M7)
while the shield is constructed by shunting metals 1 to 4. This combination of the lower metalis performed
to increase the thickness of the shield, making an effective metal which is much thicker than the skin
depth. Note that the metals in the front end of line M4-M1 are relatively thin, namely ~0.2-0.3um.
Depending on the frequency of operation this thickness can be close to the skin depth, which can be about
0.1-0.2um at 250-325GHz. As such, shunting a number of these thin metals together ensures that the
line’s shield will be significantly larger than the skin depth.
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(A) (B)

FIGURE 6: CONCEPT ILLUSTRATION OF DUAL POLARIZED DOUBLE-SLOT ANTENNA FEEDING FOR INTEGRATIONS WITH (A) SINGLE
ENDED AND (B) DIFFERENTIAL TRANSMITTERS/RECEIVERS.

The second option for feeding the structure of Figure 6(b) 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 plane. This configuration inherently features high isolation since the two
lines are separated by a metal layer thicker than the skin depth. Nevertheless, a thinner metal stack is
available for each line, resulting to tighter metal spacing and thus higher line losses. An example of this
type of feeding using the high conductivity copper layers in the BEOL (metals 7 to 5) is shown in Figure 7(b).
There, two microstrip (MS) lines are considered with strips at M7 and M5, sharing their ground plane (M6).

(») (e)

FIGURE 7: CROSS SECTION OF FEEDING LINES IN BICMOS. (A) GCPW LINE WITH THE CPW PART AT TOP METAL (M7) AND
THE SHIELD CONSTRUCTED BY SHUNTING METALS 1 TO 4, (B) MICROSTRIP LINES AT M7 AND M5, SHARING A COMMON GROUND
PLANE (M6).

To assess these two approaches, the feeding lines of Figure 7 are simulated using CST and an estimate of
their losses is presented in Figure 8. These simulations include conductivities and dielectric properties of
the materials in the metal-dielectric stack.
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FIGURE 8: LOSS AND CHARACTERISTIC IMPEDANCE OF GCPW AND MS LINES OF FIGURE 7

Through Figure 8 it can be noticed that both MS lines feature significant loss. Estimating a length of around
600-700 um for routing the output lines of the antenna (assuming a central frequency of 290 GHz), the MS
feeding would result in around 2 and 2.5 dB of loss for the two polarizations respectively. This would drop
the efficiency of the antenna below 60% without considering the remaining loss contributions. To maintain
high radiation efficiency, the best option is to feed both polarizations through the same layer. As shown,
the GCPW line features loss in the order of 1-1.5 dB/mm. The line chosen for this design is one with Wepw
= 3 um and Scpw= 9 um, realizing a characteristic impedance around 65 Q. It should be noted that the
estimation given above for the required routing length (i.e., 600-700 um) corresponds to an antenna with a
central frequency at 290 GHz for the geometry shown in Figure 6(b).

2.4 Feeding Lines Cross-Over

To maintain high isolation between the two polarizations for the structure of Figure 1(b), the cross-over of
the two lines at their point of intersection needs to be carefully designed. Since the GCPW line of Figure
7(a) utilizes all the metal layers of the stack (M7 to M1), 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 um, with the
line width and spacing tuned to preserve the characteristic impedance and minimize reflections in this
transition. 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 depicted in Figure 9, 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.

FIGURE 9: LINE CROSS-OVER AT THE INTERSECTION POINT OF THE GCPW LINES. THE COMMON GROUND PLANE AT THE
CROSSING IS DRAWN IN RED, WHILE THE SIGNAL LINE OF THE MS SECTION IS DRAWN IN BLUE.
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To evaluate the performance of this line cross-over, the structure of Figure 9 is simulated using CST,
including materials losses. The resulting S-parameters are illustrated in Figure 10(a), with the port
numbering corresponding to the one in the inset of Figure 9. The loss of a 100 um line section without any
modification is also plotted for reference. Looking at Sas, it can be noticed that for one polarization the
cross-over is very smooth. This is expected since the cross section of the line barely changes at that case.
For the other polarization the performance is slightly degraded due to the tightly spaced metals in the MS
section, the via connections and the opening of the shield which exposes the signal line to the lossy Si.
However, due to the small length of the transition, this polarization is also well behaved, with Si2 reduced
by about 0.2-0.3 dB. In addition, since at the point of intersection the two signal lines are separated by the
common ground plane at M5, high isolation is preserved between the two polarizations, as seen by Sas. It
should be noted that to maintain the symmetry, the line modification of each polarization is also performed
in the mirrored section of the feeding [see Figure 1(b)].

0 — S, S;4 = = Reference -0
S
0.1 23 -55
IE! ..-.'.-<TT-'.'.:..'.'..T'..T'..'._...'.'..'T.‘.T..'._..:.:.-_...T..T..:-. E
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502 O 60 =
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g :
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-0.5 =75
240 260 280 300 320 34
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FIGURE 10: S-PARAMETERS OF LINE CROSS-OVER SIMULATION, THE PORT NUMBERING CORRESPONDS TO THAT IN THE INSET OF
FIGURE 9.

To evaluate the overall performance of the described feeding network, the dual polarized double-slot
antennais simulated together with its feeding lines [Figure 1(b)]. The resulting far field patterns are plotted
for 250 and 325 GHz in Figure 11(a) and (b). The dashed and solid lines correspond to the structure with
and without the feeding respectively. Their similarity indicates the very low radiation of the GCPW feeding
lines. The depicted patterns refer to the vertical polarization since it is the one which experiences worse
behaved transition. To maintain symmetry, the line modification of each polarization is also performed in
the mirrored section of the feeding, as mentioned above. Figure 11(c) illustrates the matching and cross
coupling for the antenna including the feeding network. The solid line shows the reflection coefficient of
the antenna without the feeding for reference, normalized to an impedance of about 78 Q with the
imaginary part (around 30 Q) tuned out in post process. The impedance choice is driven by the double slot
geometry and is optimized to achieve both rotationally symmetric patterns as well as relatively low levels
of cross polarization. Connecting the GCPW to the slot modifies its stand-alone impedance by about 10
Q. As such the dashed lined of Figure 11(c) and (d) are obtained for a GCPW line of about 65 Q with the
imaginary part being tuned out by a short stub of 40 um. While the addition of the parasitic slots described
in the following section slightly changes the antenna input impedance and thus shifts the matching
frequency, no tuning is implemented since the structure remains well matched in the examined frequency
range. As illustrated both structures feature a -10dB matching bandwidth of 215-365 GHz (50% for fc =
287.5 GHz).
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FIGURE 11: (A), (B) FAR FIELD PATTERNS OF THE DUAL POLARIZED DOUBLE-SLOT ANTENNA OF FIGURE 6(B) INSIDE INFINITE SI
THROUGH EXCITING THE VERTICAL SLOTS FOR (A) 250 AND (B) 325 GHz. THE DASHED AND SOLID LINES CORRESPOND TO THE
CASE WITH AND WITHOUT THE FEEDING RESPECTIVELY. (C) REFLECTION COEFFICIENTS, WITH AND WITHOUT FEEDING, AND
CROSS (CX) COUPLING FOR ANTENNA. PORT 1 AND 2 CORRESPOND TO THE V- AND H-POLARIZATIONS INDICATED IN Fi1G.1.

2.5 Ground plane parasitic slots

In all previous sections, the slot ground plane and silicon medium have been considered to be infinite.
However, an important parameter for AoC designs is the area occupied on the chip which is directly
associated to the manufacturing cost. Whereas the previous double slot antenna encloses an area of only
285 x 285 um, the antenna radiation will be affected by both the truncation of the ground plane and the
silicon when is manufactured in the BiCMOS process [see Figure 12(a)]. To define the required chip silicon
area in order to avoid a strong effect, we consider a 185 um thick substrate and that the majority of the
radiation is confided to a = 2x70 degrees solid angle (see Figure 11). Therefore, a chip area of 950 x 950
um with the antenna positioned at its centre will ensure the power launched above 70 degrees would
impinge on the silicon-air interface at the chip’s sides. To further reduce possible truncation effects, it is
desirable to increase the directivity of the proposed antenna concept, particularly at lower frequencies. As
was explored in [8], this can be achieved through adding parasitic slots close to the radiating slots. Such
parasitic slots are also introduced in the TeraGreen design. Their dimensions are tuned in order to increase
the directivity at lower frequencies and reduce the cross-polarization level. The resulting antenna concept
is illustrated in Figure 12(b) where the dual polarized double-slot is unchanged. One additional advantage
of these parasitic slots is that they facilitate conforming with the metal density rules in the slot plane,
which does not allow large areas and high density of metallization.
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FIGURE 12: (A) CLOSE-UP ILLUSTRATION OF CHIP-LENS INTEGRATION (DIMENSIONS NOT TO SCALE). (B) DUAL POLARIZED
DOUBLE-SLOT WITH THE PARASITIC SLOTS.

To illustrate the directivity and cross-polarization level improvement of the parasitic slots, the far field
patterns of the antenna in infinite Si are plotted in Figure 5(a)-(c) for 250, 287.5 and 325 GHz respectively.
These patterns are simulated in infinite Si, correspond to the dimensions given in Figure 12(b) without the
feeding network. These simulations take into account the effects of the metal filling resulting from the
BiCMOS technology metal density rules. This is performed via the process described in section 2.1. In
terms of the pattern quality, it can be noticed that the parasitic slots mainly impact the lower frequencies.
In addition, good rotational symmetry can be observed in the main planes showcasing the capability of
this antenna to efficiently illuminate a lens with a truncation angle around 70°.
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FIGURE 13: (A) FAR FIELD OF THE ANTENNA OF FIGURE 1(B) INSIDE INFINITE SI (PoL. V) FOR 290 GHz. (B) REFLECTION
COEFFICIENTS AND CROSS (CX) COUPLING. IN (A) AND (B) THE DASHED AND SOLID LINES CORRESPOND TO THE CASE WITH AND
WITHOUT THE FEEDING RESPECTIVELY. (C) DECOMPOSED RADIATION EFFICIENCY IN INFINITE SI.
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To evaluate the overall performance of the antenna concept, the dual-polarized double-slot, including the
parasitic slots, is simulated together with its feeding (Figure 1b). The resulting far field patterns are plotted
for 290 GHz in Figure 13(a). The dashed and solid lines correspond to the structure with and without the
feeding respectively. The depicted patterns refer to the vertical polarization since it is the one which
experiences the worse behaved line cross-over. The matching and cross coupling of the antenna are
illustrated through Figure 13(b) while the radiation efficiency in infinite Si is plotted in Figure 13(c). As
shown the antenna features a -10 dB matching bandwidth of 215-365 GHz (50% at the central frequency
fc = 287.5 GHz). As such it covers the 250-320 GHz band with reflection coefficients (S11, S22) below -15
dB and a cross coupling (S12) lower than -50 dB. In the same frequency range, the radiation efficiency is
higher than 58%, without yet including the spillover and reflections in the lens.

2.6 Integrated Lens Antenna

To mitigate the excitation of surface waves, antennas that radiate through thick substrates can be
integrated with dielectric lenses. These lenses also increase the directivity by focusing the radiation of the
on-chip feed. In turn, this enables integrated lens antennas to efficiently illuminate larger quasi-optical
components, such as reflectors, making them attractive feed solutions for applications like point-to-point
backhaul links at 300 GHz [23]. In this section, we consider the dual-polarized double-slot described in
section 2.5 integrated with an elliptical lens. As shown in Figure 1(a), the lens is made of high resistivity Si
and is coated with a quarter-wave (at 290 GHz) matching layer to minimize reflections at the air-dielectric
interface. For the matching layer’s permittivity value we use &, y;, ~2.62 (corresponds to the permittivity of
Parylene c) and its thickness is chosen as quarter-wave at the central frequency. The performance of this
integrated lens antenna is obtained through combining full-wave simulations of the dual-polarized double-
slot (including its feeding and parasitic slots) with geometrical and physical optics techniques. Due to the
relatively broad patterns of the antenna radiating into an infinite silicon medium [see Figure 13(a)], the
truncation angle of the lens is chosen as 70°, its lower focus is positioned 50 um below the slot plane (M7)
and its diameter is 1 cm [see Figure 1(a)]. This diameter choice can change depending on the desired
application without impacting the antenna’s efficiency. To assess the integrated lens antenna
performance, its radiation efficiency is shown in Figure 14(a) with Figure 14(b) depicting the integrated lens
efficiencies and Figure 14(c) showing the simulated directivity and the realized gain. The lens simulations
were done using an in-house physical optics code, similar to that of [24].
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FIGURE 14: (A) RADIATION EFFICIENCY DECOMPOSITION OF INTEGRATED LENS ANTENNA, (B) EFFICIENCIES OF INTEGRATED
LENS AND (C) SIMULATED DIRECTIVITY AND REALIZED GAIN.
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As can be noticed, the designed double-slot antenna is able to efficiently illuminate the integrated lens
over the targeted bandwidth. More specifically, in the 250-320 GHz range, the taper efficiency exceeds
94% with relatively high spillover efficiency, resulting in an aperture efficiency of the elliptical lens larger
than 80%. The overall radiation efficiency of the integrated lens antenna is higher than 53% in this 70 GHz
band and remains higher than 50% for a 135 GHz bandwidth (215-350 GHz). It is worth noting that the
black curve in Figure 14(a) accounts for the back-side radiation through the front-to-back efficiency,
Prad,Si / (Prad,Si + Prad,air). This efficiency is calculated to be in the order of 95%, in line with what has
been reported in similar on-chip designs, e.g., [8].

The addition of the parasitic slots described in the previous sections results in slightly lower radiation
efficiency (~5% reduction in simulations), since it entails a longer routing of the feeding lines and thus
higher loss. However, they have an important advantage: a reduction of the cross-polarization level. To
assess the cross-polarization level of the integrated lens dual polarized antenna, its far field is plotted in
Figure 15. Figure 15(a) shows a reduction of the cross-pol level at 290GHz. Instead, Figure 15(b) presents
the maximum level of the cross-polarized component vs frequency for the antennas with and without the
parasitic slots. It can be noticed that, except for frequencies at the lower end of the impedance matching
bandwidth (215-230 GHz), the parasitic slots reduce the maximum level of cross polarization, bringing it
below -24 dB in the 250-325 GHz band.
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FIGURE 15: (A) FAR FIELD OF INTEGRATED LENS ANTENNA (PoL. V) FOR 290 GHz, FOR ANTENNA WITH (SOLID) AND WITHOUT
(DASHED) THE PARASITIC SLOTS. (B) MAXIMUM VALUE OF NORMALIZED CROSS POLARIZED COMPONENT.

3. Prototype and Characterization

To evaluate the proposed antenna's performance, a prototypes have been fabricated for a central
frequency of 290 GHz implemented in a 90 nm technology (B12HFC) from Infineon Technologies. In this
case, the feeding of the dual-polarized double-slot antenna is adapted for differential circuit integration
(as shown in Figure 6(b)). This antenna on-chip is integrated with a high-resistivity elliptical Si lens with a
diameter of 1 cm and a truncation angle of 70 degrees. The antenna’s phase centre is aligned with the
lower focus of the ellipse. To minimize reflections at the Si-air interface, a 170 um Paryfree layer (g, = 2.9)
is added on top of the lens. This lens antenna prototype is shown in Figure 17.

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 pm
between the antenna phase centre and the focal point of the lens. To meet the handling requirements of
this setup, the chip is glued to a 4.2mm x 4.2mm x 0.5mm high resistivity Si (p > 1 kQ) 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 Figure 16(b).
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FIGURE 16: (A) CONCEPT ILLUSTRATION OF PROPOSED LENS ANTENNA. (B) TOP AND BOTTOM VIEW OF THE ANTENNA
PROTOTYPE. (C) ON-CHIP ANTENNA FOR INTEGRATION WITH DIFFERENTIAL CIRCUIT.

3.1 Setups and calibration procedure

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 Figure 17(a). To bring the reference
plane on the chip, a Through-Reflect-Line (TRL) calibration is performed using on-chip structures, as in
[28]. Micrographs of these calibration features are shown in Figure 17(b) for the 90 nm process. 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 Qcm) of 1 mm thickness. This resembles a semi-infinite Si region,
allowing for accurate characterization of the antennas.
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FIGURE 17: (A) PROBE STATION SETUP. (B) ON-CHIP CALIBRATION STRUCTURES IN 90 NM SIGE-BICMOS (THRU-REFLECT-
LINE AND LOAD).

Regarding the radiation properties of the lens antenna, these are extracted in the near-field measurement
setups depicted in Figure 18. In both cases, one extender is mounted on a CNC mechanical scanner and
connected to an open ended waveguide probe (Figure 18(a)) or a horn antenna (Figure 18(b)). This enables
planar measurements of the radiation emanating from the lens. On the other side of the setup, the antenna
under testis 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 CNC machine from impacting the
stability of the RF probe landing, as in [29]. Since the lens antenna is fed from the back-side, the radiation
propagates downward, presenting two options for the antenna characterization.
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One option requires the use of 90 degree waveguide bends to bring the measurement plane close to the
lens aperture, as in Figure 18(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 degree mirror (Figure
18(b)), similar to the approaches employed in [29]. 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 Figure 18(b).

Microscope
Jsrne—rg

scanner

Horn
Mirror antenna

FIGURE 18: OVER THE AIR NEAR-FIELD MEASUREMENTS SETUPS WITH: (A) OPEN ENDED WAVEGUIDE PROBE AND 90 DEGREES
BENDS, (B) 45 DEGREES MIRROR AND A HORN ANTENNA.

To bring the reference plane on the chip in the radiation 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 Figure 16(b). It should be emphasized 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.

3.2 Measured performance

To enable the characterization of the differentially fed antenna using GSG probes, the differentially fed-
antenna is integrated with an on-chip 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 Figure 19(a). The balun’s
measured amplitude and phase imbalances are lower than 1.8 dB and 4 degrees 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 [30].

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;,) are plotted
in Figure 19(c) with respect to the reference plane of the balun, while Figure 19(b) 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 portisolation 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
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to the balun imbalances, which are higher than simulated above 290 GHz [30]. Recognizing these aspects,
the measured isolation is below -37 dB until 300 GHz and remains lower than -33 dB up to 325 GHz.
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FIGURE 19: (A) MICROGRAPH OF THE DUAL-POLARIZED DOUBLE-SLOT ANTENNA IN 90 NM SIGE-BICMOS. (B), (C) SIMULATED

(DASHED) AND MEASURED (SOLID) S-PARAMETERS OF THE ANTENNA ON-CHIP, WITH RESPECT TO THE (B) ANTENNA AND (C)
BALUN REFERENCE PLANE.

Regarding the radiation properties of the differentially fed antenna, the setup of Figure 18(a) is used to
extract the co-polarized component, while that of Figure 18(b) is used to extract the cross-polarized
component. The resulting far-field patterns are plotted in Figure 20(a), (b) for both polarizations, derived
through a Fourier transform of the near-field measurements. Very good agreement can be observed when
compared to the simulated results.
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ANTENNA.
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To conclude, in this deliverable, we have presented the design and characterization of a dual polarized
antenna realized in the B12HFC technology. The antenna has a bandwidth of operation from 210GHz to
300GHz, more than 50GHz, and an isolation better than -20dBs as needed for the TeraGreen project. The
s-parameters and radiation properties of dual polarized antenna have been fully characterized with
excellent agreement with simulations. The antenna prototype is validated in terms of its wideband
performance, low cross-polarization, and radiation efficiency.
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