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Abstract—We report planar 200-GHz transmitter and receiver
modules for high-frequency, high-capacity wireless transmission.
The modues were used for 8-Gbaud 16QAM data transmission
(32Gb/s) over 7.1 m, featuring 13.4% RMS EVM on a link
with 10.4dB added attenuation. The modules are compact and
highly integrated, with only a passive antenna substrate and a
single transmitter or receiver integrated circuit (IC) providing
the transmitter and receiver radio-frequency (RF) front-end
functions, avoiding the size and cost of machined waveguide inter-
faces. The transmitter module contains a single indium phosphide
(InP) IC, with (I,Q) baseband inputs, frequency upconversion,
and a power amplifier (PA), and it is wire-bonded using a wedge-
bonder to a passive fused silica antenna substrate that carries a
22 patch antenna array and an impedance-matching network
that matches the transmitter IC to the combined impedances of
the antenna array and the IC-antenna wire-bond. The antenna
radiation pattern has a beamwidth designed to couple efficiently
to external polytetrafluoroethylene (PTFE) lenses having a 0.56
numerical aperture. The receiver module is similar. The trans-
mitter module has a measured +25° beamwidth in the E-plane
and H-plane, a measured peak equivalent isotropic radiated
power (EIRP) of 24 dBm, with the EIRP remaining greater than
19 dBm over 200-218 GHz. The receiver module has 29.4 dB peak
conversion gain with 3-dB bandwidth of 14 GHz (from 194 to
208 GHz).

Index Terms—Antenna, heterojunction bipolar transistor
(HBT), glass, indium phosphide (InP), mm-wave, patch antenna,
quartz, receiver, transmitter.

I. INTRODUCTION

HE 100-300 GHz frequency range has potential applica-
tion in high-capacity, short-range backhaul data transmis-
sion links. The wide available bandwidths can support high
modulation symbol rates, and hence high per-channel data
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rates. Additionally, because the wavelengths are short, even
compact line-of-sight multiple-input multiple-output (MIMO)
arrays can support many simultaneous independent signal
beams, further increasing the transmission capacity [1]-[4].

These links require RF front-end modules interfacing the
transmitter and receiver integrated circuits to high-frequency
antennas. There has been extensive development of D-band
(110-170 GHz) transceiver modules [5], including designs
using simple ball-bonded wirebonds to printed-circuit-board
(PCB) antennas [6]-[8], membrane interfaces to waveguide
[9], and ICs flip-chip bonded to interposers carrying anten-
nas [10]-[15]. Printed circuit boards and interposers can be
fabricated from low-¢, materials, which permits the design of
antennas having high radiation efficiency.

The higher frequency 140-220 GHz (G-band) and 220-
330 GHz (WR-3 waveguide) bands offer further increase in
bandwidth and further reductions in required MIMO array
lengths [16], [17]. In the modules reported in [18]-[26],
the transceiver ICs are directly interfaced to the waveguide
through wire bonds. 100-300 GHz waveguide interfaces re-
quire precisely controlled dimensions, hence these are expen-
sive to machine, particularly if the transmitter and receiver are
each assembled from multiple ICs, each packaged in a separate
waveguide module.

An alternative is to use antennas fabricated on the
transceiver ICs themselves (i.e., antenna-on-chip), including
designs reported in D-band [27], [28], at 240 GHz [29], and
at 300 GHz [30]. The high dielectric constants (¢;) of III-V
and silicon semiconductor substrates can result in most of the
antenna radiated power coupling into dielectric slab modes
of the IC substrate, with consequently low antenna radiation
efficiency. Refractive-index-matched hemispherical or hyper-
hemispherical lenses placed on the IC back substrate [31] can
improve the efficiency of on-chip antennas. Furthermore, an
antenna array on the chip having +25° beamwidth would con-
sume =~ A\}/2 die area (~ 1.0mm? at 200 GHz), significantly
increasing the cost of the system.

Here, we report 210-GHz transmitter and receiver modules
using planar packaging to avoid waveguide interfaces and
their associated machining costs (Fig.1). In these modules,
the InP heterojunction bipolar transistor (HBT) [32] direct-
conversion transmitter and receiver ICs are connected, by wire
bonds, to 2 x 2 microstrip patch antenna arrays on fused silica
(FS) substrates. Shown in Fig. 1(c), the antenna arrays are
designed to be coupled to external PTFE lenses that have
50mm diameter and 37.5mm focal length (NA = 0.56),
featuring 40.4 dB aperture directivity if uniformly illuminated.
For efficient coupling, the 3-dB beamwidth of the antenna
array (6,n,) is designed to be less than the lens acceptance angle
Btens = 2 arctan(25 mm/37.5 mm) = 68°. The 50-um antenna
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Fig. 1. Block diagrams for the (a) transmitter and (b) receiver modules.

The InP HBT transmitter and receiver ICs are wire-bonded to 2 X 2 patch
antenna arrays on fused silica substrates. (c) The 2 X 2 patch antenna arrays
are coupled to external PTFE focusing lenses with 37.5 mm focal length and
50 mm diameter.

substrate and the low dielectric constant (i.e., ¢, = 3.8) both
reduce the coupling of the antenna radiation into dielectric
slab modes.

This paper addresses antenna design (SectionIl) and fab-
rication (SectionIII), three-dimensional (3D) electromagnetic
design and modeling of the IC-antenna interface (Section V),
and transmitter and receiver performance measurements (Sec-
tion VI). The design and performance of the InP ICs have
been previously reported [33]-[35], and therefore, here we
only briefly review their performance to use their data for
designing the IC-antenna interface and as a reference for
module results (SectionIV). Data transmission experiments
using these modules have been reported in [36], which is
briefly discussed in (Section VI-C). This paper is concluded
in Section VII.

II. 50-Q-MATCHED 2x2 PATCH ANTENNA ARRAY

Microstrip patch antennas are planar, compatible with
monolithic microwave integrated circuit (MMIC) technology,
and inexpensive to fabricate [37], [38]. However, their rela-
tively low efficiency, spurious feed line radiation, and very
narrow frequency bandwidth (a few percent) are challenges
at mm-wave frequencies [38], [39]. Fig.2 shows a 210-GHz
patch antenna realized on a 50-um-thick FS substrate with
€ ~ 3.8. The metal is a 200-nm thick Au layer with a 4-nm
thick Cr adhesion layer between the Au and the FS substrate.
There are four main considerations for the design of patch
antennas [38]:

1) The metal (patch) thickness should be very small com-
pared to the free-space wavelength (t < Ag).

2) Substrate thickness (h) should be a very small fraction
of \g, often 0.003)\g < h < 0.05).

3) The patch length (Lp) is approximately half of the
wavelength in the dielectric (\g = \g/€>).
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Fig. 2. Microstrip patch antenna on fused-silica substrate. Design parameters
are € ~ 3.8, h = 50 um, and ¢t = 0.2 pm.

4) The patch width (Wp) can be estimated as

c | 2
Tf() Er+1’ (])

where ¢ is the free-space speed of light, and fy is the
antenna resonant frequency.

For an FS substrate with ¢, = 3.8 at 210 GHz, we have \g =
1.43mm and Ay = 0.73 mm. This leads to Wp ~ 0.46 mm and
Lp =~ 0.34 mm. Furthermore, the substrate thickness should
be between 4.3 um and 71.5 um. Thick substrates with low
dielectric constant often provide greater antenna efficiency
and bandwidth [38], [39]. Nonetheless, the main challenge of
using thick substrates is strong coupling of microstrip lines to
surface wave modes, which results in strong feed line radiation
(SectionII-B), which can then degrade the antenna radiation
pattern and efficiency. In this work, we used an FS substrate
with 50 um thickness, as this was the thinnest commercially
available substrate, thinner substrates being extremely fragile.

WP%

A. Slotted Patch Antenna

The fractional bandwidth of a simple rectangular patch an-
tenna (Fig.2) is low [37]-[39], potentially limiting the overall
bandwidth of the receiver and transmitter modules. At RF and
microwave frequencies, patch antennas on multilayer PCBs
have achieved over 35% fractional bandwidth by employing
wideband techniques such as aperture coupling and differential
L-probe feeding [40]-[42]. Slotted patch antennas have also
demonstrated wider bandwidths than simple rectangular patch
antennas [43]-[45]. Considering the high cost and logistics of
building antennas on multilayer PCBs, we report a similar
design to [43]-[45] here, but at a much higher frequency
(210 GHz), and with a relatively thick substrate (h = 0.068\q).

Fig.3 shows the design of the 210-GHz slotted patch
antenna. Two slots, located at L; and L, from the symmetry
line of the patch, are introduced in the structure to increase
the bandwidth. D, and D, represent the depths of the first
and second slots, respectively. Each slot creates an additional
resonance in the input impedance (Zj,), and with appropriate
design can extend the frequency range over which the input re-
flection coefficient (S;) is better than —10 dB. Fig. 4 presents
the simulated performance of a slotted patch antenna, with
dimensions shown in Fig. 3, and of a simple rectangular patch
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Fig. 3. 210-GHz slotted patch antenna on a 50-pum fused-silica substrate.
Design parameters are Wp = 428 uym, Lp = 342 pum, L} = 25pum, L, =
150 pm, Dy = 60 pm, and D, = 155 pm.
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Fig. 4. Comparison between the simulated (a) input impedance (Z;,) and (b)
S11 of a rectangular patch antenna (with Wp = 400 um and Lp = 320 pm)
versus its slotted counterpart shown in Fig. 3. Reference impedance is 239-2,
which is the input impedance of the rectangular patch antenna at 210 GHz.

antenna, with Wp = 400 um and Lp = 320 um. Both antennas
have a 210 GHz center frequency, and the optimal dimensions
for both antennas were selected by extensive automatic layout
optimization in Keysight ADS. The rectangular patch antenna
has an input impedance of about 239 €2 at 210 GHz. Assuming
a 239-Q reference impedance, Fig.4 shows that the slotted
antenna has a wideband S}, response, and given that purely
resistive impedances can be transformed over broad band-
widths, the slotted antenna can be matched over a bandwidth
comparable to that, over which it shows a good reflection
coefficient given a 239-Q) impedance normalization.

B. Feed-Line Radiation

In patch antennas (Fig.2), a greater vertical separation
between the antenna and the ground plane (h) results in greater
antenna fractional bandwidth [38]. Unfortunately, for antenna
feed network and the microstrip feed lines between antenna
elements in a patch array, a greater h also results in higher
coupling to the substrate dielectric slab modes [38], [39],
[43]. This results in both greater feed network losses and
greater parasitic feed line radiation, the latter degrading the
array radiation pattern [38], [39], [43]. In patch antenna arrays
implemented in multi-layer interposers and PCBs, the ground
plane under microstrip feed lines can be placed only a small
vertical separation away from the microstrip signal conductor,

(b)

45 -45

(@) =

.
-45 v
¢
]
[l
|
[}
A

y
0.2 '
\\\ v
.90 \\\ 0 | 90 -90
> !

~7 ’

45

90

210 GHz 30 210 GHz
— ®=0° cut — ®=0° cut
=== ®=90° cut ===- ®=90° cut
-135 135 -135 135
-180 320pm -180 320pm
R e
16um : e 400pm 400pm
/ 264um /
Zn=50 Q Z,=239 Q
Radiation Eff. @ 210-GHz: 86% Radiation Eff. @ 210-GHz: 94%
System Eff. @ 210-GHz: 83.6% System Eff. @ 210-GHz: 58.1%
Maximum Gain: 5.99dB Maximum Gain: 6.09 dB

Fig. 5. Radiation patterns, antenna characteristic, and layouts of (a) 50-Q2-
matched and (b) unmatched patch antennas on a 50-pm-thick fused-silica
substrate. Matching to 50-€2 using the series microstrip line reduces the
radiation efficiency from 94% to 86%, and radiation from the series line
distorts the radiation pattern.

for small feed network losses, while the ground plane under
the patch antenna can be placed at a larger vertical separation,
for large antenna bandwidth [43]. This design strategy is,
unfortunately, not feasible for an antenna array design using
single plane of dielectric.

For the antenna arrays used in this work, the fabrica-
tion process offers only limited features, with only a sin-
gle plane of dielectric having a ground plane below and
one layer of patterned conductor above. Through-substrate
vias are not available, nor are thin-film resistors or metal-
insulator-metal capacitors. Impedance matching networks on
the antenna substrate can therefore only use series microstrip
lines and shunt open-circuit stubs. The large vertical distance
between the microstrip signal line and the ground plane (i.e.,
h = 50um = 0.068\y) results in significant coupling to
the substrate dielectric slab modes, with associated feed-line
radiation, particularly if transmission lines are wide. Wide mi-
crostrip lines (W > 30 um) have particularly high radiation,
and should be be avoided if possible. This narrows the choice
of matching elements to high-Z, transmission-lines and open
stubs, seriously constraining the design.

To illustrate the effect of feed-line radiation, even for narrow
lines, Fig.5 compares the performances of 210-GHz patch
antennas, on a 50-pum thick FS substrate, with and with-
out series-line impedance-matching networks. The matched
antenna employs a A,/4 series line section (with 264 um
length and 16 pum width) for impedance matching to 50 (2.
Feed-line radiation tilts the H-plane pattern of the matched
antenna (Fig. 5(a)), and therefore the radiation efficiency of
the matched antenna (86%) is lower than that of its unmatched
counterpart (94%).

Consequently, to minimize the beam tilt, maximize the
radiation efficiency, and minimize the reflection coefficient,
the feed network and patch antenna array were co-designed
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Fig. 6. (a) Layout and (b) photograph of the 50-2-matched corporate-fed 2x2 series patch-antenna array on a 50-pm thick fused-silica substrate. This array,
a test structure, is contacted at the left with a ground-signal-ground (GSG) mm-wave wafer probe; Aq/4 microstrip open-circuit radial stubs provide a low
impedance to ground at the substrate top surface for the wafer probe ground pins.

and optimized using the FEM engine in Keysight RFpro.

C. 2x2 Series Patch Antenna Array

The transmitter and receiver patch antenna arrays were
designed to couple to external PTFE lenses having 50 mm
diameter and 37.5 mm focal length. The associated numerical
aperture is NA = sin(f) = 0.55, where § = 34° is
the maximum half-angle of the cone of radiation that can
pass through the lens. The 2x2 array (Fig.6) was therefore
designed for 3-dB beam-widths smaller than +34° in both E-
plane and H-plane. If uniformly illuminated, the associated
lens aperture directivity would be 40.8 dB. Nevertheless, the
realized aperture directivity will be smaller than this because
the antenna radiation into the lens is not uniform over the lens
cross-section.

Three versions of the 2x2 antenna array were designed and
fabricated. The first of these (Fig.6) was designed to allow
measurements of antenna gain, reflection coefficient, and beam
pattern. The array has an input network providing a 2:1 power
split between the two rows of antennas, while matching the
input impedance to 50 €2. The antennas in the second column
are connected in series with those in the first column, and the
spacing between the antennas in both directions is approxi-
mately A\o/2 at 210 GHz. This test array interfaces to a 50
system through mm-wave wafer probes. Consequently, given
the absence of through-substrate-vias, Aq/4 microstrip open-
circuit radial stubs provide a low impedance to ground at the
substrate top surface for the wafer probe ground pins. Similar
antenna arrays were subsequently designed and fabricated for
the transmitter and receiver modules.

Fig. 7(a) shows the gain and return loss of the 50-{2-matched
corporate-fed 2x2 patch-antenna array versus the frequency.
While the measured S;; is better than —10dB over more
than 40-GHz bandwidth, the 3-dB (gain) bandwidth is about
20 GHz (192-212 GHz), with peak gain of 8.1 dB at 200 GHz.
The measured peak gain (at 200 GHz) is 2dB less than the
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Fig. 7. 50-Q-matched 2x2 patch-antenna array results: a) simulated and
measured gain and Sj; vs. frequency, and (b) simulated gain versus 6 for
¢ = 0° and 90° cuts. 0° cut refers to the X-axis defined in Fig.6 (the H-
plane), whereas 90° cut refers to the Y-axis (the E-plane).

simulated peak gain at 210 GHz. The discrepancy could be a
result of fabrication tolerances, EM-simulation inaccuracies,
or measurement inaccuracies. Fig.7(b) shows the simulated
radiation pattern at 210-GHz, as a function of angle 6, for the
E-plane and H-plane cuts. Measured radiation patterns will be
shown subsequently for the transmitter and receiver modules.

III. PATCH ANTENNA ARRAY FABRICATION

We briefly describe the antenna fabrication process so
that the results can be reproduced. Antennas were fabricated
on 50-um thick fused-silica substrates. The 1cm by 1cm
substrates, too fragile to clip directly onto an evaporator platen,
were taped to a carrier substrate before depositing backside
and frontside metallization (4-nm Cr/200-nm Au alloy) by
E-beam evaporation. The substrates, too thin for the focal
depth adjustment range of lithography systems available to
us, were mounted to Si carriers prior to lithography. UV-6.08
photoresist was spun on the Si carrier as an adhesive, and
the substrate was then placed onto the resist-covered carrier.
After 1 minute at room temperature, the sample was baked at
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100 degrees Celsius to wick away excess resist between the
carrier and the substrate. The attachment resist had sufficiently
uniform thickness for the optical lithography system to focus
over the full area of the FS sample. The topside metal
(antennas, feed network, matching network) was patterned by
argon ion milling masked by photoresist (AZ5214 with an
hexamethyldisilazane (HMDS) adhesion layer); a fluorine etch
removed resist residue. The substrates were demounted from
the Si carriers using N-methylpyrrolidone (NMP) followed
by isopropyl alcohol (IPA)/ACE/IPA cleaning. To dice the
lcm by lcm substrates into individual antenna arrays, the
substrates were then remounted on Si carriers using Crystal
Bond 509 clear adhesive. The antennas were then diced using
2187-4C-22RU-3 blades with a 53-mm flange. Chipping of
the substrate edges during dicing made the dicing street width
(the distance between the edge of substrate and the antenna
bond pads) inconsistent, but this distance was approximately
100 4+ 50 um. Samples were then demounted using NMP
followed by IPA/ACE/IPA.

IV. INP RECEIVER AND TRANSMITTER ICs

The InP transmitter and receiver ICs have been reported in
detail in [33]-[35]. Below, we summarize the key IC design
and performance features relevant to the design of the IC-
antenna interface (Section V).

A. 200-GHz InP Direct-Conversion Transmitter

The 200-GHz direct-conversion transmitter is presented
in Figs.1(a) and 8(a). It consists of an 8:1 local-oscillator
(LO) frequency multiplier, a phase-shifter, a quadrature phase
splitter, an /-Q upconversion mixer, a pre-driver, and a PA.
The 8:1 frequency multiplier uses three cascaded push-push
frequency doublers [33]. The phase-shifter employs an I-Q
vector modulator in its core and is deployed in the LO path
(as opposed to the RF path) to make the IC performance less
sensitive to the bandwidth and linearity of the phase-shifter
[33]. A Lange coupler splits the LO into two phases, and gain
blocks in the LO and RF paths are realized using cascaded
common-base (CB) amplifiers [33]. The up-conversion mixer
consists of two double-balanced (Gilbert cell) mixers; the /
and Q port bandwidths are about 20 GHz [33].

The PA employs four capacitively degenerated CB stages
and in simulation provides 20dB gain and 50 mW saturated
output power (FPg) at 200 GHz. The design is similar to
[35], except that 2:1 less power-combining is used. As shown
in Fig.8(b-e), in measurements, the transmitter IC shows a
peak conversion gain of 34dB at 200 GHz, and the 3-dB
bandwidth is about 20 GHz. The measured output power at
1-dB compression point (Poy.14g) for fro = 207GHz is
approximately 11dBm, and Py, is 14-16.5dBm over 190-
210 GHz.

B. 200-GHz InP Direct-Conversion Receiver

Shown in Figs. I(b) and 9(a), the receiver IC uses the
same LO frequency multiplier chain as the transmitter. The
low-noise amplifier (LNA) uses three cascade capacitively-
degenerated CB stages [33], [34]. Similar to the transmitter
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Fig. 8. 200-GHz transmitter IC: (a) chip photo, (b) conversion gain vs. output
frequency at a fixed LO frequency, (c) conversion gain vs. output frequency
for a fixed 1-GHz baseband input signal, (d) output power vs. baseband input
power, and (e) saturated output power vs. RF frequency with a fixed 1- or
2-GHz baseband input signal and with the LO frequency varied.

mixer, the receiver /-Q mixer consists of two double-balanced
cores and is followed by an emitter-degenerated differential
pair to drive the external 50-(2 load [33]. In measurements,
the receiver, when operated with a 207-GHz LO, shows 24 dB
peak conversion gain at 197 GHz and approximately 20 GHz
bandwidth (Fig. 9(b)). With a fixed 1-GHz baseband input, but
with the LO frequency varied, the conversion gain is > 20dB
over 190-206 GHz (Fig. 9(c)). At 206 GHz, the baseband input
power at receiver 1-dB compression (P, 145) is —22 dBm. The
measured noise-figure is less than 8.5dB over 200-211 GHz
frequency range (Fig.9(e)).

V. DESIGN OF THE IC-ANTENNA INTERFACE

The InP ICs were connected to the antennas using 20-um
diameter Au round bond-wires. Bonds were formed by wedge
bonding, as opposed to ball bonding, since the feasible bond
vertical looping is smaller with wedge bonding, providing
a lower bond inductance [46]. Consistent with the findings
of [46], given the constraint of ribbon width or round wire
diameter, each smaller than the IC and antenna bond pad
widths, in our electromagnetic simulations, wedge-bonded
ribbon bonds did not show smaller inductive reactance than
wedge-bonded round wires. As a result, round bond-wires
were used in this work.

Because the ICs had already been designed and fabricated
prior to designing the antenna arrays, the IC-antenna interface
parasitics associated with the wire-bond must be compensated
by the impedance matching network on the antenna substrate.
In addition to the connections between the signal lines, the
IC-antenna connection also requires a connection between
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Fig. 9. 200-GHz RX IC: (a) chip photo, (b) conversion gain vs. input RF
frequency for fio = 207 GHz, (c) conversion gain vs. input RF frequency
when fio is varied to achieve a down-converted signal at 1 GHz, (d) output
power of the RX versus the RF input power at 206 GHz, and (e) noise figure.

the ground plane on the InP IC top surface and the antenna
array substrate back surface. The ground-ground connection
can be provided by through-substrate vias (TSVs) on the InP
ICs or wire-bonding the ground pads on the InP IC to the
ground pads on the antenna. This will be further discussed in
Section V-A. Finally, the transmitter IC’s PA and the receiver
IC’s LNA, both designed for best performance at 210 GHz, in
measurements showed best performance at lower frequencies
[33]-[35]. Thus, the impedance-matching networks on the
transmitter and receiver antenna arrays were designed to shift
the frequency of best performance of the PA and LNA towards
210 GHz.

A. Ground Transition

Fig. 10 shows a cross-section and an oblique view of the IC-
antenna interface in the transmitter module. The InP IC and the
antenna array were mounted, with their diced edges touching,
onto an Au-Ni-plated Cu carrier. The die-attach adhesive is a
conductive, Ag-filled epoxy. The antenna ground plane and
the InP IC backside metal are thus connected and form a
continuous conducting metal plane. On the InP IC, signals are
carried on microstrip lines with Metal-4 (M4) as the microstrip
signal conductor and Metal-1 (M1) as the local ground plane
of the microstrip on the top surface of the IC. At the ground-
signal-ground (GSG) IC bond pads, M1-M4 vias connect the
ground bond pads, on M4, to the M1 ground plane below the
pads. On the antenna substrate, the microstrip signal conductor
is on the fused silica top surface, and the microstrip ground
plane is on the fused silica bottom surface. Thus, connections
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Fig. 10. IC-antenna interface in the transmitter module. The point labeled
“Input” defines the reference plane for electromagnetic simulations of the
IC-antenna interface.

must be provided between the IC and antenna signal lines and
between the IC and antenna ground planes. The signal lines
are connected with simple wedge-bonded wire bonds using
20-pum diameter Au wire.

As previously explained, the antenna ground plane and the
InP IC backside metal are connected and form a continuous
metal plane. TSVs in the InP IC connect the M1 ground plane
to the InP IC backside metal, and if appropriately placed, can
provide a connection, with low series impedance, between the
M1 ground plane and the antenna ground plane. Unfortunately,
because the IC-antenna transition was not simulated at the time
of design of the transmitter IC, the TSVs on the InP transmitter
IC were poorly located, and the resulting impedance between
the M1 ground plane and the InP backside metal, through the
InP TSVs, is high at 160-220 GHz. To address this issue,
additional ground-ground connections between the transmit-
ter IC and the antenna array substrate were provided by
wire bonds. Demonstrated in Fig. 10, these wire-bonds, again
wedge-bonded with 20-pum diameter Au wire, connect M4
ground pads on the InP IC to top-surface ground pads on the
antenna substrate. Microstrip A, /4 radial stubs (at 210 GHz)
connected to these bond pads provide a low impedance from
the bond pads to the antenna substrate ground plane.

To elaborate on the impact of the ground bondwires on
ground transition, we simulated a transition between a 50-
Q microstrip line on the InP IC, through a 20-um diam-
eter wire bond, to a 50-2 microstrip line on the antenna
substrate (Fig. 11). In this simulation, the TSVs are located
in the same positions as in the fabricated InP transmitter
IC. We simulated both the case with the supplementary top-
surface ground-ground connections (Fig. 11(a)), and the case
where the only antenna-IC ground connection is through the
InP TSVs (Fig. 11(b)). Without supplementary ground-ground
connections, at 200 GHz the insertion loss is approximately
3dB, while the return loss is approximately 5 dB. Adding the
supplementary ground-ground bonds significantly improves
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Fig. 11. Back-to-back connection of microstrip 50-€2 lines on the InP IC
and on the fused-silica substrate (a) with and (b) without supplementary wire
bonds between the IC and antenna ground pads. The simulated S>; and Sy;
of the transitions are shown in (c) and (d). The points labeled “In” define the
reference planes for EM simulations of the IC-antenna interfaces. TSVs are
located in the same positions as in the fabricated InP transmitter IC.

the performance, with only 1dB simulated insertion loss and
better than 15 dB return loss at 200-GHz.

Simulations of Fig.11 were also repeated for the case
where the TSVs were located in the same positions as in the
fabricated InP receiver IC. The simulation results show that,
unlike the transmitter IC, the TSVs in the receiver IC are more
fortuitously placed, and the impedance at 200 GHz between
the top-surface and back-surface ground planes is sufficiently
low, such that the additional ground wire-bond connections
between the receiver IC and the antenna substrate are not
necessary.

B. Transmitter Interface

The InP transmitter IC, though designed for peak output
power at 210 GHz, in measurements showed maximum Py, at
185-190 GHz (Fig. 8(e)), lower than the desired frequency of
operation of the transmitter module. The impedance matching
network on the antenna substrate (Fig.10) was therefore
designed to shift the frequency of peak transmitter output
power to 210 GHz. To design this matching network, we first
simulated the transmitter P, over 190-230 GHz, at 1-GHz
frequency increments, as a function of load impedance at each
frequency, with the simulation reference plane as indicated
on Fig. 12(a), finding the optimum load-pull (LP) impedance
at each frequency. The results are presented in Fig. 12(c),
where the LP impedance (Z;p) at 210-GHz is (20 + 522) Q.
Then, the entire structure of Fig. 10, from the reference plane,
to the IC bond pad, the bondwires, and the antenna array,
was simulated as a single radiation element. The matching
network and array dimensions of the antenna were then both

adjusted to obtain Zj, = Zip at the reference plane, while
maintaining broadside radiation along the z-axis with highest
possible efficiency around 210 GHz. The resulting transmitter
antenna structure has slightly different patch and feed network
elements than those of the antenna test structure of Fig. 6.

Fig. 13 shows the simulated radiation pattern of the trans-
mitter antenna at 214 GHz for the excitation from the reference
plane defined in Fig. 10. The simulated antenna gain, radiation
efficiency, and system efficiency at 214 GHz are 9.36dB,
60.4%, and 57.5%, respectively. The simulated gain of the
transmitter antenna is 0.65dB lower than that of the antenna
test structure (Fig. 7).

Fig. 14 shows the simulated gain of the transmitter antenna
as a function of frequency, with the input port defined as in
Fig. 10, and with a reference port impedance (Z.s1x) equal
to the complex conjugate of the load-pull impedance at each
frequency, i.e., Zertx = Zp. For example, at 210 GHz,
Zrettx = (20 — 522) Q. In the simulations of Fig. 14 , the
transmitter antenna and the InP transmitter IC are matched, in
the presence of the bondwires, over 204-223 GHz. The 3-dB
bandwidth is about 26 GHz, from 195 GHz to 221 GHz.

C. Receiver Interface

Fig. 15 shows an oblique view of the IC-antenna interface
in the receiver module. As with the transmitter IC, signals
are carried on the receiver IC with microstrip lines with M4
as the microstrip signal conductor and M1 as the microstrip
local ground plane on the IC top surface. TSVs connect the
M1 ground plane to the metal on the InP IC back surface. The
microstrip signal conductor is connected to the bond pad on
M4, and a single wedge-bonded wire-bond connects this pad
the antenna substrate signal pad.

Before considering in detail design of the receiver antenna
and its impedance-match to the receiver IC, it should be
noted that the receiver IC’s LNA, when originally reported
as a stand-alone amplifier [34], used a very small input
pad suitable for wafer probing but not wire-bonding. This
design obtained S}, better than —8 dB at 210 GHz. When then
LNA was subsequently integrated into the 210 GHz receiver
[33], the small probe pad was replaced with a larger pad
suitable for wire-bonding (Fig. 12(b)). Because at the time of
receiver integration the LNA input match was not re-tuned to
compensate for the larger parasitics associated with the larger
pad, the impedance-matching network on the receiver antenna
substrate was designed to compensate not only for the parasitic
impedances of the wire-bond, but also for the extra parasitic
introduced by the receiver IC bond-pad.

To design this matching network, we first define an input
reference plane on the receiver IC at the point labeled as
“input” in Figs. 12(b) and 15. With the input reference plane
thus defined, the receiver input impedance (Zj,) at 190-
230 GHz was then simulated at 1-GHz steps and determined
at each frequency point. The simulated Z;, at 210 GHz is
(35—715) ©, as shown in Fig. 12(c), where the optimum noise
impedance of the receiver (Zopnoise) i also presented.

We then simulated the entire structure of Fig.15 as one
radiation element, from the reference plane, to the IC bond
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Fig. 13. E-field radiation pattern, at 214 GHz, of the transmitter antenna
excited from the input port defined in Fig. 10. 0° cut refers to the X-axis (the
E-plane), whereas 90° cut refers to the Y-axis (the H-plane).
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Fig. 14. Simulated gain and Sj; of the RX and TX antennas excited

from the “Input” points in Figs. 10 and 15. The reference impedance for
the transmitter simulation is the conjugate complex of the port impedance
giving the greatest transmitter Py at each frequency, i.e., Zertx = ZIfP'
The reference impedance for the receiver simulation is the input impedance,
Zret-RX = Zin-rX. Port reference planes are as defined in Figs. 10 and 15.

pad, the wire-bond, the antenna impedance matching network,
and the 2x2 patch antenna array, in Keysight RFpro. The
matching network and antenna array were adjusted through
extensive simulations to obtain a conjugate matching at the

Input
DL

M1 ""\

RX Antenna

Fig. 15. IC-antenna interface in the receiver module. The point labeled “Input”
defines the reference plane for electromagnetic simulations of the IC-antenna
interface
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Fig. 16. E-field radiation pattern, at 208 GHz, of the receiver antenna excited
from the reference plane defined in Fig. 15. 0° cut refers to the X-axis defined
in the figure (the E-plane), whereas 90° cut refers to the Y-axis (the H-plane).

reference plane and maintain the broadside radiation along the
z-axis with maximum gain and efficiency around 210 GHz.
The resulting receiver antenna array design differs slightly
from that of the 2x2 antenna test structure and from the
transmitter antenna array.

Fig. 16 shows the simulated E-field radiation pattern of
the receiver antenna at 208 GHz, with the excitation at the
reference plane defined in Fig.15. The simulated gain, ra-
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diation efficiency, and system efficiency at 208-GHz are
10.07 dB, 70.1%, and 65.4%, respectively. The simulated gain
at 218 GHz is almost equal to that of the stand-alone antenna
test structure (Fig.7), which suggests optimal design of the
receiver interface. The simulated gain of the receiver antenna
versus frequency and the input matching vs. frequency are also
depicted in Fig. 14. The excitation point is the reference plane
shown in Fig.15. The 3-dB bandwidth for the antenna gain
is 27 GHz (from 193 GHz to 220 GHz), and the S;; is better
than —10dB over 198-223 GHz frequency range.

D. Performance Sensitivity to Wire-bonds

As previously explained, the signal lines in the InP ICs
and the antennas are connected by a wedge-bonded wire-bond
using 20-pum diameter Au wire (Fig.17(a)). This wire-bond
has a considerable impact on the overall performance of the
module, and to show this, we re-simulate the performance
of the RX antenna, when excited from the “Input” point in
Fig. 15, for a wire having lager curvature but same diameter
(Fig. 17(b)) as the wire in Fig. 17(a), and a wire having thinner
diameter but same shape (Fig.17(c)) as the one shown in
Fig. 17(a). The E-field radiation patterns of the above scenarios
are compared in Fig. 17(d), indicating that the radiation pattern
at the center frequency is not much affected by the wire-bond
characteristics. Fig. 17(e) presents the reflection coefficient at
“Input” reference plane in Fig. 15. Since the input matching
network of the receive antenna is designed for wire-bond
plan of Fig.17(a), the simulated S;; for plans (b) and (c)
is worse than the one for plan (a). This also results in an
inferior (system) efficiency for plans (b) and (c), as presented
in Fig. 17(g). The antenna gain (Fig. 17(f)) is less influenced
by the wire-bond shape, leading to only 1 dB less gain for plan
(c) compared to the other plans.

We have also studied the effect of wire-bond length on the
antenna performance. For this, while keeping the same wire-
bond diameter and shape, the center-to-center spacing between
the bond pads in the RX antenna and the InP receiver IC
was changed by 420 um compared to the default plan of
Fig. 17(a), where the IC-antenna pad spacing is ~ 125 ym.
Similar to the Fig. 17 study, the radiation pattern and antenna
gain are not much affected by the wire-bond length variation;
however, the Si; is impacted by these changes, as shown
in Fig. 18. A longer wire-bond degrades S;; and shifts it to
lower frequencies, whereas a shorter wire shifts the matching
response toward higher frequencies. We will get back to this
point in Section VI-B.

VI. MEASUREMENTS

Fig. 19 shows photographs of the overall transmitter mod-
ules and close-up images of the ICs, antennas, and wire-bonds.
The modules were assembled by Kyocera San Diego. DC
power, the LO subharmonic input, and baseband differential
(1,0) signals are connected via wire-bonds to a 203-um thick
PCB using a 127-pum thick I-Tera MT40 dielectric with 35-
pm thick copper interconnects having an ENEPIG (electroless
nickel electroless palladium immersion gold) surface finish. To
provide both mechanical support and heat removal, the IC and
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Fig. 17. (a)—(c) IC-antenna interface in the receiver module for default and
modified wire-bond shapes. (d) E-field radiation pattern, at 208 GHz, of the
receiver antenna excited from the “Input” reference plane in Fig. 15. (e) Input
reflection coefficient (at the reference plane), (f) RX antenna gain, and (e)
system efficiency of the RX antenna versus frequency for wire-bond plans
shown in (a)—(c).
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Fig. 18. Input reflection coefficient at the reference plane shown in Fig. 15,
when the IC-antenna center-to-center pad spacing (S) is 105 pm, 125 pm
(default design), and 145 pm. Wire-bond diameter is 20-pm.

the PCB are both mounted, using Ag-filled conductive die-
attach epoxy, to a 6.35-mm thick copper carrier electroplated
with 5-10 pm nickel (Ni) and 0.5-0.75 pm gold (Au). There
are two clearance holes in the metal carrier so that it can
be attached to the xyz-positioner to align the module to an
external PTFE lens. A PTFE cover protects the InP IC, the
antenna substrate, and the wire-bonds.
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Fig. 19. Photographs of the (a) transmitter and (b) receiver modules, with the top photographs showing the overall modules and bottom photographs showing

close-up images of the IC-antenna interfaces.
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Fig. 20. Transmitter measurement setup for radiation pattern and conversion
gain measurements.

A. Transmitter Module Results

To test the conversion gain, frequency response, and EIRP of
the transmitter module, the baseband (/-channel) input of the
module was driven by a sinusoidal input signal, and the power
levels of the radiated LO leakage and the up-converted RF
upper- and lower-sideband signals were separately measured,
at 25.4 cm distance, by a standard-gain G-band horn antenna,
down-converted by a G-band harmonic mixer and monitored
by a spectrum analyzer (Fig.20). The power readings of the
combined harmonic mixer and spectrum analyzer were cali-
brated against a power meter (VDI PMS5B) using a directional
coupler and a 200-GHz source. The power measurements were
converted to EIRP using the known propagation distance and
the manufacturer’s stated horn antenna gain.

Fig. 21 shows the conversion gain of the transmitter module
versus the frequency for fro = 200GHz. The conversion
gain of the transmitter IC (with fio = 203 GHz) is also
shown for comparison. The frequency of peak module gain is

Conversion Gain (dB)

185 190 195 200 205 210 215 220
Frequency (GHz)

Fig. 21. Measured conversion gain for the transmitter and receiver ICs and
modules versus RF frequency. The transmitter module, transmitter IC, receiver
module, and receiver IC used local oscillator frequencies of 200, 203, 200,
and 207 GHz, respectively.

approximately 10 GHz greater than that of the transmitter IC;
the transmitter module gain-frequency characteristics broadly
follow the simulated frequency response of the transmitter
antenna (Fig. 14), with a peak of 45 dB at 210 GHz. Neglecting
gain-frequency ripple, the transmitter module measured peak
gain is approximately 8 dB greater than that of the transmitter
IC, consistent with the transmitter antenna simulations; the
10GHz frequency offset is a result of deliberate center fre-
quency re-tuning during module design.

Fig.22 shows the measured saturated EIRP of the transmit-
ter module as a function of RF frequency. In this measurement,
the LO frequency is kept constant at 200 GHz while the
baseband input signal is varied from DC to 20 GHz. This
produces both lower and upper modulation sidebands, and
the EIRP in the lower and upper modulation sidebands were
independently measured. The peak measured EIRP is 24 dBm,
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Fig. 22. Measured saturated EIRP of the transmitter module versus RF fre-
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Fig. 23. Measured EIRP of the transmitter module, and measured output
power of the transmitter IC, as a function of baseband input power at 1 GHz.
The module used a 200-GHz local oscillator, while the IC used a 207-GHz
local oscillator.

and it remains greater than 19 dBm over 200-218 GHz. Fig. 23
compares the transmitter module’s measured EIRP with the
measured output power of the transmitter IC, both as a
function of baseband input power. For these measurements,
the transmitter module used a 200-GHz LO frequency, while
the IC used a fio of 207 GHz. In both cases, the baseband
input frequency is 1 GHz. The input 1-dB compression point
of the transmitter module is approximately —21dBm with a
corresponding EIRP of 18.9 dBm, this being 3 dB less than the
saturated EIRP.

Fig.24 depicts the measured gain and EIRP of the trans-
mitter module in the E-plane and H-plane. The measured
3-dB beamwidth of the transmitter module is approximately
+25°. Therefore, most of power radiated by the antenna can
be collected by a lens having a 0.65 numerical aperture, as
the latter has a maximum acceptance angle of +34°. The
measured and simulated beamwidths are similar.
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Fig. 24. EIRP of the transmitter module, and conversion gains of the
transmitter and receiver modules, as a function of angle in the E-plane and H-
plane. For the transmitter measurements, fio = 200 GHz and fgg = 1 GHz.
For the receiver measurements, fio = 200 GHz and frg = 201 GHz.

B. Receiver Module Results

In assembly of the receiver module, the antenna substrate
was unfortunately placed at a 100-pum separation from the
receiver IC, as shown in Fig. 19(b), whereas in the design
simulations (Fig.15), the IC and antenna substrate are in
contact. This difference in separation resulted in a longer wire-
bond than simulated and degraded the receiver module gain-
frequency characteristics, shifting it toward lower frequencies,
as predicted in Fig. 18.

To measure the receiver, test signals were generated by
a WR-4 2™-order harmonic mixer with a 100-GHz (subhar-
monic) LO input and a 0-10 GHz swept-frequency baseband
input signal. The mixer output, having upper and lower mod-
ulation sidebands and local oscillator feedthrough, was passed
through a directional coupler to a standard-gain G-band horn
antenna, which illuminated the receiver module from a 12-
cm distance. The second port of the directional coupler was
connected to a G-band harmonic mixer and spectrum analyzer;
this allows the power in the two sidebands to be separately
measured. The power readings of the combined harmonic
mixer and spectrum analyzer were calibrated against a power
meter using a 200-GHz source, and the power measurements
were converted to EIRP using the known propagation distance
and the manufacturer’s stated horn antenna gain.

Fig.21 compares the measured conversion gain of the
receiver module to that of the receiver IC, both as a function
of RF frequency. For fio = 200GHz, the receiver module
achieves 29.4dB peak conversion gain with 3-dB bandwidth
of 14GHz (from 194 to 208 GHz). The measured module
bandwidth is markedly lower than that simulated (Fig.14);
this is a consequence of the unintended 100 pm gap between
the antenna die and the receiver IC (Fig. 19(b)). Nevertheless,
the average gain of the RX module is about 5 to 10 dB higher
than the gain of the RX IC.

Fig. 24 shows the measured conversion gain of the receiver
module in the E-plane and H-plane. The receiver module



has a beamwidth of about +24° for fio = 200GHz, very
similar to the beamwidth of the transmitter when operating at
the same frequency, and again very close to that simulated.
Consequently, as with the transmitter module, the receiver
module can be coupled with high efficiency to a lens having
a 0.65 numerical aperture.

C. Link Measurement Results

High-capacity data transmission links have been demon-
strated with these modules [36]. The link used 7.1 m trans-
mission range. To avoid receiver overload over this short
distance, stacked cadrboard sheets were placed in the beam
path to provide 10.4dB signal attenuation. A further 4.5dB
attenuation was provided by coupling the transmitter 2 x 2
antenna array, whose 37° acceptance angle was smaller than
the antenna 3-dB beamwidth (0, ~ 60°). Without the total
attenuation of 14.9dB, the same link signal-to-noise ratio
(SNR) would be obtained at 7.1m x 10'4/2° = 40m

Fig.25 shows the measured RMS error vector magnitude
(EVM), at the receiver, as a function of the transmitter peak
EIRP, for QPSK, 16QAM, 32QAM, and 64QAM modulations,
with symbol rates varying from 0.5 Gbaud to 9 Gbaud. The
red dotted lines indicate the EVM corresponding to 107> bit
error rate for additive white Gaussian noise. Under these EVM
limits, 9-Gbaud (18 Gb/s) transmission is demonstrated for
QPSK, 8-Gbaud (32 Gb/s) for 16QAM, 5-Gbaud (25 Gb/s) for
32QAM, and 2-Gbaud (16 Gb/s) for 64QAM.

Fig.26 presents the measured received data constella-
tions, after adaptive equalization, for 9-Gbaud QPSK (15.1%
RMS EVM), 8-Gbaud 16QAM (13.5% RMS EVM), and
5-Gbaud 32QAM (10.1% EVM). The performance of mm-
wave transceiver modules is summarized in Table I, where the
presented modules achieve state-of-the-art results in terms of
low-cost integration, conversion gain, and Piy.

VII. CONCLUSION

We have demonstrated planar 200-GHz transmitter and
receiver modules employed for 8-Gbaud 16QAM data trans-
mission (32 Gb/s) over 7.1 m with 13.4% RMS EVM, on a link
with 10.4 dB added attenuation. The modules are compact and
highly integrated, with only a passive antenna substrate and a
single transmitter or receiver IC providing the transmitter and
receiver RF-front-end functions. The modules avoid the size
and expense of machined waveguide interfaces, instead using
a small 2x2 patch antenna array, on a fused silica substrate
to provide a radiation pattern with an angular beamwidth
compatible with an external lens having a numerical aperture
of 0.56. The parameters of the wedge-bonded IC-antenna inter-
face were compensated for by impedance-matching networks
on the antenna substrate. The difference between the measured
transmitter module gain and the measured transmitter IC gain,
and the difference between the the measured receiver module
gain and the measured receiver IC gain, are both consistent
with the simulated antenna gain, this indicating performance
of the assembled modules is close to that predicted by elec-
tromagnetic simulations.
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Fig. 25. Link demonstration. Measured RMS error vector magnitude, at the
receiver, as a function of the transmitter peak EIRP, for (a) QPSK, (b) 16QAM,
(c) 32QAM, and (d) 64QAM modulation, with symbol rates varying from 0.5
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Fig. 26. Received data constellations, after adaptive equalization, for (a) 9-
Gbaud QPSK (15.1% RMS EVM), (b) 8-Gbaud 16QAM (13.5% RMS EVM),
and (c) 5-Gbaud 32QAM (10.1% EVM) [36].
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