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Abstract— This article introduces a 240-GHz multiple-input—
multiple-output (MIMO) radar chipset, consisting of a 120-GHz
voltage-controlled oscillator (VCO) monolithic microwave inte-
grated circuit (MMIC) for generating the local oscillator (LO)
signal and a 240-GHz transceiver (TRX) MMIC, doubling the fre-
quency and containing one transmitter (Tx) and one receiver (Rx)
channel. The Tx channel has a digital vector modulator (VM),
allowing for phase adjustments. The 120-GHz VCO has a tuning
range of 27.2 GHz (23.6%). The MIMO frequency-modulated
continuous-wave (FMCW) system capabilities are demonstrated
using a phase-locked loop (PLL)-based VCO stabilization gen-
erating wideband, 30-GHz FMCW chirps, which are radiated
using a time-division multiplexing (TDM) technique. The MMICs
feature a cascadable approach, enabling the scalability of the
array size by placing multiple TRX MMICs close to each other
using a daisy chain approach. Furthermore, a circular polarized
on-chip antenna allows rotation of the MMICs, and the TRX
MMIC can be connected to two adjacent edges of the VCO
MMIC, creating a 2D array for detecting targets in 3-D space.
In the demonstrator setup using eight MMICs, the eight Tx
channels of the MMICs generate an equivalent isotropically
radiated power (EIRP) of 0 dBm each, reflected from the target
and received by eight Rx channels. Overall, the demonstrator
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system contains 64 virtual elements integrated on an array size
of less than 10 x 10 mm?.

Index Terms— B11HFC, bipolar complementary metal-oxide-
semiconductor (BiCMOS), circular polarization, Colpitts oscil-
lator, D-band, frequency divider, frequency doubler, frequency
multiplier, frequency-modulated continuous wave (FMCW),
Gilbert cell, industrial, scientific and medical (ISM) band,
Infineon Technology AG, J-band, millimeter-wave (mm-wave)
technology, mixer, multiple-input-multiple-output (MIMO), on-
chip antenna, power amplifier (PA), radar, receiver (Rx),
silicon—-germanium (SiGe), system-on-chip (SoC), time-division
multiplexing (TDM), transmitter (Tx), vector modulator (VM),
voltage-controlled oscillator (VCO), wideband, Wilkinson (WK)
power divider, WR-43, WR-80.

I. INTRODUCTION

ULTIPLE-INPUT-MULTIPLE-OUTPUT (MIMO)

radar systems play a crucial role in various aspects
of daily life. They are improving driving assistance systems
in vehicles [1], [2], [3], making hidden objects visible
in security scanners [4], [5], [6], [7], [8], and improving
industrial processes through nondestructive testing [9], [10].
While the 61-GHz industrial, scientific and medical (ISM)
band and the 77-GHz automotive band were established
commercially over a decade ago [2], silicon-based 122-GHz
ISM applications are still emerging, and radar research
primarily targets higher millimeter-wave (mm-wave) or
sub-terahertz (THz) frequencies.

The development toward higher frequencies in radar systems
is motivated by the increased bandwidth needed for target
differentiation [2], [11, p. 8] and by building more compact
systems or increasing the channel count using the same form
factor. Consequently, research into silicon—germanium (SiGe)-
based THz circuits has been ongoing for approximately a
decade [12], [13], [14], [15]. While the design of silicon-based
THz systems presents significant challenges, the advantages
of operating at higher frequencies extend beyond bandwidth
enhancement and include material detection and classification
capabilities in various industrial, medical, and security appli-
cations [16], [17], [18], [19], [20], [21], [22], [23].

While 77- and 122-GHz radar systems predominantly rely
on RF substrates for routing the transmitter (Tx) and receiver
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(Rx) signals to the printed circuit board (PCB)-based antennas
[24], [25], [26], [27], [28], higher mm-wave and, in par-
ticular, THz systems adopt a different approach. In these
systems, the antennas are seamlessly integrated into the
monolithic microwave integrated circuit (MMIC), eliminating
the need for any mm-wave off-chip transition [29], [30],
[31], [32]. Although most MMIC metal stacks are not inher-
ently optimized for antenna integration due to their limited
height, the smaller wavelengths at higher frequencies signifi-
cantly enhance the radiation efficiency when utilizing on-chip
antennas [33], [34].

Another aspect that improves with higher frequencies is the
radar cross section o, which increases proportionally to o
f? for trihedral corner reflectors and proportionally to o< f for
flat plates [35, p. 14.10]. However, the physical size, i.e., the
aperture of the antenna, decreases proportionally to A\ (1/f2)
since most antennas are scaled by wavelength. Consequently,
these effects compensate for each other. Moreover, the output
power decreases, and the Rx noise figure (NF) increases
[36, p. 375], [37], thereby deteriorating the system’s dynamic
range. Modern semiconductor technology can increase the
circuit’s and system’s performance, but the level of improve-
ment remains limited. Therefore, other approaches are needed.
According to the free-space path loss equation, the overall
dynamic range can be improved by increasing the antenna’s
aperture or, in terms of multichannel radar systems, increasing
the array size since more channels improve the SNR and, as a
positive side effect, the angular resolution [38].

Therefore, this article introduces a 240-GHz frequency-
modulated continuous-wave (FMCW) MIMO radar chipset
designed for scalable array sizes using the B1 1HFC SiGe BiC-
MOS technology [39], featuring f7/fmax = 250/370 GHz.
The chipset comprises a 120-GHz voltage-controlled oscillator
(VCO) MMIC, generating the local oscillator (LO) signal,
and a transceiver (TRX) MMIC, transmitting and receiving
the 240-GHz signal after doubling the LO frequency. Each
TRX MMIC contains one Tx and one Rx channel and an LO
feed-through structure for cascading the MMICs using ribbon
bonds. The Tx chain includes amplifiers, a multiplier, and a
vector modulator (VM) for adjusting the transmitting phase.
The Rx chain also includes amplifiers and a multiplier, as well
as a fundamental downconversion mixer using a mixer-first
topology.

This article is structured as follows. Section II presents the
circuit design and the manufactured MMICs. Subsequently,
Section III discusses the simulation results, while Section IV
provides insights into the MMIC measurement results, includ-
ing the antenna analysis in Section V. Furthermore, Section VI
showcases the FMCW measurements using an 8§ x 8 MIMO
array, followed by a comparative analysis with other MIMO
systems in Section VII. Finally, Section VIII summarizes the
findings and concludes this article.

II. MMIC ARCHITECTURE

This article introduces two MMICs for mm-wave radar
applications: first, the VCO MMIC, designed for generating
the LO signal at 120 GHz, and second, the TRX MMIC,
designed for both transmitting and receiving at 240 GHz.
In our unique approach, the 120-GHz LO signal is efficiently
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transferred from the VCO MMIC to one or multiple TRX
MMICs using ribbon bonds, allowing for coherently coupled
MMICs. Using this approach, a radar system with one Tx and
one Rx antenna consists of two MMICs—the VCO MMIC
and the TRX MMIC. Notably, the system’s modularity is
highlighted, allowing for the integration of additional MMICs
by cascading multiple TRX MMICs, providing flexibility and
scalability in mm-wave system design.

A. Voltage-Controlled Oscillator MMIC

Fig. 1 depicts the VCO MMIC and its block diagram. The
MMIC includes the fundamental 120-GHz VCO, which adopts
the circuit topology detailed in [40]. In addition, a 31-GHz
Colpitts VCO with a double varactor design is integrated
into the MMIC [41], [42], [43]. The LO signal’s frequency
is divided by four (120 GHz/4 = 30 GHz) and is mixed
with the 31-GHz signal of the auxiliary VCO. The resulting
signal is stabilized using an off-chip phase-locked loop (PLL)
device [29]. This offset PLL approach reduces the steep varac-
tor characteristic, resulting in smaller division factors within
the PLL and a more constant loop gain, as detailed in [42]
and [44]. Simultaneously, the 31-GHz VCO is stabilized by a
by-8 divider, with the 34 GHz/8 = 4.25 GHz signal fed to
off-chip PLL components, generating the tuning signal through
a loop filter.

The MMIC includes two passive 120-GHz branchline cou-
plers (BLCs) and RF pads in addition to active components.
The BLCs generate I Q signals from the differential VCO
output, connecting it to the RF pads. In the initial scal-
able MIMO radar version, I Q signals were routed between
MMICs. However, the current TRX MMIC version uses non-
1 Q signals. Therefore, the BLC is precisely sliced with a laser
cutter, omitting 7 Q signal generation and making half of the
RF pads per MMIC edge nonfunctional. The 120-GHz LO
signal connections comprise small aluminum pads to minimize
parasitic capacitance and a GSGSG configuration (G: ground
and S: signal). In addition, we use short-circuited transmission
lines (TLs), connecting the S-pad to the G-pad, to compensate
for the parasitic capacitance of the S-pad. The characteristics
of the pads and the used ribbon bond connection are detailed
in Section IV.

B. TRX MMIC

In the scalable system approach, the 120-GHz LO signal
is connected via ribbon bonds to the TRX MMIC, which
is shown in Fig. 2. Afterward, the LO signal is divided by
multiple Wilkinson (WK) power dividers, needed for deliv-
ering the LO signal to each building block. One-half of the
power is dedicated to the receive circuits, while one-quarter
is directed to the transmit circuits. Finally, the remaining
quarter is routed to the 120-GHz output pads, distributing the
LO signal to the next MMIC via ribbon bonds. This power
distribution and MMIC interconnectivity strategy is a key
element, ensuring sufficient LO power for each transceiver
part of the current MMIC, namely, the Tx and Rx channel,
and for the following TRX MMIC as described in Section VI.
All the circuit elements mentioned here are integrated into the
1968 x 1448 um MMIC.
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Fig. 1. (a) Block diagram and (b) photograph of the VCO MMIC, which con-
tains the 120-GHz VCO as well as a 31-GHz VCO, a mixer, and two frequency
dividers for implementing an offset PLL using off-chip surface-mounted
device (SMD) components from Analog Devices (ADF 4159 [45]). Red
crosses in the block diagram and black crosses in the photograph indicate
the modified TLs.

Within the Tx circuits, a sequence of components is uti-
lized to modulate, amplify, and double the 120-GHz LO
signal. This chain includes a BLC, a VM, a two-stage power
amplifier (PA), a frequency doubler, a balun, and a circularly
polarized differential transmit antenna [46], which uses two
different resonance frequencies similar to [34]. The BLC and
VM collaboratively generate eight phase states, facilitating
coarse beam steering and phase inversion for applications
such as phase-modulated continuous-wave (PMCW) radar
and low-level digital modulation schemes for communica-
tion applications. Further details on the VM can be found
in [47] and improvements are presented in [48] and [49]. The
two-stage PA is designed to compensate for losses incurred
by ribbon bonds and WK dividers. Moreover, the frequency
doubler, utilizing a push—push topology, benefits significantly
from a large input power [50, p. 1289]. The last components
in the Tx chain are a TL-based balun employing the rat-race
topology and an on-chip transmit antenna. The balun generates
a pseudo-differential signal from the single-ended output of the
doubler, connected to the differential transmit antenna.

Within the Rx chain, the LO signal is amplified by a
PA, which was presented in [51]. Afterward, the LO signal’s
frequency is doubled using a push—push frequency multi-
plier [29]. The single-ended output signal is routed to a balun,
which generates a pseudo-differential signal for the double-
balanced mixer. The whole Tx and Rx chains are simulated,
and the results are shown in Section III.
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Fig. 2. (a) Block diagram and (b) photograph of the transceiver MMIC with
highlighted components. The LO signal is connected via the RF input pads
on the left and is transferred to the next TRX MMIC using the RF pads on
the right side.

On the TRX MMIC, we use on-chip antennas that are circu-
larly polarized. There are two main reasons for this. The VCO
MMIC has RF pads on two edges to bond an LO signal to a
TRX MMIC. This allows the creation of a 2-D array, enabling
3-D localization. When using circular polarization, the TRX
MMICs can be rotated by 90° without decoupling the vertical
MMICs from the horizontal MMICs. This is important in order
to generate the largest possible number of virtual antennas
in the MIMO system. Second, the Tx and Rx antennas are
mirrored to each other. When the transmitted signal is reflected
off a planar object or a trihedral corner reflector, the circular
polarization flips. Therefore, the antennas are arranged so that
they transmit a right-handed circular polarization and receive
a left-handed circular polarization. This mirroring of Tx and
Rx antennas has another advantage. Direct crosstalk on the
TRX MMIC between the two antennas is slightly reduced.
Strong low-frequency signal components in the intermediate
frequency (IF) spectrum are therefore suppressed. The details
of the used antenna can be found in Section V.

ITI. SIMULATION RESULTS

The two MMICs are based on various components needed
for FMCW radar operation. While the VCOs and ribbon
bond connection can be directly measured using the MMIC
itself or a dedicated test structure, the transceiver circuits and
couplers are characterized based on simulations. To estimate
their performance, we employ either electromagnetic (EM)
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Fig. 3. EM simulation of the S-parameters of the lumped-element WK power
divider.

simulation and/or circuit simulation incorporating resistive and
capacitive parasitic elements (RC parasitics).

A. Coupler Simulation

In this section, we analyze two passive couplers that are
part of the TRX MMIC: first, the WK power divider, and
second, the BLC, which generates I Q signals for the VM.
Both couplers are simulated using Sonnet EM 18.52.

In a multi-MMIC system concept, the integration of power
dividers is essential since the LO signal is used for multi-
ple chips. Nevertheless, implementing TL-based WK power
dividers causes a significant challenge due to their substan-
tial space requirements. Furthermore, the LO feed-through
concept needs additional PA stages to counteract splitting
losses, consequently expanding circuit space requirements.
Therefore, our presented concept adopts a lumped-element
approach [52, p. 232]. Instead of utilizing A/4 TLs for a
WK divider, which would extend approximately to 300 wm in
the B11FHC technology, we utilize inductors and capacitors.
Four single-ended power dividers are employed to split the
differential LO signal into three distinct paths. After the initial
division, one half is directed to the Rx circuits, while the
other undergoes a secondary split, feeding into the Tx circuits
and pads for the subsequent MMIC. These four WK dividers
collectively occupy an area of 290 x 335 um, which is a
significant space saving compared to TL-based WK dividers.
On the TRX MMIC, we use the top copper layer in the
B11HFC metal stack to create a spiral inductor with two
windings. Metal-insulator—metal (MIM) capacitors are used
as capacitive elements. In Fig. 3, the EM simulation results
of the WK divider are depicted, showing S,; and S3; of
—4.2 dB and a wideband S;; of less than —10 dB below
130 GHz.

In addition to the power divider, a BLC is used to generate
in-phase (/) and quadrature-phase (Q) signals for the VM,
which was presented in [47]. The VM superimposes these
signals, allowing for the selection of either the I or Q path,
both paths combined, or their inverted versions, resulting in a
total of eight unique phase positions (constellation points). The
positions of these points (amplitude and phase) are essential
for the beam steering and binary phase modulation properties.
The position and spacing of these constellation points rely
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Fig. 4. EM simulation of the S-parameters of the TRX MMIC’s BLC (90°
hybrid).

primarily on the / Q input signals of the VM, as investigated
in [47]. Fig. 4 shows a small I Q amplitude imbalance (below
2 dB at lower frequencies and below 0.5 dB above 115 GHz)
and a phase difference of 70° at 120 GHz and 90° at 130 GHz.

B. Tx Chain

Fig. 5 depicts the active components within the Tx chain,
which is based on three components: a two-stage 120-GHz PA
followed by a frequency doubler transforming the signal from
120 to 240 GHz. The amplifier design incorporates common
emitter and common base stages (cascode), which are matched
through an interstage TL. The circuit uses short TLs (<)\/4) as
inductive load. The interconnection between the two amplifier
stages is achieved through a matching network, as depicted in
the bottom center of Fig. 5. The matching network between the
second PA and the frequency doubler is shown at the bottom
right.

The frequency doubler is based on a push—push architecture
and is illustrated in the right of Fig. 5. Its output network, fea-
turing a TL and capacitance, transforms the output impedance
to 50 €2, followed by a rat-race-based balun essential for
connecting to the differential on-chip antenna. Notably, all
three stages can be activated and deactivated by switching
the bias potentials to either O V or the correct bias voltage
using an external enable signal (EN). This function is essential
for the MIMO system, enabling the time-division multiplexing
(TDM) functionality.

The Tx chain simulation accounts for TLs, incorporated
using precise SPICE models, and RC parasitics for the HBTs
generated through parameter extraction using Calibre Quantus
QRC. Within the Cadence Virtuoso-based circuit simulation,
two key parameters are varied during the simulation: the
frequency and the input power at the first PA stage. The
latter variation is essential, as the power can only be roughly
estimated at this point.

In the best case scenario, we assume 0-dBm input power
at the first PA, and in the worst case, we assume —20 dBm.
The exact value depends on whether the LO comes from the
VCO MMIC (maximum power =~ 0 dBm, cf. Section IV) or
another TRX MMIC (PA’s Py, ~ 6 dBm) [51]. After the
ribbon bond connection, the LO signal is attenuated by up to
6 dB (cf. Section IV). After the WK network, the LO signal
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Fig. 6. Simulation results of the Tx chain using Cadence Virtuoso, including
RC parasitics and 80° device temperature. The used input power varies
between —20 and 0 dBm since the exact number can only be roughly
estimated. Above —10 dBm, the circuit shows compression effects, which
limit the output power to ~—5 dBm.

is attenuated by up to 8 dB. Based on the selected state of the
VM, the LO signal is amplified by 0-6 dB [47]. Therefore,
the LO power on the first TRX MMIC (directly after the
VCO MMIC) is —14 to —8 dBm. For each following TRX
MMIC, the input power at the first PA stage of the Tx chain
is approximately 6 dB higher, namely, —8 to —2 dBm, since
the PA of the previous TRX MMIC connected to the 120-GHz
output pads has Py, of ~6 dBm. Moreover, each component in
the LO signal distribution is frequency-dependent with a low-
pass (WK network and bond connection) or bandpass behavior
(PA). Therefore, the simulation setup covers a slightly larger
input power range starting from —20 and ending at 0 dBm to
account for these variances.

The simulation results in Fig. 6 indicate a compression
behavior beginning at —10 dBm, resulting in output powers of
approximately —7 dBm at this level. The maximum saturated

Fig. 7. Schematic of fundamental Gilbert cell mixer, consisting of a current
mirror, a differential pair, and a switching quad (similar to [49]).

output power of the used PAs mainly causes the compression
of the Tx chain’s output power. However, at very high input
powers ranging from —5 to 0 dBm, the Tx chain generates an
output power of around —5 dBm.

C. Rx Chain

Fig. 7 shows the fundamental downconversion mixer, which
is based on a Gilbert cell. The mixer circuit has a current
mirror that generates a dc current for the LO and Rx transis-
tors, ensuring an optimal current density. To achieve transistor
matching, a series circuit containing an MIM capacitance and
a TL is used for both LO and RF transistors. The required
bias voltage, depicted in Fig. 7 (right), is created using resis-
tors and diodes, strategically chosen to minimize temperature
dependence. Using a differential pair and a switching quad, the
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mixing process of LO and Rx signals generates an IF signal
at the resistive—capacitive load. Furthermore, the additional
capacitor effectively suppresses the sum frequency ( fLo+ frr)
in the IF signal.

Behind the first WK divider (cf. Fig. 2), the Rx chain starts
with a two-stage PA, which has already been published in [51]
and has a gain of up to 30 dB. This gain is slightly higher
than in the Tx chain because a 5-V power supply is used since
no 3.3-V compatible switches must be incorporated into the
circuits as the Rx chain is always on. The PA stage is followed
by a frequency doubling stage with a push—push topology and
a balun, which generates a differential signal needed for the
double-balanced Gilbert cell mixer. The Rx port of the mixer is
connected to the on-chip antenna, and the IF port is connected
directly to the pads of the MMIC.

Using precise TL models and RC parasitics, we simulated
the complete Rx chain, including the two-stage PA, frequency
doubler, balun, and mixer. This analysis focused on two key
metrics: conversion gain (CG), which measures the efficiency
of converting the received signal voltage to the IF voltage,
and NF, indicating the added internal noise compared to the
received signal. As depicted in Fig. 8, the Rx chain achieves
a CG of up to 12 dB when using an LO input power of
0 dBm. Even lower power levels (—10 dBm) show competitive
performance. However, the CG drops for input power levels
below —10 dBm as the Rx chain leaves its compression region.

The simulated NF correlates with the CG behavior: It
shows minimal improvements above —10-dBm input power
due to saturation. The double sideband (DSB) NF reaches its
minimum (around 14-17-dB single sideband) when the CG is
at its maximum. This trend arises from the inverse relationship
between NF and gain. The NF increases toward the displayed
upper and lower frequency limits due to nonideal matching
within the mixer and nonconstant output power over frequency
from the PAs and the frequency doubler.

IV. MMIC MEASUREMENT RESULTS

Section III presented the Tx and Rx chain simulation results
since no breakout test structure is available. However, we can
measure the dc power consumption, which is 126 mA for
the 5-V supply (Rx and LO distribution) and 67 mA for
the 3.3-V supply (Tx). In total, the TRX MMIC consumes
851 mW.

This section presents the measurement results of the VCO
MMIC, which can be characterized directly using on-wafer
probes. Moreover, we present the measurement results of
the ribbon bond connection using a dedicated test structure.
We characterize the VCO’s tuning behavior, output power, and
phase noise using a spectrum analyzer (SA) and a power meter.
In addition, a vector network analyzer (VNA) equipped with
frequency extender modules measures the performance of the
bond wire connections.

A. VCO MMIC

We use two VCOs on the MMIC: the first VCO generates
the 120-GHz signal, which is routed to the TRX MMICs,
and the second auxiliary oscillator is only for stabilization
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purposes, using a center frequency of 31 GHz. The analysis
focuses on the phase noise, the output power, and the tuning
range. The whole MMIC consumes 118 mA at 5-V power
supply, which equals a power consumption of 590 mW.

The auxiliary oscillator’s measurement results are depicted
in Fig. 9, showing the tuning curve and the phase noise at
1 MHz offset. Both parameters were measured behind a static
by-8 frequency divider. Therefore, the measured phase noise
values have to be adjusted by adding 6 dB per octave, resulting
in a total of 18 dB [53]. Inside the radar system, the divider
is needed since commercial SMD PLL chips for frequency
stabilization have a relatively limited frequency range, i.e.,
13 GHz for the used ADF4159 from Analog Devices [45].
The measurements show a minimum and maximum output
frequency of 28.6 and 34.5 GHz, resulting in a tuning range
of 5.9 GHz and 18.7%, respectively. The lowest phase noise
value is —102.5 dBc/Hz achieved at the center frequency. The
VCO has a higher phase noise toward the lower and upper
limits.

In contrast to the 31-GHz auxiliary VCO, the measure-
ment setup of the 120-GHz VCO is slightly different. Direct
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Fig. 10. Measured output frequency and phase noise of the 120-GHz VCO,
plotted as function of the tuning voltage.

measurement of the LO signal is feasible, as it is connected to
standard pads on the MMIC using a pitch of 75 um. However,
one challenge arises: the R&S FSWP SA is limited to 50 GHz.
To address this limitation, we employ a VDI WR-3.4 signal
analyzer extension (SAX) module (N9029BV) and a Keysight
PSG signal generator (E8257D) for block-down conversion,
enabling the use of the FSWP within an applicable frequency
range. The LO signal is mixed down into a lower frequency
range, which can be measured with the SA.

Since the signal generator has a phase noise of
—145 dBc/Hz at the 1-MHz offset, the measurement setup
should not impact the VCO’s phase noise measurement.
In Fig. 10, the phase noise and tuning behavior measurement
results are presented. Notably, the VCO exhibits a steep tuning
characteristic, where the oscillation starts at approximately
0.5 V, equivalent to a frequency of 101.3 GHz. The maximum
frequency reaches 128.1 GHz at 8.3 V. The minimum phase
noise of approximately —86.8 dBc/Hz is attained at the
1-MHz offset.

At low frequencies, the phase noise is relatively high and
decreases rapidly until it reaches its optimum at approximately
2 V. One reason for this is that the varactor diode’s quality
factor is worse at low voltages than at high ones. In addition,
the design of the VCO and its phase noise performance has
an optimum range. If the tuning voltage is too low, the VCO
does not oscillate or shows increased phase noise since it is
not yet in its steady state.

As mentioned before, the BLC is modified since the pre-
sented version of the TRX MMIC only uses a differential
signal and no / Q signal is provided by the VCO MMIC. The
modification in the two BLCs is highlighted in Fig. 1 using
small and red (block diagram) and black (MMIC photograph)
cross symbols. The BLC is modified via a laser to mitigate
I Q signal generation and to achieve a higher output power.
A higher output power is achieved because only one differen-
tial signal has to be generated per MMIC edge and no longer
two (I and Q). Consequently, a nearly 3-dB increase in power
is observed.

Fig. 11 illustrates the output power, including two power
curves due to the presence of a BLC within the VCO chip.
The green curve represents the power curve with the BLC
intact, which reduces the output power at the upper frequency
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Fig. 11.  Measured output frequency and output power of the 120-GHz

VCO, plotted dependent on the tuning voltage. The two power curves show
the characteristic depending on the state of the BLC.
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Fig. 12.  Test structure to characterize the ribbon bond connection using a

GSGSG pad configuration with a pad pitch of 75 um and a gap between the
MMICs of ~150 um. The center ribbon bond was omitted since the bonding
head was not thin enough.

range by up to 2.5 dB. However, within the radar system, the
modified BLC is used, and therefore, the blue curve is only
relevant, showing an output power of up to 0.6 dBm.

The power difference at higher frequencies meets the expec-
tations when removing a coupler that splits the input power
equally to both output ports. However, the power difference
at lower frequencies shows a different behavior. It reverses so
that the output power with BLC exceeds the output power
without the coupler. This is caused by the I(Q imbalance
of the branchline used on the VCO MMIC, which is more
pronounced than on the TRX MMIC (cf. Fig. 4).

B. Bond Connections

The proposed concept involves distributing the radar sys-
tem’s functionality onto multiple MMICs, aiming to increase
the number of channels and array size. However, routing a
120-GHz signal from one MMIC to another is challenging
since the MMICs’ separation is in the range of one wavelength,
and the impedance has to be matched to 50 €2. Therefore,
we use a 13 x 38 um flat ribbon bonds and evaluate them
on a test structure. The advantage of ribbon bonds is the
suitable RF impedance since wire bonds suffer from a too-
high impedance [54].

The manufactured test structure contains the same RF pads
used for the VCO and TRX MMIC. The pads are placed in
a back-to-back structure on the breakout MMIC. The setup
includes two MMICs placed adjacent to each other with
a gap of ~150 um between the MMIC edges, contacting
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Fig. 13. Measured S-parameters of the back-to-back structure using D-band
VNA extenders and GSG probes. The results are deembedded so that the
reference plane is halfway between the pads (cf. Fig. 12).

the outer pads using single-ended GSG D-band probes, and
interconnecting the inner MMIC pads using ribbon bonds.
The measurement setup is detailed in Fig. 12, and the results
are presented in Fig. 13. The results are deembedded so that
the probed pads and half the distance of the 50-Q2 TLs are
removed from the results. Therefore, the results contain just
two short 50-Q microstrip TLs, two pads, and the ribbon bond
connection.

Fig. 13 presents single-ended D-band VNA measurement
results obtained with a GSG probe. Both §;; and S, param-
eters are shown for the upper (GSG1) and lower (GSG2)
contacts. Notably, the ribbon bonds achieve S;; mostly below
—10 dB across a broad frequency range of 30 GHz. S
indicates a loss of around 5 dB. The crosstalk from GSGI
on the left MMIC to GSG2 on the right MMIC is around
—25 dB. However, this value is only meaningful when using
the bonds single-ended.

The results show that 120 GHz can be used as a distribution
frequency, as the losses at this frequency can be compensated
for using PAs. At the same time, 120 GHz offers the advantage
that only one frequency doubler is required, which improves
the power consumption of the TRX MMIC. In addition, there
are fewer unwanted harmonics in the Tx spectrum, which
could lead to ghost targets [29], [55].

While the S-parameter results are not as competitive as
in [56], [57], [58], and [59], the manufacturing of the ribbon
bonds is as easy as every other bond connection, making it
suitable for mass production.

V. ANTENNA ANALYSIS

In our concept, we utilize two antennas per TRX MMIC
that interact directly. The direct coupling from one antenna
to the other leads to significant signal components in the
low-frequency area of the range spectrum when using FMCW
chirps. As mentioned earlier, we utilize circularly polar-
ized (CP) antennas, with the Rx antenna mirrored to the Tx
antenna. This mirroring is necessary because the rotation of
the CP flips when an EM wave gets reflected at a target.
Theoretically, this configuration offers an advantage, as the
transmitting and receiving antennas are mirrored, potentially
suppressing the crosstalk. To quantify this, we simulated
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Fig. 14. Simulated crosstalk of the two antennas on the TRX MMIC. The
red curve shows the input matching of the antenna, and the blue curve shows
the power transferred directly from the Tx antenna to the Rx antenna. The

green curve shows Sp; for the case the Rx antenna is nonmirrored, purely for
investigation purposes.

both antennas with a pitch of 1060 um using Empire XPU
software: once as deployed on the MMIC (mirror configuration
of Tx and Rx antenna) and once in the same orientation (no
mirroring). However, the aim of using the CP antennas is to
rotate the MMICs to create a 2-D array. When using linearly
polarized (patch) antennas, two TRX MMIC versions had to
be used where one has rotated antennas.

The nonmirrored case serves only for testing purposes to
quantify the suppression achieved by mirroring. The simulated
S-parameters, including the antenna’s S;; and the crosstalk
indicated by S,; from the transmitting antenna to the receiving
antenna, are depicted in Fig. 14. The direct crosstalk is rather
small, measuring approximately —40 dB. Furthermore, in the
region around 245 GHz, where the antenna exhibits excellent
CP purity [46], an additional suppression of 5-10 dB is
observed.

The overall coupling from the Tx into the Rx antenna shows
similar behavior for both investigated cases. We conclude
that the main part of the transferred energy is caused by
near-field coupling between the two antennas and not by
far-field coupling. Otherwise, we would expect a greater
difference between the two curves.

In addition to direct crosstalk from the Tx antenna to the
Rx antenna in the near field, another relevant property is
the transmission behavior from the Tx to the Rx antenna in the
far field. Since the MMICs can be placed on two edges of the
VCO MMIC, we analyze the transmission from Tx to Rx in
case they are twisted and nontwisted to each other. We use
S-parameters measured with a linear-polarized horn antenna
in 6 and ¢ polarization. The measurement was performed
within an antenna measurement setup as described in [60].
The transmission behavior is calculated similar to [61, p. 303].
For a vertically oriented antenna (index V), the electric field in
the x-direction arises from S,; in the 6-direction. In contrast,
the electric field in the y-direction arises from Sp; in the
@-direction

Ey, X80
Ev’y X SZL‘P' (1)

For a horizontally oriented antenna (index H), the electric
field in the x-direction arises from S;; in the @-direction with
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Fig. 15. Measured coupling efficiency based on (3) if the antennas are rotated
the same (H-H) or rotated differently by 90° (H-V).

an inverted sign. The electric field in the y-direction for the
horizontally oriented antenna arises from S, in the 6-direction

EH,x 08 _S21,<p
Exy o $21,9. 2

According to [61, p. 303], the coupling between differ-
ently oriented antennas can now be determined according
to (3), where {-}* indicates the conjugation of complex val-
ues. We examine the case for two equally oriented antennas
(H-H) and two differently oriented antennas, where one is
horizontally oriented and one is vertically oriented (V-H).
We also investigate the difference between the two couplings,
as depicted in Fig. 15. Good circular polarization is achieved
at frequencies around 250 GHz. The difference between both
cases is minimal. However, circular polarization is not ideal for
low frequencies, resulting in additional attenuation when the
Tx and Rx antennas are not similarly oriented. The nonideal
CP can also be recognized by the difference between the red
(H-H) and blue (V-H) measurement curve, which is shown as
a green dotted curve

CH—H (06 EH,x . E:Lx + EH'y . Eli,y
Cvu o Evy-Ej, +Ev,y- Ey,. )

Besides the coupling between Tx and Rx antennas, the
virtual array is a key aspect of an MIMO radar system. Fig. 16
shows the MMIC placement on the system’s front-end PCB,
where each MMIC is depicted as a rectangular box and each
physical antenna with a blue circle (Tx—positioned at rry)
or a red cross (Rx—positioned at rgy) using the following
equation:

rrg = [F1, ..

IRy = [F1, ..

.y ;NTX]T (S RNTX)G

TN ]T € RVeS, 4)

Since each TRX MMIC contains one Tx and one Rx
antenna, the virtual array has a nonrectangular shape with
virtual elements extending beyond the virtual array’s core
area. The virtual antenna position is calculated with a Kro-
necker product of the Tx and Rx position, as outlined in (5).
The vector 1y contains only ones and has a dimension of
N x 1 according to the number N of physical Tx and Rx

y-Position (mm)
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+ Virtual Antenna
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Fig. 16. MMIC placement on the front-end PCB showing the MMIC and
on-chip antenna positions (red crosses and blue circles), as well as the virtual
antenna’s positions (green diamonds).

antennas [38], [62, p. 20]
ry, = rrx ® Iy + Iy, ® ey @)

The closest spacing in the x- and y-directions between
the virtual elements positioned at ry, is ~I1.1 mm, which
is slightly shorter than the used wavelength at 240 GHz
(~1.25 mm).

VI. SYSTEM MEASUREMENTS

The results shown so far have been limited to individual
components or subsystems. In this section, system measure-
ments are presented, and both the radiated power and the
FMCW spectra are analyzed. For this purpose, we have
constructed an MIMO system with eight MMICs, resulting
in 8 x 8 = 64 virtual channels. Four MMICs were placed
horizontally and four MMICs were placed vertically next to
the VCO MMIC, creating a colocated MIMO array [63].
The LO signal is generated by the VCO MMIC and fed to
all TRX MMICs to ensure coherent operation. The layout
of the MMICs on the front-end PCB is shown in Fig. 17
(side). Although we operate at a center frequency of 240 GHz,
only FR4 is used as PCB substrate material. This is possible
because no signals above 8 GHz (PLL input) are routed over
the FR4 PCB. Furthermore, the 120-GHz LO signal is routed
from MMIC to MMIC, and the antenna is also located on the
MMIC itself. This is a significant advantage of the concept
presented here. The PCB technology can be simplified despite
the considerably higher center frequency than conventional
77-GHz automotive systems. However, placing the MMICs
and bonding them to PCB and each other is more complex.
The MMICs were placed by hand under a microscope, and the
ribbon bonds were created using a manual bonder from TPT.

The right of Fig. 17 illustrates the backside of the front
end, but this time with a complete view. The L-shaped
structure in the center of the PCB shows the position of
the MMICs. Right next to the MMICs on the front end’s
backside, we use capacitors to ensure a stable power supply.
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Fig. 17. (a) FR4-based front-end PCB of the radar system, including the
nine MMICs glued to the PCB and bonded to each other and to the PCB.
(b) Backside of the front-end PCB includes two PLL circuits and eight IF
amplifier channels.

Horn Antenna

Fig. 18. Measurement setup using a Keysight signal analyzer (UXA) and
a J-band SA extender, equipped with a horn antenna, which is surrounded
by absorbers. The MIMO radar system is on the right side at a distance of
12 cm, which ensures the far-field operation.

PLL circuits needed to stabilize the two VCOs and to create
the FMCW chirps are also placed close to the MMICs. There
are also eight IF amplifiers on the backside, consisting of
two operational amplifiers each, which are integrated into one
QFN package. A total of ten pin headers connect the front
end with a field-programmable gate array (FPGA), analog-to-
digital converters (ADCs), and the power supply, which are
located on the back-end PCB.

A. Radiated Power

The SiGe circuits in the system are designed so that each
transmit channel operates at the same power level. After
splitting the LO signal on the TRX MMIC, where the power
is divided for the Tx, Rx, and next MMIC, a two-stage PA is
employed on the TRX MMIC. This is intended to compensate
for the losses incurred during the power division and the ribbon
bond connection. To validate the system concept and circuit
design, the radiated power of each Tx channel is measured.
For this purpose, an SAX (N9029AV03) and a Keysight signal
analyzer (UXA N9041B) are utilized. Using a 20-dB horn
antenna from Millimeter Wave Products Inc. (261J-20/387)
and the SAX, the received power is captured and converted
into the equivalent isotropically radiated power (EIRP) of the
channel using the Friis transmission equation [64, p. 89],
including an antenna gain ~ —3 dB [46]. Fig. 18 illustrates
the measurement setup, and Fig. 19 shows the recorded power
data for broadside radiation.

IEEE TRANSACTIONS ON RADAR SYSTEMS, VOL. 2, 2024

In both plots, the curves reach approximately the same max-
ima of about 0-1.5 dBm. In addition, the measurement curves
exhibit relatively slight variation, which could be attributed to
the amplifiers on the MMIC being adequately dimensioned and
in saturation, ensuring sufficient power is available for each
MMIC. Furthermore, it is noticeable that the power increases
from one Tx MMIC to the next, which can be attributed to the
PAs working in saturation. However, there is still a difference
between the horizontal and vertical groups: In the horizontal
case, the output power of the first two MMICs in the row (Tx1
and Tx2) is lower for low frequencies. This suggests that the
ribbon bond connection is not identical for every MMIC due
to manufacturing tolerances.

SA-based free-space power measurements rely on many
assumptions that influence the result. The accuracy of the
specified horn antenna gain, SAX CG, cable losses, and the SA
detector play a crucial role in determining the output power.
Since the free-space path loss is too high, we cannot cross-
check the results with a power meter. Although the measured
EIRP is slightly higher than the simulated output power of the
Tx chain, it is in good agreement with a previous publication
using a similar circuit topology, which is also based on the
B11HFC technology and also reaches ~0 dBm [40]. In the
circuit simulation, we assumed 80 °C MMIC temperature to
consider self-heating. When reducing the temperature to 40 °C,
the power increases by up to 2 dB, which fits better with
the measurement results. As the on-chip temperature can only
be estimated, an on-chip temperature sensor is planned for
the next MMIC version to get the correct temperature and to
perform the circuit simulation with the precise temperature
values.

B. FMCW Measurements

Fig. 20 illustrates the IF spectra with normalized power (NP)
of the 8th receive channel and all eight transmit channels.
A corner reflector with an edge length of 35 mm was utilized,
and 4 ms chirps with 30-GHz bandwidth are generated. While
the subfigures depict the behavior of the 8th Rx antenna,
the performance for other Rx channels is very similar. These
subplots can be divided into two groups: the first group
includes Tx1-Tx4, as these four channels are rotated 90°
relatively to Rx8, while the second group comprises Tx5—
Tx8, where the four channels are oriented equally to Rx8. Two
distinct features are immediately noticeable: the rotated chan-
nels (Tx1-Tx4) have less dynamic range and a wider peak.
As shown, this is attributed to the circularly polarized anten-
nas, whose polarization properties are frequency-dependent,
leading to less received power in the lower frequency range
when rotating the Tx and Rx antennas relative to each other.
Consequently, the nonrotated configuration (Tx5-Tx8) demon-
strates better performance. Furthermore, another behavior is
observed: the width and position of the peaks vary depending
on the MMIC’s position in the MIMO array. First, the position
shifts due to the LO signal experiencing additional propagation
delay caused by the LO feed-through structure. Second, the
group delay influences the peak’s width when the LO signal
is transferred through multiple PA stages. As outlined in [65],
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Measured and NP of the IF spectra of the radar system using a front end with 8 x 8 transceiver MMICs. The transmitted signals utilize TDM.

Therefore, we plotted the virtual received signals for the 8th receive antenna and all transmit antennas.

group delay broadens the peak in an FMCW system. Overall,
at a frequency of 240 GHz and a distance of ~25 cm,
an SNR of 20 dB can be achieved using a rather tiny 35-mm
reflector. However, when employing MIMO algorithms such
as fast Fourier transform (FFT)-based imaging, an additional
gain in SNR is obtained as multiple channels are evaluated
simultaneously [66]. More detailed investigations into MIMO
imaging with the system will be presented in later articles.

The LO feedthrough structure and the cascadable TRX
MMICs cause a significant delay, which shifts the IF peak
toward larger distances. In Fig. 20, the peak’s position depends
on the used Tx and Rx channels. The time delay can be
compensated by multiplying e=/®7 to the IF signal, where T
has to be measured for all virtual channels using a reference
measurement. Moreover, the variation of radiated power of
each virtual channel must be considered when performing
imaging algorithms.

VII. COMPARISON

First silicon-based 240-GHz ISM band signal generators and
transceiver circuits appeared over a decade ago [40], [67], [68]

and improved design approaches were published in the mean-
time [29], [69], [70], [71], [72], [73], [74], [75], [76], [77].
However, these approaches focus on single-channel designs,
allowing for distance measurements only or SAR imaging
when using mechanical positioning systems. Besides the upper
mm-wave region, fully integrated single-channel THz sources,
Rxs, and transceivers have been shown recently [15], [78],
[791, [80], [81], [82].

When aiming for 3-D imaging without moving the sen-
sor, multichannel MMICs and systems are needed. In the
77-GHz automotive band, first MIMO systems appeared
roughly 15 years ago [26] and more advanced implementation
followed [83], [84], [85]. Also, in the D-band, many results
were published [24], [25], [27], [86], [87], [88], [89], [90],
[91], [92], [93], [94], [95], [96]. However, above 170 GHz,
the number of publications shrinks tremendously.

In the 240-GHz ISM band, Mangiavillano et al. [30] imple-
ment four Tx and four Rx antennas into a 16.2 mm?> MMIC
using compact on-chip antennas. The antennas create a virtual
array with 0.625 mm = 0.5\ spacing, which is slightly shorter
than the 1.1 mm = 0.88)\ achieved in this article. However,
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TABLE I
STATE-OF-THE-ART SILICON-BASED MIMO RADAR TRANSCEIVERS OR SYSTEMS ABOVE D-BAND

Ref. Frequency® MMIC fr /fmax Multiplex =~ MMIC Area  Tx x Rx System Peak EIRP  Min. SSB NF
et (GHz) Process (GHz) Mode (mm?) Channels Demonstrator (dBm) (dB)
130 nm
[32] 223 — 276 SiGe 300/500 TDM 2,78 1 TRX 1 TRX 27t 18.7
(SG13G2)
130 nm
[31] 234 — 254 SiGe 300/500 TDM 3.3% 1x1 1x1 —5.4 23.5¢
(SG13G2)
130 nm
[30] 233 — 257 SiGe 250/370 TDM 16.2% 4 x 4 4 x 4 ~ —5 14.9
(B11HFC)
130 nm LO: 2.1
This 220 — 253 SiGe 250/370  TDM/CDM TRX' 2.8 1x1 8 x 8 1.5 17t
(B11HFC) T

Note: ©: Demonstrator system, ¥ Using a 26 dBi lens, #. Without LO generation, #. Simulated

Hasan et al. [31] and Turkmen et al. [32] use a different
approach. Instead of designing a large MMIC, the functionality
is kept minimal on the MMIC because only one Tx and one Rx
channel are implemented. Therefore, the MIMO capability is
achieved by using multiple MMIC:s inside a radar system. This
methodology is similar to this article but with different front-
end circuits. These three publications and the present MMIC
and system are included in Table I. All four MMICs achieve
similar performance values for Rx NF and EIRP, as all use
similar semiconductor technologies, namely, [HP SG13G3 or
Infineon B11HFC. However, our approach is the only one that
implements a VM. Also, we use a rather high LO distribution
frequency of 120 GHz, while others use 12-32 GHz and
route the LO signal over the front-end PCB, which makes
RF substrates necessary.

In addition to the circuit’s performance metrics, it is impor-
tant to compare how easily the system can be scaled up
and how multiple MMICs can be cascaded together. All
three studies under comparison allow for the use of multiple
MMIC:s. In [32], a frequency range of 12—15 GHz needs to be
connected to the TRX MMIC and an injection-locked VCO.
As a result, the LO signal must be distributed to the MMICs
in a star configuration. A similar setup is shown in [30], where
each MMIC requires its own 20-GHz LO signal. In both cases,
the distance at which the MMICs can be placed depends on
how much space is needed for the bond wires and the traces
on the PCB.

However, Hasan et al. [31] use a different approach. The
32-GHz LO signal is divided on the MMIC and routed to
the opposite side of the MMIC. This is similar to the method
described in this article since it enables cascading multiple
MMICs in a row. However, in [31], the MMICs cannot be
positioned closely together because the edge of the MMIC
containing the LO signals also includes other signal pads.
Therefore, the LO signal has to be bonded onto the front-end
PCB and not directly to the next MMIC.

Finally, Kahl et al. [97] present a 12 x 64 array using 64
Rx MMICs, which were presented in [98] and 12 commercial
waveguide-based Tx modules. This approach uses widely
separated antennas [99] with many wavelengths between the

channels, which is somehow compensated using directive,
lens-based antennas. Since this approach is not entirely based
on SiGe, it is not included in Table I.

Besides silicon technologies, also III/V-based MMICs are
used to build MIMO arrays for imaging when using multiple
modules [100], [101], [102]. Moreover, near-field readout
systems and [103] and communication MMICs have been
presented [104].

VIII. CONCLUSION

In summary, this article introduced a 240-GHz FMCW
MIMO radar chipset designed for scalable array sizes using
Infineon’s B11HFC SiGe bipolar complementary metal-oxide-
semiconductor (BiCMOS) technology, featuring fr/fmax =
250/370 GHz. The chipset comprises a 120-GHz VCO MMIC
for generating the LO signal and a transceiver MMIC for
transmitting and receiving at 240 GHz. Each TRX MMIC
contains one Tx and one Rx channel, which is capable of
cascading multiple MMICs. The system concept involves the
efficient transfer of the LO signal using low-loss ribbon bonds,
enabling coherently coupled MMICs and a scalable radar
system design.

Furthermore, system measurements were conducted using
an MIMO system with eight MMICs, grouped into four
horizontally and four vertically aligned TRX MMICs resulting
in 64 virtual channels. In the MIMO demonstrator system,
the front-end PCB is made of FR4 even though the oper-
ating frequency is the J-band, which is enabled by using
frequency divider circuits on the VCO MMIC and on-chip
antennas on the TRX MMICs. The coupling between the
rotated and nonrotated MMICs was analyzed since circular
polarized antennas are used. The analysis shows a pure circular
polarization at 240 GHz, which declines toward 220 GHz.
Moreover, we measured up to 1.5-dBm EIRP and performed
FMCW radar measurements using commercial PLL. SMD
components, creating 30-GHz chirps and showing a dynamic
range =~ 20 dB.

Overall, the demonstrated radar chipset presents a signifi-
cant advancement in mm-wave radar technology, offering high
integration density, modularity, and scalability. In upcoming



BOTT et al.: 8 x 8 MIMO RADAR SYSTEM UTILIZING CASCADABLE TRANSCEIVER MMICs

research, we will investigate the needed calibration schemes
of the system to use the VMs and to perform coherent radar
imaging using the colocated 8 x 8 array.
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