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Abstract
This paper presents a flexible SiGe monolithic microwave integrated circuit (MMIC) chipset
for 120GHz ultra-wideband frequency-modulated continuous wave radar systems.The highly
integrated chipset is implemented with multiple-input and multiple-output radar in mind
which leads to transmit and receive MMICs with four integrated channels in each chip. The
transmitter achieves an output power of 12.9 dBm with a total power consumption of only
403mW. The receiver chip incorporates a sub-harmonic approach for suppression of leakage
radiation at 120GHz through a receive channel. Both chips integrate active multiplier chains
that are driven by a third reference dual band voltage-controlled oscillator (VCO) MMIC
that can deliver an output at center frequencies of 15 or 30GHz. The reference VCO MMIC
demonstrates relative tuning ranges of 32%.

Introduction

The introduction of modern silicon and especially silicon-germanium technologies, such as
e.g. [1], led to the emergence of scalable multiple-input and multiple-output (MIMO) radar
systems in the D-band, especially around 120GHz and beyond [2–5].

Especially the use of automotive radars in the frequency range around 80GHz led to
the development of sophisticated MIMO arrays and highly integrated measurement systems
enabling the use of this technology for a multitude of other applications, like contactless vital
sign detection [6], drone detection and avoidance systems [7], or imaging applications [8].

Most of these MIMO systems have in common, that the local oscillator (LO) generation and
distribution is separated by their respective transmitters Tx, receivers Rx, or transceivers TRX.
This leads to maximum flexibility in the system design by enabling the possibility to implement
a multitude of different system configurations with the same high-frequency integrated circuits
(monolithic microwave integrated circuits [MMICs]). This enables the scaling of these systems
from ultra-compact MIMO systems the size of a matchbox [9], to systems with thousands of
transmit and receive channels [10, 11].

In this article, a flexibleMIMOchipset is presented, consisting of different voltage-controlled
oscillator (VCO) MMICs for reference signal generation, and additionally highly integrated
transmitter and receiver MMICs, containing four transmitters or receivers each. For the signal
generation MMICs, three different circuit implementations are investigated to determine the
influence of different circuit optimization techniques on the overall performance of these VCO
circuits.

In Section “Chipset concept and circuit design,” the chipset concept and the design of the
individual circuits is introduced. This is followed by Section “Experimental results,” where
measurement and simulation results of the implemented circuits are discussed. This article
is concluded in Section “Discussion and conclusion” that not only summarizes our findings
but also contains a comparison with the state-of-the-art of signal generation MMICs around
30GHz and D-band active multiplier chains.

Chipset concept and circuit design

A proposed system concept for the front-end module of a 8 × 8 MIMO frequency-modulated
continuous wave (FMCW)-radar at a center frequency of 120GHz is shown in Fig. 1.The front-
end module will be based on three different custom application-specific integrated circuits in
Infineons (IFAGs) B11HFC SiGe-Technology and a frequency ramp generation block based on
a custom of the shelf (COTS) phase-locked loop (PLL) chip. The PLL chip is triggered by the
control logic of the backend andwill stabilize a 30GHzVCO for the generation of the frequency
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ramps needed for the FMCW operation of the radar. On the VCO
chip, two small output amplifiers for two separate 30GHz outputs
will be realized along with a prescaler in order to use the limited
input frequency range of available COTS PLL chips.The derivation
of all frequency ramps from one VCO is done to provide coher-
ence between all channels in all measurements. One of the outputs
of this VCO chip is used to drive two transmit chips while the
other output is used to drive the two receive chips. This coher-
ent signal generation is done only at 30GHz since this comparable
low frequency is easier to route with less parasitic radiation than
in the intended frequency band of 120GHz. Also, a single-ended
approach is used for easier distribution of the generated 30GHz
signal on the high-frequency substrate with only one metal layer.

The transmit as well as the receive chips integrate four channels
each resulting in two transmit and two receive chips needed for
the chosen 8 × 8 MIMO system concept. The ramp signal is pre-
amplified and distributed to the four respective channels on the
chips. In both chips, a frequency translation for the up-conversion
of the ramp signal to the 120GHz transmit signal and the down-
conversion of the 120GHz RX input signal to the intermediate
frequency (IF) (<20MHz) will be realized. Quad channel MMICs
have been chosen as a sweet spot for integration, chip size, still fea-
sible bond interfaces, and inter-channel coupling. From an on-chip
view, the channels are limited due to four edges that are available for
distribution of bondpads on the bare die. While from a PCB rout-
ing perspective, the size and spacing between the high-frequency
interfaces at 120GHz of the MMIC and the routing to the PCB
antennas already becomes quite challenging even with only four
differential channels per MMIC.

The rest of this section is divided into three sub-parts describ-
ing the circuit design of the three different MMICs of the MIMO
chipset used in Fig. 1. For the fabrication of the MMICs Infineon’s
B11HFC [1], automotive qualified production SiGe:C hetero bipo-
lar technology with an fT of 250GHz and fmax of 370GHz was
chosen. In addition to the high-speed heterojunction bipolar
transistors (HBTs), the technology offers different flavors of HBTs
(high-voltage, medium speed) and MOS transistors (digital and
analog IO) in its front end of line (FEOL). Furthermore, a back end
of line (BEOL) into which dedicated radio frequency (RF) metal–
insulator–metal (MIM) capacitors and thin film RF-Tantalum-
Nitride (TAN) resistors are integrated consisting of six copper
layers and one aluminum layer, which is used for laser-fuses and
pads, is offered by the manufacturer. A supply concept with only
one single supply voltage of 3.3 V is used for all three SiGeMMICs.

Reference VCOMMIC

Thedesigned reference VCOMMIC that is described here in detail
and (already presented in [12]) offers more flexibility and features
than needed for the realization of the proposed 8× 8MIMO radar
given in Fig. 1. The band selection capabilities of this presented
MMIC are not needed for the proposed 120GHz system.

For the generation of the signal at the higher band, a
fundamentalLC-VCO around 30GHz is used while the lower band
is generated by a frequency division by two on the chip. For stabi-
lization within an off-the-shelf PLL chip, an additional divide-by-2
stage with a buffer is also integrated. This first sub-part is out-
lined in Section “Fundamental 30GHz LC-VCO”. For the band
selection, two wideband single pole, double throw (SPDT) RF
switches were used due to the differential architecture which can
be seen in Fig. 2. The circuit design of this second sub-part is
described in Section “Wideband SPDT RF switch”. In the last

Subsection “Output differential to single-ended buffer amplifier,”
the design of the output unbalance buffer amplifiers that have to
operate in two frequency bands simultaneously are given. These
amplifiers can be enabled separately for further flexibility of the
MMIC.

Fundamental 30 GHz LC-VCO
Due to its excellent efficiency and phase noise performance, amod-
ified Colpitts–Clapp LC-VCO topology that was first presented in
[13]. The schematic of the designed VCO is given in Fig. 3. As a
result of their beneficial properties at these frequencies, all needed
inductive elements (LB, LE, and L1) were realized with compact
2.5D EM simulated monolithic integrated planar inductors in the
top thick metal layer of the BEOL.

The Colpitts-varactor Cvar1 and the Clapp-varactor Cvar2 are
simultaneously tuned with the same external voltage Vtune. Here,
however, no additional on-chip voltage drop for compensation of
VBE,1 of transistor T1 is used. Although simulations have shown
a decrease in tuning range by about 15%, this approach improves
phase noise variation over the tuning range by about 3 dB. The
oscillation tank is formed by the two varactors Cvar1 and Cvar2,
the differential center-tap inductor LB, the capacitor CB, and the
parasitic capacitances of T1.

The inductors LE are used for decoupling the oscillating tank
from the resistor current source supplying I0. To reduce load pull
effects from the output to the oscillator an additional base-stage
with transistor T2 is added between the load inductor L1 and the
oscillating transistor T1. A thorough investigation of frequency
pulling as an effect of load pulling on VCOs and methods for
its reduction was discussed in [14]. The voltage references Vcasc
and VB are generated on-chip through simple diode and resis-
tor networks from the single 3.3 V supply. The static frequency
divider chain is based on current-mode-logic (CML) latches with
an additional buffer behind the second divide-by-2 stage.

For further characterization, investigation and optimization
purposes of the VCO, three different standalone breakout VCOs
were taped out. The first one matches (VCO1) depicted in Figs. 2
and 3 with its output directly connected to the probing pads in a
GSSG configuration. This breakout circuit enables an explicit esti-
mation of load pull effects from the used divider and SPDT concept
on the VCO. Within the second implementation (VCO2) cus-
tom designed deep trench areas below the spiral inductors where
used. This was done to investigate a possible way to reduce eddy
currents induced in the substrate below the spiral inductors, poten-
tially increasing their quality factor. While in the third test VCO
(VCO3), the core current of the VCO is regulated with a dedi-
cated transistor degenerated current mirror as a current source
instead of the simple resistor supplying I0 in Fig. 3. This addi-
tional realization was chosen for optimization purposes especially
regarding the temperature stability but also regarding the phase
noise performance of the VCO.

Wideband SPDT RF switch
For the realization of the SPDT RF switch, all available transistor
devices except for the digital MOS devices have been evaluated in
simulation. The best overall results concerning insertion loss and
isolation were achieved by using the high-speed HBTs available in
the technology. A simple series-shunt topology is adopted for the
SPDT switch which is shown in Fig. 4.

For further improvement of the series as well as the shunt
devices of the SPDT, an antiparallel HBT design that was demon-
strated and evaluated for the series device in [15] was selected.
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Figure 1. Block diagram of a proposed 120GHz 8 × 8 MIMO FMCW-radar based on the designed reference VCO, four-channel transmit and four-channel receive chip
presented in this work.
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Figure 2. Block diagram of the proposed dual-band signal generation MMIC.
Differential signal paths are drawn with double lines.

Figure 3. Schematic of the fundamental fully differential LC-VCO at 30 GHz. All
inductive elements are realized with monolithic integrated planar inductors.

Figure 4. Schematic of the wideband SPDT RF switch with a series-shunt design.
Antiparallel high-speed HBTs are used to gain pseudo-symmetrical series and shunt
devices.

With the antiparallel design, the otherwise asymmetricHBTdevice
can be pseudo-symmetrized.

Since the main criteria for optimizing the SPDT is the isolation
between both input ports and the inactive input port to the out-
put, with the latter one always being higher than the former one,

Figure 5. Schematic of the two-stage output buffer amplifier that converts the
differential signal to single-ended.

no needed matching to 50Ω in favor of area savings was assumed.
Also, the insertion loss of the SPDT was rebalanced for the differ-
ent levels at the outputs of the VCO and the first divide-by-2 stage.
This was realized by different impedance levels with the capacitors
C1 = 100 fF, C2 = 400 fF and resistors R1 = 50Ω, R2 = 200Ω.
The switch signal SW and SW are generated on chip from a single
input signal by using analog IO MOS inverters. The bases of the
HBTs are terminated with a high-value resistor R4 = 1 kΩ.

Output differential to single-ended buffer amplifier
A differential-to-single-ended buffer was required, since PCB-
routing of the clock tree using differential signals on a single layer
is very cumbersome. Common transformer-based balun solutions
at these frequencies have the drawback that the transformer only
operates well either at Ku- or at Ka-Band.

Here, a two-stage amplifier solutionwas used, as shown in Fig. 5.
The first stage with a common differential cascode amplifier topol-
ogy is responsible for the wideband amplification at Ka- as well as
Ku-Band with a purely resistive load of RL = 500Ω.

The second stage is used to transform the impedance level in
order to drive a single-ended impedance of 50Ω. A differential
emitter-follower stage is used for the impedance level transforma-
tion. A current mirror load to the emitter-follower is introduced
for improving the single-ended conversion at the output.

The voltage referencesV1 andV2 are also generated on-chip. An
additional enable-signal can be used to shut down the reference
current source resulting in only small leakage current of several
hundred nA as a standby current.

120 GHz four-channel transmit MMIC

This subsection describes in detail the design of the four-channel
transmit MMIC that is needed for the realization of the MIMO
radar system as given in the block diagram of Fig. 1. For rea-
sons already given at the beginning of Section “Chipset concept
and circuit design,” a single input frequency at one quarter of the
operation frequency (30GHz) serves as the input signal for the
transmit MMICs. The single-ended or unbalanced input signal
at 30GHz is converted to a differential signal via a transformer
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based balun and is then pre-amplified on the MMIC before redis-
tribution. After this signal reconditioning, the differential signal is
distributed to the four receive, respective transmit channels with
a passive coupler that is based on spiral inductors. The differen-
tial on-chip architecture is adopted for its various benefits such as
common-mode rejection and higher usable voltage swings before
transistor breakdown occurs. Every transmit chain uses its own
independent quadrupler and amplifier chain to translate the input
frequency from 30GHz to the operational frequency of 120GHz
instead of one single quadrupler chain.This is done to increase the
efficiency and therefore the output power since the distribution at
120GHz would become more lossy compared to a distribution at
30GHz. To allow for a time-divisionmultiplexing-MIMOmodula-
tion scheme every TX-chain can be activated by separate dedicated
shutdown (SHDN) or enable (EN) pins/signals.

The concepts of the developed circuits for the transmit MMIC
are based on the results achieved in [16] with optimizations regard-
ing the input stage at 30GHz and a tuning of the circuits to a center
frequency of 120GHz. In addition, the quadrupler chain from [16]
which consisted of two cascaded bootstrapped Gilbert cell dou-
blers and a small output buffer was expanded by two cascaded
power amplifier (PA) stages to reach higher output power levels
for a higher dynamic range of the whole system. The total cur-
rent consumption with one active transmit channel is 122mA.The
preamp of theMMIC is always active even when no transmit chan-
nel of the MMIC is needed to ensure a good matching of the LO
input at 30GHz. This leads to a small standby current consump-
tion of 6.2mA with all channels deactivated which will happen in
the chosen 8 × 8 MIMO system proposed in Fig. 1.

60 and 120 GHz bootstrapped Gilbert doublers
One very fitting example for Gilbert cell doublers in SiGe technolo-
gies was investigated in [17] with the basic concept that the Gilbert
cell as a mixer is multiplying two signals at the same frequency.
This results in a output signal at the sum of the input frequencies
as well as a DC-part. A thorough examination of the output imbal-
ance of the supposed to be differential Gilbert cell was done in [18]
while a comprehensive study on different doubler topologies has
been done in [19] showing that Gilbert type doublers can deliver a
good peak output power and 3 dB bandwidth at the same time.This
evolution of Gilbert cell type doublers in SiGe technologies basi-
cally ended in the bootstrapped topology first described in [20] for
the implementation of the needed phase shift of the input signal to
suppress the DC-part of the multiplication.

In comparison to the commonGilbert cell doubler topology, the
bootstrapped versions shows two very convenient benefits which
are a higher conversion gain (CG) and a better amplitude and phase
balance. The schematic of this developed and optimized doubler
is shown in Fig. 6 for the first stage of the quadrupler. The boot-
strapped topology employs the needed phase shift of the input
signal between the input differential pair of T2−3 and the switching
quad formed by T4−7 with inductor L1 and capacitor C1.

The differences between the two cascaded doubler stages can be
found in the biasing especially in the core current that is supplied
with the current source of transistorT1.This leads to a current con-
sumption of 9.7mA and 12.1mA for the first and the second stage,
respectively. A second difference lies within the realization of L1. In
the first stage L1 is realized with a planar spiral inductor as can be
seen in the chip micrograph later on. In the second stage, a trans-
mission line has been used, due to the higher operating frequency,
it can already be conveniently implemented as L2 for both stages.

Figure 6. Schematic of the first bootstrapped Gilbert cell doubler used in the
cascaded quadrupler.

120 GHz amplifiers
The three cascaded amplifiers after the quadrupler consisting of a
simple buffer and two PA stages are described in this subsection.
The simple buffer is used to properly decouple the PA stages from
the quadrupler. While the following two PA stages consisting of
an intermediate amplifier and an output amplifier are optimized to
deliver a high and flat power output.

All three amplifiers share the same topology that is shown
in Fig. 7 which is commonly used at millimeter wave frequencies.
Here, a simple class-A biased cascode amplifier architecture with
the differential pair T1 as the input stage and a following base stage
T2 at the output is used. To increase the gain of the amplifier, a com-
pensation lineTL1 is used between the differential pair and the base
stage. While the output matching for all three amplifiers is realized
with a T-type matching network formed by TL2−4. With this out-
put network, an interstage matching between the output stage and
the intermediate stage is realized resulting in less lossy networks
being used. This ends up in C1 of the output stage being the exact
same capacitorC2 of the intermediate stage.The same is done at the
output of the last doubler and the buffer stage with COut in Fig. 6
being the same as C1 of the buffer in Fig. 7. This results in only the
intermediate stage using a dedicated, but simple, input matching
network based on transmission lines and MIM-capacitors, that is
not shown here for clarity.

The class-A biasing is realized with the current source supply-
ing I1 which differs for the three amplifier stages. This leads to a
current consumption for the buffer following the frequency trans-
lation stages of 12mA, for the intermediate amplifier of 32mA and
the output stage of 49.7mA.

120 GHz four-channel receive MMIC

The subharmonic four-channel receive MMIC presented in this
section is based on previous work presented in [5, 9]. In
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Figure 7. Schematic of the last amplifier in the cascaded three amplifier chain. All
three amplifiers are based on the same topology with different biasing settings and
matching schemes.

time-division multiplexed MIMO systems with a large number
of channels and high dynamic range, problems can occur due to
parasitic signal radiation at the receivers. Due to limited isolation
between the LO- and RF-port of the receive mixers, the LO sig-
nal with a large amplitude can directly feed into the RF input port
of the mixer, where this signal will be transmitted by the receive
antenna. As the receive channels of such a MIMO systems are
active all of the time, the power of this parasitic transmission is
multiplied by the number of channels and can cause errors in the
radar measurement, like ghost targets or “smeared” targets.

To prevent these parasitic transmission signals originating at
the receiver, we developed a subharmonic receiver concept, as
shown in Fig. 8. In this concept, the parasitic radiation is mitigated
by the introduced frequency shift of the LO signal in regard to the
frequency of the received RF signal. Because of this concept, the
feed-through of the LO signal is prevented by two mechanisms.
Due to the frequency shift, only a 60GHz differential signal or a
120GHz common-mode signal can occur at the RF port of the
first mixer. Due to the geometric configuration of the intended
differential receive antennas, neither signal can be radiated from
the antennas, as the antenna can not radiate common-mode sig-
nals and the length and width of the antenna is optimized for a
center frequency of 120GHz and therefore too short to radiate a
60GHz signal. Furthermore, due to the differential characteristic
of the mixers, the common-mode signal at 120GHz is attenuated
by the common-mode rejection of the current source.

In this receiver implementation, we use a single-ended input
signal at a center frequency of 30GHz and convert this signal to
a differential signal using a balun and a preamp circuit, similar

X2

4 4120G 60G
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O
CV
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ma-F I

ot

Figure 8. Block diagram of the developed subharmonic receiver MMIC.

to [5]. This signal is doubled in frequency and amplified before
it is split for distribution on the receive MMIC. The individual
receivers consist of two cascaded mixers operating at one half of
the 120GHz input frequency, therefore the input signal at a fre-
quency of 120GHz is down-converted to a first IF of 60GHz and
then in a second step converted again to an IF in the baseband.

LO input and distribution network
For the LO input and distribution network on the receive MMIC
circuits derived from [16] are used. In the presented receiver
MMIC, we use the input balun, preamp, and first frequency
doubler cell to generate the differential, subharmonic LO signal.
Instead of the frequency quadrupler presented in [16], we omitted
the second frequency doubler to generate a subharmonic LO signal
for this receiver implementation.

Receive mixers
The two downconversion mixers of this receiver architecture are
based on Gilbert cell mixers. The schematic of the mixers is
depicted in Fig. 9. The difference between the first and second
mixer stage lies in the used load impedance, the current source I0,
and the reference voltagesV0 andV1. As the first mixer stage has a
output frequency around 60GHz an inductive load impedance can
be used (as depicted in the black dashed boxes). This solution has
the advantage, that the inductive load exhibits minimal dc voltage
drop, therefore, more voltage headroom is available for the output
signal.This available headroom is used to implement a degenerated
current mirror as the current source I0, to ensure high common-
mode rejection for the first mixer stage. In return, the voltage drop
over the base-emitter diode of the current source leads to a voltage
difference of ≈ 800mV for the bias voltages V0 and V1 compared
to a resistor current source.

The second downconversion mixer converts the 60GHz signal
into a baseband signal, therefore a resistive load impedance (as
depicted in the red dotted boxes) is used in this mixer implemen-
tation. Due to the voltage drop introduced by this resistive load
impedance, we use a resistive current source for the second mixer
stage.

To complement the two receive mixers an additional differen-
tial IF amplifier is implemented for each of the receive channels
on the receiver MMIC. This IF amplifier is connected with sig-
nal pads to anti-aliasing filters on the front-end PCB of a radar
system.
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Figure 9. Schematic of the implemented downconversion mixers. For the first
mixer stage, a inductive load (black dashed box) is used, the second mixer stage
uses a resistive load (red dotted box).

Experimental results

Reference VCOMMIC results

The fabricated MMIC measures 0.86mm2 in size and is shown in
Fig. 10.The on-wafer measurements were conducted with a Rohde
& Schwarz FSW85 spectrum analyzer and a Rohde& SchwarzNRP
power meter. Losses of the probes and cables were de-embedded.
The two separate outputs on opposite sides to the left and right
are chosen for a high level of flexibility and routing options on
PCB level. The total measured power consumption of the chip is
212mW from the 3.3V supply. This divides into 52.8mW VCO,
2 × 43.8mW for the buffer amplifiers, 2 × 9.7mW for the SPDT,
and 52.2mW for the frequency divider.

As a firstmeasurement result the tuning curves of the two bands
are shown in Fig. 11. Both tuning curves agree very well with each
otherwith half of the absolute tuning range at one-half of the center
frequency.The relative frequency tuning range of both bands is the
same with 32%.

As a second result, the output power achieved by this MMIC
at one of its two outputs is plotted in Fig. 12. The output levels at
both frequency bands are nearly on the same level even though the
fundamental VCO can easily deliver much higher levels than the
first divide-by-2 CML stage. To further balance the levels of both
bands, a buffer between the first and second divider stage could be
introduced in a future work. For this work, an important result is
the observable feed-through of the feed-through of the unwanted
harmonic. The suppression of the unwanted signal is better than
25 dB in all cases. The feed-through of the Ka-Band is more prob-
lematic due to the decreasing but expected isolation of SPDTs with

VCO

AMP

/4 Stage
SPDT

AMP

Figure 10. Photograph of the dual-band MMIC with highlighted building blocks.
The overall chip size is 930 × 930𝜇m2 which is mainly dominated by the VCO and
its planar inductors.
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Figure 12. Measured output power POut at one output versus frequency for both
bands. The high isolation of the SPDT can be observed with suppression of the feed
through.

frequency.The output power levels of more than −10 dBm are large
enough to be distributed to an array of RX- and TX-SiGe-MMICs
with built-in active baluns or buffers.

Lastly, the phase noise in both bands is plotted over the oscilla-
tion frequency at 1MHz offset in Fig 13. The strong rise in phase
noise at the band edges is due to the limits of the varactor. At the
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frequency translation.

upper edge, the avalanche breakdown occurs while at the lower
edge the varactor begins to be biased in forward region. The phase
noise minimum is −101.9 dBc/Hz and −107.2 dBc/Hz for the Ka-
and Ku-Band, respectively. This results in a minor decrease of
5.3 dB for the Ku-Band from the expected 6.02 dB from an ideal
frequency translation by 2. This small sub-dB difference between
the two switching states can also be seen in simulations but on a
still smaller scale.The unfavorable effects of the chosen switch and
divider architecture as a load on the VCO can also be seen with
the available breakout chips of the VCO which are shown in the
following Subsection “Standalone 30GHz VCO results”.The phase
noise variation stays within 6 dB when neglecting the steep edges
at the limits of the varactor.

Standalone 30 GHz VCO results

All three different standalone implementations of the VCOs where
characterized on-wafer. The results for VCO2, the design with the
additional deep trench areas below the planar spiral inductors,
however, shows very small improvements compared to the origi-
nal VCO (VCO1). Therefore, the results for VCO2 are not shown
here for a clearer arrangement of the achieved results.

From a tuning range perspective, all three VCOs show nearly
the same performance with marginally differences. The center fre-
quencies fC are 30.29, 30.23, and 30.17GHz with frequency tuning
ranges of 10.05 (rFTR = 33.18%), 9.97 (rFTR = 32.98%), and
10.1GHz (rFTR = 33.48%) for VCO1, VCO2, and VCO3, respec-
tively. This also matches very well to the result achieved in the
reference VCOMMIC shown in Fig. 11.

The DC current consumption of VCO3, the one VCO with a
dedicated current source, on the other hand shows a stronger dif-
ference to the other two implementations with the simple resistor
as a current source. While VCO1 and VCO2 consume a measured
current of 16mA in total, VCO3 only consumes 13mA in total.
This is counter intuitive since VCO3 consumes an additional bias-
ing current for the current source and therefore a higher current
consumption was expected. The higher current consumption can
be explained by a rectifying process through the occurring oscil-
lation at the base nodes of T1 which increases the common mode
potential VB. This behavior can also be reconstructed within sim-
ulations, which leads to a higher current consumption for VCO1
and VCO2 since the current consumption is directly and strongly
correlated to the voltage drop over the current source. While the
degenerated transistor current source inVCO3,which has a similar
topology than the current source used in the frequency doubler in
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Figure 14. Measured phase noise versus frequency for VCO1 and VCO3 at room
temperature (25∘C) and an elevated temperature of 100∘C.

Fig. 6, shows a comparatively low dependency on this voltage devi-
ation.The temperature stability for VCO3 is also much better with
an increase of only 0.3mA (+2.3%) with an temperature increase
of 75∘C (from room temperature at 25∘C to 100∘C). Compared
to 1mA (+6.25%) for VCO1 and VCO2 for the same tempera-
ture change. Furthermore, the current consumption of VCO1 and
VCO2 are also depended on the tuning voltage which will be seen
and explained later on.

Due to this variance in I0, a higher impact on the phase noise
as well as the output power is to be expected. This influence and
large difference can clearly be seen in the measured phase noise of
VCO1 and VCO3 shown in Fig. 14. From Fig. 14 can be observed
that for high frequencies between 32 and 34GHz the phase noise
level is dominated by the contribution of I0 and therefore the cur-
rent densities of the oscillating HBTs T1 with a phase noise level of
about −120 dBc/Hz forVCO3 compared to−114 dBc/Hz forVCO1
where a higher I0 is applied. While the frequency opposing trend
can be explained by the quality factor of the LC-tank where the
quality factor of the pn-varactor is decreasing with its applied junc-
tion voltage through Vtune. The mean phase noise level of VCO2
for a frequency range from 32 to 34GHz is only about 0.5 dB better
than for VCO1 (VCO1: −113.61 dBc/Hz, VCO2: −114.13 dBc/Hz).
In retrospect two versions of VCO3 with the different spiral induc-
tor implementations would have been the better approach to prop-
erly gauge the influence of the deep trench areas due to the higher
impact of the LC-tank quality factor on the lowest noise floor level
of the VCOs.

Compared to the results of the reference VCO MMIC from
Subsection “Reference VCO MMIC results,” the phase noise is
much better when loaded by the 50Ω interface of themeasurement
equipment than, as already mentioned in Subsection “Reference
VCO MMIC results,” the unfavorable load of the divider and the
SPDTs on the VCO. The difference for the same VCO just at dif-
ferent load conditions at 34GHz is 12 dB worse when comparing
Fig. 13 to Fig. 14. Another interesting point that can be observed
in Fig. 14 as well as in Fig. 13 is the hump near 28GHz which
does exclusively not appear in VCO3.This hump relates to the pre-
viously stated dependency of the current consumption of VCO1
and VCO2 from the tuning voltage. At lower tuning voltages the
high oscillation amplitudes are alternately turning the diodes of
the differential pn-varactor into forward region. This effectively
clips the oscillation amplitude in the core which leads to a cur-
rent starvation of I0 for VCO1/2. This roughly starts to occur for
Vtune below 1.5V. Since this effect is anti-proportional toVtune I0 for
VCO1/2 and therefore also the phase noise level converges to that
of VCO3.
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Figure 15. Chip-photo of the developed four-channel transmitter. The overall chip
size of the receiver MMIC is 3000 × 1448𝜇m2.

From a output power focus, the higher consumed current for
VCO1 and VCO2 is beneficial. The 3mA higher core current I0
also leads to a higher peak output power for VCO1 and VCO2
of −1 dBm around 30GHz. The better regulated I0 within VCO3
on the other hand leads to a better flatness over frequency but
at a maximum output power level of −4 dBm. But, from this it is
also clearly evident that the DC-to-RF-efficiency for the Class-B
biased VCO1 and VCO2 is better with 15% compared to the Class-
A biased 9.3% of VCO3.With an external tuning pin, the reference
current of the current mirror can be controlled which allows for an
additional adjustment of the output power of I0 for VCO3. With
an increase of the total current consumption to 15.3mA, the peak
output power for VCO3 is increased by 2 dBm but at the same time
the minimum phase noise level of VCO3 is also increased by about
2 dB.

120 GHz TX SiGe MMIC results

Thechip-photo of the 4 channel 120GHz transmitMMIC is shown
in Figure 15. The frequency response of one channel is shown in
Fig. 16 as a first result. To obtain this result, an input signal is
applied by a Keysight PSG signal generator and its frequency is
swept from 25GHz up to 40GHz at a constant input power level
of PIn = −30 dBm. The losses at 120GHz have been perfectly
compensated by vector network analyzer measurements while at
higher frequencies more losses especially from the coaxial cable
have not been properly compensated. Still the variation over fre-
quency between 100 and 145GHz is below 3 dB, which is a very
good result. Additionally, it is important to note that the used
measurement equipment (GGB Dual GSGSG 145GHz Probe and
Anritsu 0.8mm semi rigid coaxial cable) are only certified up to
145GHz.Due to this, themeasurement above 145GHz is not valid.
The actual performance above 145GHz is expected to be even bet-
ter than the measured result shown in Fig. 16. Even with these
constraints from the measurement it is clear that the half-power
bandwidth of the transmitter chip is larger than the available tuning
range of the VCOMMIC.

As a second result, the compression performance of the trans-
mit chain is shown in Fig. 17. For this measurement, the input
signal from the signal generatorwas fixed at 30GHzwhile its power
level was swept from −45 to−30 dBm. As can be seen from Fig. 17,
an input power level of PIn = −30 dBm at the input pad of the
chip is enough to fully saturate the transmit chain. This can be
attributed to the preamp that is used as an active balun as the
first stage. This is very important to reduce the impact of varia-
tions from the distribution network. The maximum output power
of about 12.9 dBm is already obtained at input power levels of
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output channel versus input power PIn at an input frequency PIn = 30GHz.

PIn = −36 dBm and this level is kept even at input levels as high
as PIn = −10 dBm. This result also clarifies the previously made
assumption in Section “ReferenceVCOMMIC” that theminimum
output power of −10 dBm at the high band of the reference VCO
MMIC is high enough to drive the transmit and receive chip even
after passive distribution on a PCB. The CG of the active multi-
plier chain is as high as 52 dB at for instance 120GHz and an input
power of −40 dBm.

120 GHz RX SiGe MMIC results

The circuit layout of the developed four-channel subharmonic
receiverMMIC can be seen in Fig. 18. In this figure, the general lay-
out of this receiver chip can be distinguished.The single-ended LO
input at a frequency of around 30GHz is located at the bottom cen-
ter. This external single-ended signal is converted to a differential
signal and amplified by a preamp circuit (PreAmp) and then fre-
quency doubled by a doubler circuit (X2). The differential 60GHz
LO signal is then split and amplified by the buffers shown in Fig. 18.
The signals is then split again for distribution to the four individ-
ual receive channels, consisting of two mixers (Mixer 1 &Mixer 2)
and one IF amplifier (IF-Amp) each.The 120GHz RF inputs of the
receivers are distributed along the top half of the MMIC. Due to
space constraints, the inputs of the leftmost and rightmost receiver
are placed on the left and right edge of the chip.The low-frequency
outputs of the IF amplifiers are connected to the pads on the bottom
edge of this MMIC.

Due to this compact and highly integrated layout and the result-
ing complex contact configuration, the characterization of this
MMIC was challenging, as this receiver was not intended to be
measured on a on-wafer measurement setup, but characterized
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Figure 18. Chip-photo of the developed subharmonic four-channel receiver.The
overall chip size of the receiver MMIC is 3000 × 1448𝜇m2.

Figure 19. Photograph of the used measurement setup for characterization of the
four-channel receiver MMICs. High-frequency signals at 30 and 120GHz are fed to
the MMIC with on-wafer probes while dc and IF signals are bonded to the
measurement PCB.

based on the overall system performance. Because of the pad con-
figuration, that made the characterization of the MMIC infeasible
using only on-wafer probes, we chose to perform themeasurement
of this chip using a combination of on-wafer probes and integra-
tion on a measurement PCB. Using this PCB, the power supply
and low-frequency IF-signals of the MMIC are bonded to the PCB
and are connected to connectors for characterization.This enabled
the characterization of the MMIC using only two RF probes for
the measurement, a 27.5–32.5GHz input signal for the LO gener-
ation and a 110–130GHz signal as an artificial receive signal for
characterization. A photograph of the used measurement setup is
depicted in Fig. 19. On the right of this figure, a 170GHz GSG
probe is depicted that is used to connect the artificial receive sig-
nal at frequencies between 110 and 130GHz, which are generated
using a Keysight PSG signal generator and a VDI VNA-X fre-
quency extender module. On the left of this figure, a 40GHz GSG
probe is used to feed the chip with an LO signal with a frequency
between 27.5 and 32.5GHz with a power level of −6 dBm. The IF
signals of the receiver are connected to SMA connectors, which
are soldered to the underside of the PCB below the 40GHz probe.
These signals are connected to a Keysight Infiniium mixed-signal
oscilloscope for characterization of the IF signal. The dc supply is
connected on the bottom of the figure with a pin-header that leads
to traces which are bonded to the supply pads of the MMIC.

In Fig. 20, the results of small-signal measurements and simula-
tions of the developed circuits are detailed.Measurements aswell as
simulations were performed with a RF input power of ≈ −22 dBm
and an IF frequency of 25MHz. Because of mechanical incompati-
bilities of the available D-band noise source with thismeasurement

Figure 20. Measured conversion gain (CG) and simulated noise figure (NF) of the
implemented subharmonic receiver MMIC for different input frequencies.

setup, noise measurements could not be performed, but simu-
lations of the noise figure (NF) of the receiver were done with
the highest accuracy possible. For these simulations, a simulation
model containing parasitic resistors and capacitors, introduced by
the circuit layout, were included and the simulations were per-
formed utilizing HICUM transistor models at a temperature of
80∘C. In this figure, the CG and integrated NF of the subhar-
monic receiver circuit, implemented by two mixer cells and an IF
amplifier, are depicted for input frequencies between 110GHz and
130GHz. A CG between 22.59 dB and 29.3 dB and an NF between
12.99 dB and 17.67 dB can be evaluated for this frequency range.

To investigate the large signal behavior of the developed receiver
architecture, the output signal of the circuit was characterized
while performing a power sweep for the artificial receive signal. For
this measurement, the conversion gain CG and differential output
voltage VOut,diff of the developed circuit was investigated for dif-
ferent input powers PIn. To perform this measurement, the output
power of the used VNA-X frequency extender, that is generating
the artificial receive signal, is characterized using a Erickson PM5B
power meter for more than 50 settings of the internal mechanical
attenuator, achieving output powers between −25 and +10 dBm.
As the simulated compression point at center frequency is around
−20 dBm, an additional fixed 30.4 dB rectangularwaveguide atten-
uator was utilized, to achieve output powers as low as −45 dBm.
Using this characterized signal source, the output voltage and CG
for input powers between −45 and +5 dBm was evaluated. The
results of this measurements are shown in Fig. 21 for an input fre-
quency of 120.025GHz and an LO frequency of 30GHz, resulting
in an IF frequency of 25MHz. Here a CG between 27 and 30.5 dB
can be evaluated for input powers between −45 and −22 dBm. The
maximumdifferential output voltage in this region is achieved at an
input power of −21.4 dBm, resulting in a differential output volt-
age of 1.82V peak-to-peak (−3.83 dBV). For higher input powers,
the receiver is in saturation, resulting a linear decrease in CG and
only a marginal increase in output voltage with amaximum output
voltage of 2Vpp (−3 dBV) at an input power of 5 dBm.

To characterize the needed LO input power of the receiver
chip, we varied the LO power from the level of −6 dBm, as stated
in the description of the earlier receiver measurements, down to
−30 dBm. While performing this measurement no perceivable
degradation in receiver performance could be observed.This is due
to the high gain of the preamplifier and the frequency conversion
stage integrated into the LO distribution network on the MMIC.

The measured current consumption of one 4-channel receiver
MMIC is 157.1mA from a 3.3V supply voltage, resulting in a
power consumption of 518.4mW per receiver MMIC.
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Figure 21. Measured conversion gain and differential output voltage of the subharmonic receiver at center frequency for different receive powers PIn.

Table 1. Performance summary of the VCOs and comparison to the state-of-the-art

Tech./fT/fmax POut f0 TR / FTR PN@1MHz PDC FoMVCO−PAT

Ref. -/(GHz)/(GHz) (dBm) (GHz) (GHz) / (%) (dBc/Hz) (mW) (dB)

VCO MMIC SiGe/250/370 3 30.19 9.68 / 32 −101.9 122.2 −183.7

VCO1 SiGe/250/370 −1 30.29 10.05 / 33.2 −113.6 52.8 −195.4

VCO2 SiGe/250/370 −1 30.23 9.97 / 33 −114.1 52.8 −195.9

VCO3 SiGe/250/370 −4 30.17 10.1 / 33.5 −120.1 42.9 −199.9

VCO3 I0,High SiGe/250/370 −2 30.48 9.7 / 31.8 −118.5 50.2 −199.2

[21] SiGe/300/500 12.6 35.5 10.73 / 30.2 −105 92 −198.6

[22] SiGe/240/340 5 26.83 8.09 / 30.2 −111 45 −197.6

[23] SiGe/250/370 0 16.1 12.1 / 75.1 −104 69.4 −187.4

[24] SiGe/-/- 1.9 32.2 7 / 21.8 −109 60 −190

[25] 45 nm RF-SOI/-/- −19 33 12 / 36 −100 65 −164.4

Discussion and conclusion

This paper presents a 120GHz SiGe MMIC chipset developed
with scale-able FMCWMIMO radar systems in mind.The chipset
consists of three different MMICs. The first MMIC introduces a
clever and flexible signal generation solution for the distribution of
the LO signal in a tree hierarchy at Ka- and Ku-Band. The concept
is based onmultiplexing a fundamental signal at 30GHzwith a fre-
quency by 2 divided signal at 15GHz over HBT-based SPDTs with
high isolation. A wideband output buffer supplies output levels of
more than −10 dBm with an additional conversion from differen-
tial to single-ended signals over awide relative tuning range of 32%.
This MMIC can directly be used to implement MIMO radar sys-
tems at 15 or 30GHz as well as indirectly as is showcased with this
paper.

To compare the shown results of the first MMIC and the break-
out VCOs in a fair way for oscillators in Table 1, we used the
FoMVCO−PAT defined in [19]. A focus in this comparison was put
onto ultra-widebandVCO topologies around 30GHz.This defined
figure of merit (FoM) factors every key performance element and
is based on the three FoMs defined by the ITRS. It is defined as

FoMVCO−PAT = (
f0

Δf
)
2

(FTR
10 )

2 POut
ℒ (Δf ) PDC

(1)

with f 0 the center frequency, Δf the offset frequency at which
the phase noise ℒ (Δf ) is taken, FTR the relative frequency tun-
ing range in percent, POut the output power of the signal source,
and PDC the power consumption of the signal source. Based on

this FoMVCO−PAT, the here presented VCO3 shows to the best of
the authors knowledge the best overall performance for VCOs at a
center frequency of 30GHz.

The second MMIC is a four-channel transmit MMIC based
on quadruplers and amplifiers to supply a high output power
over a wide frequency range. The achieved results of the imple-
mented active multiplier chains is thoroughly compared to the
state-of-the-art in Table 2. Even though significant measurements
are limited to a frequency range of 100–145GHz, the multiplier
chains shows very good results regarding the 3 dB bandwidth
and output power. A peak output power of 12.9 dBm with half-
power bandwidth of more than 45GHz could be demonstrated
which competes very well with the shown state-of-the-art. But, it
also shows that the already large tuning range of the VCO is not
enough to fully use the potential of the transmit MMIC bandwidth
wise.

The lastMMIC of the chipset is the four channel receiveMMIC.
This MMIC implements a uncommon sub-harmonic approach
to suppress a unwanted LO-to-RF feed-through at 120GHz. This
architecture shows ameasured CG as high as 29 dB in the intended
frequency range from 117 to 122GHz with a at least simulated
minimum NF as low as 13 dB at 110GHz.

The presented three MMIC chipset provides a very promising
starting point for scale-able MIMO radars. The achieved results
from all three MMICs are expected to be sufficient for demon-
stration in a radar system. The next steps include the realization,
demonstration, and characterization of a 8 × 8 MIMO FMCW
radar systems in our future work.
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Table 2. Performance summary of the wideband D-band active multiplier chain and comparison to the state-of-the-art

Tech. ×N Frequency BW3dB Conversion gain POut PDC

Ref. – – (GHz) (GHz) (dB) (dBm) (mW)

This work SiGe/250/370 ×4 100–160 >45 52 12.9 402.6

[26] SiGe/300/350 ×2 118–146 28 1.4 8.8 83

[27] SiGe/300/500 ×4 110–170 48 6 8 278.5

[28] SiGe/320/370 ×4 130–154 24 5 10 610

[29] SiGe/250/- ×8 110–140 30 15 5.4 170

[30] SiGe/250/370 ×8 111.5–154 42.5 – 4.6 561

[31] SiGe/250/370 ×12 117.5–155 37.5 19 3.5 640
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