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ABSTRACT As the use of integrated radar sensors is becoming more common not only in traditional military
and automotive but also in medical and industrial applications, the requirements for a radar sensor diversify.
For some applications, bandwidth is critical, primarily defining the capability to distinguish targets. Mostly,
varying the frequency of an oscillator in the mmWave and THz range is realized by tuning a dc voltage to a
variable capacitance. While this is typical for integrated transceivers in silicon-germanium (SiGe) technology,
the tunability of a single voltage-controlled oscillator (VCO) limits the bandwidth. This work presents an
approach to overcome this limitation by using two simultaneously tuned VCOs combined with a mixer.
The oscillators are tuned simultaneously in opposing directions, resulting in an ultra-wideband signal at the
mixer’s output. The resulting tuning range is the addition of both of the VCOs’ respective tuning ranges. The
transceiver is realized using the B11HFC SiGe technology, featuring VCOs at center frequencies of 52 GHz
and 108 GHz, respectively. The transceivers’ output with a center frequency of 111 GHz is continuously
tunable over a range of 73.6 GHz (66%). Furthermore, the phase noise contributions from both VCOs along
a receiver test are presented.

INDEX TERMS BiCMOS, differential, FMCW, frequency divider, frequency doubler, frequency-modulated
continuous wave, frequency synthesis, high spatial resolution, MMIC, mixer, phase noise, radar, receiver,
SiGe, ultra-wideband, voltage-controlled oscillator, VCO.

I. INTRODUCTION
One of the most critical parameters in frequency-modulated
continuous wave (FMCW) radar systems is the bandwidth
B, which determines the range resolution �r = c0/(2 · B),
where c0 is the speed of light. Insufficient bandwidth could
result in multiple closely positioned targets being detected as
a single spatially extended target. However, with increased
bandwidth, a precise distinction among all targets becomes

achievable without error [1], [2]. This is particularly important
for applications like thin sheet measurements [3]. In current
research, there are multiple examples of wideband signal gen-
eration in SiGe [4], [5], [6], [7], [8], [9], as well as first CMOS
systems [10].

In SiGe, the most common wideband signal generation
utilizes a single voltage-controlled oscillator (VCO) with a
varactor, reaching relative tuning ranges of up to 38.2% and
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35.4 GHz in W -band [4]. However, an even larger absolute
bandwidth can be achieved at a higher center frequency [9],
[11]. While through advancements in SiGe-technologies [12],
frequencies up into the THz range become interesting for SiGe
circuits, there are some things to consider. According to the
free-space path losses,

F =
(

4 · π · r · f

c

)2

(1)

with increasing frequency, the signal attenuation increases.
This means the range of the radar is reduced due to the losses
as well as the smaller gain of the transistors themselves. Pos-
sible ways to achieve higher tuning ranges in lower frequency
bands, which are currently in focus for new automotive and
6 G research, are to use direct-digital synthesis (DDS) [5] or
to combine multiple [13] or just two VCOs using a mixer [14]
[15] while remaining at a lower center frequency despite the
high bandwidth.

In this article, the method of mixing two VCOs, in which
both VCOs are simultaniously active but detuned differenty
so that the tuning ranges can be combined, is adapted, re-
sulting in an absolute tuning range of more than 70 GHz at
a center frequency just above 100 GHz. At the same time,
with frequencies in W - and D-band, flexibility is maintained
concerning a system implementation, as for frequencies up to
the D-band, bond wires have manageable losses. This creates
the possibility of using off-chip antennas on a cheap printed
circuit board (PCB).

This work builds upon [16], introducing a more advanced
MMIC compared to the previous version. The enhance-
ments include a higher center frequency, a lower phase noise
achieved through the revision of one VCO, and a more
efficient, compact power amplifier design. Moreover, an ad-
ditional divider path for advanced circuit stabilization like
in [14] is added, as well as a whole receiver path for FMCW
radar operation. Concerning measurement results, a particular
focus is set on the phase noise of the MMIC. Finally, a verifi-
cation of the receiver is featured.

The paper is organized as follows: Section II explains
the system concept, Section III details the SiGe circuits,
which were fabricated using Infineon’s B11HFC technology.
In Section IV, experimental results of the achieved frequency
ranges, output power, and phase noise measurements are pre-
sented. In Section V, considerations in context with a full
system implementation are discussed. In Section VI, a com-
parison to previous work is given. A summary of the paper
can be found in Section VII.

II. SYSTEM CONCEPT
The main objective of this work is to achieve the highest pos-
sible continuous tuning range while using mmWave circuits.
When using a traditional approach with a single VCO and
subsequent frequency doublers and amplifiers, the maximum
achievable tuning range is only related to the VCO’s tuning
range, thus a varactor in most cases. A possible solution to

FIGURE 1. Block diagram of the proposed MMIC with two oscillators and
full TX/RX paths. Three divider outputs for oscillator stabilization are
available.

this is utilizing two VCOs at once. In this case, two oscil-
lators are used and tuned simultaneously, one operating at a
higher frequency while the other one is operating at a lower
frequency. Both of the outputs are then mixed using a mixer,
resulting in the sum and difference frequency being present.
From a theoretical perspective, the tuning ranges of two VCOs
can be added when mixing both of the VCOs’ outputs and
using the subtracted or added output [14]. In addition to wide-
band signal generation, transceiver capabilities are introduced
with a receive path and mixer, as well as frequency dividers
for advanced frequency synthesis. The block diagram of the
system is provided in Fig. 1. In this work, VCOH has a center
frequency of around 108 GHz, while VCOL is around 52 GHz
resulting in a difference frequency of around 56 GHz behind
the mixer. To increase the tuning range even further, the mixer
is followed by a frequency doubler. To compensate for the
losses of the doubler and to guarantee sufficient output power
for FMCW measurements as well as the receive mixer, two
power amplifier (PA) paths are used, one in the receive path
and one in the transmit path.

III. CIRCUIT DESIGN
This section gives a more detailed insight into the circuit
design while focusing on the challenges arising from the high
tuning range and the mixing concept. The technology used
is Infineon’s automotive-qualified B11HFC 130 nm SiGe-
BiCMOS process [17] with an fT of 250 GHz and fmax of
370 GHz. It features six copper metal layers with MIM-
capacitors and an aluminum pad layer. The overall supply
voltage of the MMIC is 3.3 V. Only a single divider stage
operates at a 5 V supply voltage for performance reasons. All
presented circuits operate fully differential. All of the circuit
design was carried out using both the Spice-Gummel-Poon
and the HICUM-HBT model, together with parasitic extrac-
tion, for the most realistic results.

A. VCOS
For the last few years, bipolar LC-based VCOs have proven
to be well-suited for wideband signal generation [8], [9]. In
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this paper, we use a system design with two different VCO
topologies, utilizing the advantages of each of the topolo-
gies. The 108 GHz oscillator (VCOH) is realized in a fully
differential Colpitts topology. The resonator is based on a
pn-varactor Diode Cvar and a microstrip transmission line
LB, which is used as an inductor. To decouple the oscillators
from influences of the load and following circuits, a common
base amplifier is used to amplify the generated signal. To
achieve even broader tuning ranges, the conventional Colpitts
topology can be further enhanced by incorporating an addi-
tional varactor, denoted as C∗

var, connected to the bases of the
core transistors T2. This modified configuration, commonly
referred to as the Colpitts-Clapp topology, has demonstrated
the capability to attain relative tuning ranges of up to 40% in
the E - and W -bands [4], [18].

In addition to the second varactor pair, we have incorpo-
rated diode D1 into the tuning voltage input to offset the
dc voltage drop across transistor T2. This approach allows
for the simultaneous tuning of both varactor pairs within the
Colpitts-Clapp topology using a single tuning voltage, de-
noted as Vtune. Furthermore, we have implemented laser fuses
at the resonator lines of both voltage-controlled oscillators
to mitigate the effects of technology variances and parasitic
elements. These laser fuses can be precisely cut using a laser,
thereby extending the effective length of the resonator mi-
crostrip line and consequently reducing the center frequency
of the oscillators.

To enable measurements, such as tuning curves and phase
noise measurements, for each VCO individually, frequency
dividers (cf. [4]) are connected to both oscillators, which
convert the high frequency of the oscillators to a much lower
regime, where PCBs and commercial phased-locked-loop
(PLL) components are suitable. For the VCOL, a static divide-
by-8 is used in emitter-coupled logic (ECL) topology. On the
other hand, a static divider in the B11HFC technology is not
suitable for VCOH, as the frequency is above 100 GHz [19].
Therefore, an additional first-stage dynamic frequency divider
in regenerative topology is utilized, resulting in a divide-by-16
prescaler for VCOH. A schematic of both oscillators is given
in Fig. 2. The schematic of the 108 GHz Colpitts VCOH

is visualized in black, while the additions of the 52 GHz
Colpitts-Clapp VCOL are shown in red. Values of the most
relevant components for both VCOs are given in Table 1.

B. LO-MIXER AND FREQUENCY DIVIDER
The performance of the entire system concept heavily relies
on the LO-mixer, which is responsible for converting the out-
puts of both VCOs. Therefore, it holds a pivotal role within
this MMIC. The requirements regarding compression and lin-
earity are demanding, as two oscillators that are generating
high-power signals drive the mixer. Typically, the LO signal
has a much higher power than the RF signal. Here, both sig-
nals have a level of around 6 dBm, which makes maintaining
linear operation of the mixer a big challenge. Therefore, it is
prone to generating unwanted harmonics at its output port.
The linearity of the mixer was further improved in this work,

FIGURE 2. Schematic of VCOs with transmission lines as inductors. (Black:
VCOH; Black+Red VCOL). From [16].

TABLE 1. Most Important Component Values for the VCOs. The Transistor
Dimension Is the Emitter Length

compared to the previous version [16] by redesigning the cir-
cuit. While the architecture of the mixer is a traditional Gilbert
cell, the difference to typical down-conversion mixers [20] is
the load. Usually, a resistive and capacitive load is favored
because of its lowpass behavior, which is needed for baseband
signals. Since the output frequency range of this mixer reaches
up to 74 GHz, a different approach with an inductive load
is chosen. The drawback of this is that this favors harmonics
close to the targeted output frequency even more. For driving
following circuits and loads as well as decoupling the mixer
core, there is a subsequent output amplifier within the mixer
cell itself. The schematic of the mixer is given in Fig. 3 along
with the component values in Table 2.
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FIGURE 3. Schematic of the mixer with inductive load and integrated
buffer. Both of the inputs are connected to a VCO, while the output ranges
up to 74 GHz. From [16].

TABLE 2. Most Important Component Values of the LO Mixer. The
Transistor Dimension Is the Emitter Length

Subsequent to the mixer, there is a frequency doubler and
a frequency divider in parallel. The divider is intended to
be used for frequency synthesis within the planned FMCW
system. In [14] it is shown that a single output can be sufficient
for stabilizing both VCOs simultaneously with the same PLL.
Therefore, behind the mixer, a static-divide-by-16 prescaler is
used in the same ECL logic as the other dividers but without
the need for a dynamic first divider stage. In a later revision of
the MMIC, this divider will be the only one persisting to save
hardware and, thus, energy.

C. FREQUENCY DOUBLER AND POWER AMPLIFIER
To further enhance the absolute tuning range of the MMIC,
the mixer is followed by a frequency doubler, which creates
an output signal of up to 148 GHz. The frequency doubler is
realized as a Gilbert cell type with bootstrapped modification
(similar to [21]) for reduced complexity. One of the drawbacks
when using this type of doubler is that the transmission line L3

(cf. Fig. 4 and Table 3), has a significant influence on the phase
difference at the doubler’s differential output. This means that

FIGURE 4. Schematic of the bootstrapped gilbert cell doubler. The load is
realized with two split up transmission lines, featuring more bandwidth.
C1 is mainly for decoupling the bias from the bases of the upper four
transistors.

TABLE 3. Most Important Component Values for the Frequency Doubler
and the Power Amplifiers. The Transistor Dimension Is the Emitter Length

only for a distinct relative tuning range of around 30–40%, the
phase difference will be near 180◦. Beyond this relative range,
the output power will drop rapidly, limiting the performance
of resonant circuits for this special application at the edges of
the frequency band. The bootstrapped Gilbert doubler has an
inductive load and a core current of about 20 mA. This is quite
high for a frequency doubler, but the reason is the following
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FIGURE 5. Schematic of each of the PA cells. As in the doubler, the load is
split up for more bandwidth. C1 is used to surpress any unwanted signals
in virtual ground. In both TX and RX path, two subsequent PAs are used.

load. There are two separate paths subsequent to the doubler,
so the conversion gain was designed to be sufficient, peaking
at 6 dB, for this load, resulting in the need for more current.

Following the doubler, there are two separate signal paths,
each featuring a two-stage power amplifier chain. One path
is for transmitting the signal, and the other acts as LO for
the receive mixer (cf. Fig. 1). In the previous version [16],
a two-path combining approach was used. In this revision of
the MMIC, we improved the efficiency of the whole doubler-
amplifier chains. While there is still the need for the PAs to
work in slightly different frequency ranges due to the limita-
tion of resonant loads, this step is now realized directly within
the two subsequent stages rather than in parallel paths. This
results in the total number of PA cells being reduced from six
to four, but at the cost of some peak output power. Concerning
the PA cells themselves, a differential amplifier with a cascode
stage is utilized. The schematic is shown in Fig. 5. The tran-
sistors operate at the optimal current density for maximum
fT, and the loads’ resonance frequency of the subsequent PAs
is shifted by around 25% for broadband operation as well as
careful interstage matching.

D. RECEIVER
As the MMIC is intended to be used within an FMCW radar
system, a receive mixer is needed for coherent measurements.
The chosen topology for the mixer is based on a traditional
Gilbert cell acting as a fundamental down-conversion mixer
with an emitter follower. The main challenge while designing
the mixer is keeping the balance between bandwidth, noise,

FIGURE 6. Schematic of the receive-mixer with emitter follower. The
matching networks are optimized for bandwidth, sacrificing some
conversion gain.

TABLE 4. Most Important Component Values for the RX Mixer. The
Transistor Dimension Is the Emitter Length

and gain. The schematic of the circuit is presented in Fig. 6,
with component values in Table 4. Contrary to the other mixer
presented, this receive-mixer uses both a resistive and ca-
pacitive load for intermediate signals. The transistors of this
mixer are designed to operate a little bit lower than at the
optimal current density, as this trades some conversion gain
for a lower noise figure. The simulations show a conversion
gain of around 4 dB at the center frequency with a noise figure
of 14 dB, given a core current of 8.8 mA. Additionally, there
are matching networks on both the RF and LO input of the
mixer.

IV. MEASUREMENT RESULTS
This section discusses the on-wafer measurements using the
SiGe MMIC shown in Fig. 7. As can be seen in the picture, the
MMIC offers several off-chip interfaces that are required for
measurements and future system integration. On the left side
are the dc connections. Positioned on the top and bottom sides
are outputs for the three dividers as well as the IF output. The
RF interface with transmitter and receiver GSGSG pads are
placed on the right, enabling off-chip PCB-based antennas.
Since the following measurement results were performed in
multiple frequency bands, a short description of each setup
will be given within the corresponding paragraph. For all
spectral measurements, a Keysight UXA spectrum analyzer
was used. For measuring output power, a VDI Erickson PM5B
power meter was utilized, while all phase noise results were
generated with a Rohde & Schwarz FSWP phase noise an-
alyzer. All measurements are corrected for losses of probes,
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FIGURE 7. Photograph of the MMIC. Size is 1420 x 1448 µm. 1: VCO mixer;
2: Frequency doubler; 3: RX path; 4: TX path; 5: RX mixer;
6: VCOH divider; 7: VCOL divider; 8: VCO mixer divider.

FIGURE 8. Measured tuning curves of both VCOs. The solid line shows
VCOL, the dashed is VCOH.

cables, and waveguide tapers. The total dc power consumption
of the MMIC is 1354 mW.

A. VCO TUNING CURVES
First of all, the signal generation by the two VCOs is charac-
terized. The tuning curves of both VCOs were measured at the
corresponding divider outputs with a direct connection to the
spectrum analyzer. The tuning results are shown in Fig. 8. On
the bottom, the result for the lower VCOL is given, showing
a tuning range of 14.54 GHz (27.7% rel. tuning range). For
VCOH, a tuning range of 22.27 GHz (20.6%) is reached.

FIGURE 9. Measured, multi-dimensional tuning plot at RF output. VTune,L is
plotted on the x-axis, VTune,H on the y-axis. Through contour lines and color
grading in the plot, the output frequency (in GHz) at the given combination
of tuning voltages is displayed.

As the results were calculated from the dividers’ outputs,
no separate VCO output power was obtained, which is also
impossible with the current MMIC version, as there are no
separate output pads for the VCOs. The frequency dividers
themselves are also not available as a breakout, but since
the tuning curves and phase noise results for both VCOs are
gathered through the dividers, their function is at least proven
indirectly.

B. RF OUTPUT
Following the VCO tuning results, the RF output is presented.
The spectral results were directly obtained with a spectrum
analyzer up until 110 GHz with a corresponding 1 mm coax
cable and GSG probe. Results above 110 GHz were captured
using an additional VDI spectrum analyzer extender and a
corresponding GSG 170 GHz WR 6.5 waveguide probe. For
power measurements below 110 GHz, a coax-to-waveguide
transition was used in combination with the PM5B. Other than
that, the PM5B was directly connected to the WR 6.5 probe
with a taper. The first result presented is the output tuning
curve. Since this is a multidimensional problem due to the
two different tuning voltages, a 3D plot is given in Fig. 9. In
the plot, the frequency is visualized through marked contour
lines, as well as color grading, where purple is the lowest and
yellow the highest frequency. The output signal can be tuned
from 74.16 GHz up to 147.8 GHz, resulting in a continuous
tuning range of 73.63 GHz (66%). When incorporating the
results from the VCOs, a theoretical range of

2 · (14.54 + 22.27) GHz = 36.81 GHz · 2 = 73.62 GHz

is possible. This shows that the output frequency range is
not limited by the system architecture or individual circuits,
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FIGURE 10. Measured differential output power over whole range,
combining W - and D-band results. Overall, a variation of around 8 dB can
be observed, while the power peaks at 5.7 dBm.

but reaches the theoretical limit set by the tuning ranges of
the two VCOs. The differential output power is shown in
Fig. 10. Note there is a small jump at 110 GHz due to the
change in equipment, resulting in a small difference through
imperfections in the measurement setup and correction. Fur-
thermore, between 110 and 120 GHz there is a fluctuation
in the measured output power. The main reason for this is
the fact that this frequency range can be achieved using
a huge amount of different VCO-frequency combinations,
as it is quite close to the center frequency. On the other
hand, since it’s on the lower edge of the WR 6.5 equipment,
there may be some resonance occurring here, which is not
present in the coax-based measurement. Overall, the varia-
tion of output power is around 8 dB, which, given the high
tuning range, is moderate. The peak power is 5.7 dBm and
is comparable to other published work [22], [23] for radar
purposes.

Another important result when talking about mixing ap-
proaches is the spectral purity of the mixed signal, as it is
very prone to have multiple harmonics in it, which could lead
to ghost targets in FMCW measurements [24]. Therefore, in
Figs. 11 and 12, the output spectra at two exemplary points in
the W - and D-band are given. The source of the spurs is most
likely the LO mixer itself. The mixer is fed with two strong
(∼6 dBm) signals from the VCOs, which drives the mixer
deep in saturation, where nonlinear effects cause harmonic
frequencies. The subsequent frequency doubler is also based
on a Gilbert cell, in which all of the now-present frequencies
are mixed again. Furthermore, in the D-band measurement
setup, the extender modules’ LO frequency, which is around
5 GHz, may be present as a mixing product with the MMIC
signal. Compared to [16], the harmonic suppression is slightly
improved and is around 20 dB for the W -band and 21 dB
in the D-band, respectively. This value is also dependent on

FIGURE 11. Exemplary measured output spectrum at 105 GHz with
W -band equipment. The peak is around 105 GHz and is 20 dB stronger
than the spurs.

FIGURE 12. Exemplary measured output spectrum at 128 GHz with
D-band equipment. Spurs are rejected by 21 dB.

the chosen combination of tuning voltages, which has to be
considered during system design to avoid errors in FMCW
operation.

C. PHASE NOISE RESULTS
In this part, the phase noise results of the different outputs
are discussed. Generally, three measurements were performed
at the three corresponding divider outputs. For this, a Ro-
hde & Schwarz FSWP was directly connected to the outputs
with a GS probe and cable. In Fig. 13, the results for both
oscillators are presented for an offset frequency of 1 MHz.
Note that the noise was measured at the divider outputs and
corrected for the frequency division to represent the actual
noise at the corresponding VCO. As to be expected, the
noise of VCOH is worse due to its higher frequency, while
for Vtune,H > 8.3 V, the noise worsens due to the begin-
ning of a varactor breakthrough. VCOH reaches values of
up to −90 dBc/Hz, VCOL −97 dBc/Hz, respectively. The
frequency-dependent phase noise at the mixer output is given
in Fig. 14, reaching −88 dBc/Hz at its best. In the plot, one
can see several peaks. The peaks at the edges are caused by
the beginning breakthrough of the VCOs’ varactors, while
the other peaks are most likely just measurement artifacts.
A possible explanation is that at these frequencies, the spurs
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FIGURE 13. Measured phase noise of both VCOs vs. tuning voltage at
1 MHz offset. Note that the frequency of the oscillators differ, hence they
have different levels.

FIGURE 14. Measured phase noise at mixer output vs. frequency. There are
several measurement artifacts within the plot, that show unrealistic peaks.
Only the peaks at the very edges are correct due to varactor breakthrough.

are a bit stronger than elsewhere and close to the carrier,
influencing the sensitive phase noise measurement with the
phase noise analyzer. Since all three of the presented values
are taken at different frequencies for a given measurement
point, normalization is performed. In this case the frequencies
are fVCO,H= 111.5 GHz and fVCO,L= 50 GHz, resulting in
fMIX= 61.5 GHz. The noise at all three outputs, normalized
to an output frequency of 100 GHz, is plotted over the off-
set frequency in Fig. 15. The solid line is the mixer output.
Careful investigation of the presented measurements leads to
the conclusion that the resulting phase noise after mixing both
VCOs roughly follows the sum of the VCOs. Below 5.7 kHz,
VCOH dominates, while beyond this point, VCOL defines the
shape of the output noise. To the author’s best knowledge, this
is the first time that this was demonstrated for a VCO mixing
system concept in detail, as previous work [14] only showed
the resulting noise. All in all, this proves that the drawback of
the huge tuning range is an increased phase noise, although it
is not a showstopper.

FIGURE 15. Phase noise vs. offset frequency for VTune,H = 2 V, VTune,L = 3 V
and mixer output, normalized to 100 GHz. It is worth noting that the
resulting noise is roughly the sum of both VCOs’ noise, as it follows the
shape really closely.

FIGURE 16. Photograph of the measurement setup for receiver testing.
Left: VNA-X with WR 6.5 GSG probe; Bottom: GSSG RX mixer output; Top:
VCO mixer divider output; Right: DC supply.

D. RECEIVER
As the final measurement, the receiver path of the MMIC is
tested. For this, a Keysight PNA-X vector network analyzer,
extended to the D-band with a VDI VNA extender module,
is used to generate an artificial receive signal and feed it into
the receive-mixer. This is done single-ended only due to the
lack of a balun, while the mixer input is differential in normal
operation. Simultaneously, the LO-mixer divider output was
checked with a spectrum analyzer to determine the exact LO
frequency. A picture of the setup is depicted in Fig. 16. To
obtain the baseband IF-signal, a Keysight oscilloscope was
used, probing differentially. The receiver tests were conducted
at different frequencies, but to save redundancy, the IF-signal,
as well as the associated spectrum, is given in Fig. 17 for
fRF = 122 GHz. The IF signal is around 470 MHz with an
amplitude of 200 mV, as the oscillator is tuned to an off-
set compared to the RF frequency. In this case, the output
power of the VNA-X was set to its maximum, resulting in
an RF power of 7.5 dBm on the chip. Since no measure-
ment was conducted for the conversion gain due to a lack
of de-embedding precision (pads, no RX balun), simulation
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FIGURE 17. Measured time signal at the IF output (a) and corresponding
spectrum (b) for VTune,H = 5 V and VTune,L = 6 V, resulting in an RF
frequency of fRF=122 GHz. The RF input signal into the mixer was chosen
to be at an 470 MHz frequency offset.

FIGURE 18. Simulated conversion gain of the RX mixer across the
combined tuning range of both VCOH and VCOL.

data is given in Fig. 18. It shows a conversion gain of 11 dB
in the center of the tuning range. In summary, the MMIC
demonstrated its suitability for the intended wideband FMCW
radar measurements.

V. SYSTEM CONSIDERATIONS
In this section, the antenna design, as well as the PLL design
for the planned FMCW-radar sensor, are discussed.

When designing a system with this high tuning range, an-
tenna design is one of the main challenges. Since there is
no antenna integrated on the MMIC, an off-chip solution is
required. Traditional concepts like patch antennas are typi-
cally limited in relative bandwidth due to the resonance used.
Concepts like Vivaldi antennas can be used to overcome this
issue. A lot of published work demonstrates high relative
bandwidths up to 186% on different substrates [25], [26],
[27]. Therefore, this concept is the most suitable for this
system. Moreover, the off-chip transition is a challenging task
as well, as it may introduce losses and the need for bond-wire
compensation. Yet, there are promising approaches [28], [29].
However, the design of the antenna for this system still has to
be performed since this work is focused on the MMIC itself.

For frequency synthesis in the system, the approach pre-
sented in [14], [30] is planned to be used. In this concept,
both VCOs are stabilized using the mixed output only. This
greatly reduces the complexity of the necessary PLL design.
An advantage of this concept for two VCOs is that it flattens
the tuning steepness (KVCO) across the tuning range compared
to a single VCO if one of the tuning voltages is inverted and
slightly shifted. This results in the VCO being tuned against
each other, forming the flatter KVCO through superposition-
ing. This makes designing a PLL and frequency control much
more convenient.

Concerning phase noise performance, it is clear that this
concept’s phase noise is always worse than a single VCO
due to the system principle. The reason for this is that when
mixing both VCOs, the phase noise is added and dominated by
the worse one. Since there is a subsequent frequency doubler
after the mixer, the noise at the output will worsen by another
6 dB due to the frequency translation of the doubler. While
this may be a problem in the system’s noise performance in
long-range applications, for the target application scenarios,
which are limited in range (e.g., a few meters), the noise
correlation helps to mitigate the effect of the higher phase
noise within short-range [31].

VI. COMPARISON
In this section, the measured results are compared to state-of-
the-art transmitters and transceivers. A corresponding table is
given in Table 5. In previously published work, mostly a single
VCO is used to generate the signal. This results in relative
tuning ranges of up to 39% while showing good phase noise
results and output power as well. Additionally, there is some
work that utilizes two VCOs to profit from the much higher
tuning range in the frequency regime below 60 GHz. This
proposed work shifts the center frequency above 100 GHz,
exhibiting the largest tuning range and, thus, the best target
separation capabilities within this frequency range while also
featuring a receiver. The drawback of this approach can be
seen in the phase noise results, which are slightly worse than
single VCO results due to the system concept itself as well as
the frequency.
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TABLE 5. State-of-the-Art Wideband Transmitters and Transceivers Around 100 GHz

VII. CONCLUSION
In this work, we presented an ultra-wideband transceiver
MMIC in SiGe technology. The concept is based on two
VCOs that are mixed and multiplied. The total achievable
continuous tuning range is 73.63 GHz at a center frequency
of 111 GHz, resulting in 66% relative tuning range. The mea-
sured peak output power is 5.7 dBm, which is comparable to
other published work for radar purposes, while the high tuning
range enables a high-resolution measurement sensor distin-
guishing distance difference of down to 2 mm. To the authors’
best knowledge, this is the highest reported continuous tuning
range for this frequency band, covering both WR10 and WR8
waveguide bands, as well as the first time detailed phase noise
analysis for VCO mixing concepts is performed. In future
work, a sensor can be implemented with this presented MMIC
with advanced frequency synthesis capabilities, where only
one divider output is used to stabilize both oscillators in a
single PLL.
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