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Abstract— A number of millimeter-wave (mm-wave) integrated
radar sensors above 100 GHz were proposed in the past five
years. The comparability between these radar systems is limited
due to different semiconductor processes, synthesizer topolo-
gies, and external periphery. Especially, the issue of using a
monostatic or bistatic radar monolithic microwave integrated
circuit (MMIC) for single-chip sensors is not discussed in detail.
This paper provides a comparison between the different prop-
erties of bistatic and monostatic MMICs based on two realized
almost identical silicon germanium (SiGe)-MMICs at 154 GHz.
In the monostatic case, the influence of the transmit–receive
coupler on the performance of the system is explained. In the
bistatic case, the illumination of a focusing lens and the leakage
from transmitter to receiver are investigated. All properties
are verified by measurements. The system performance of the
monostatic and bistatic MMIC are compared by the calculated
link and noise budget. The detection performance and the
signal-to-noise ratio performance are evaluated in two radar
measurements. Limitations and suggestions for improvement are
given for monostatic and bistatic mm-wave frequency-modulated
continuous-wave radar MMICs.

Index Terms— Bistatic radar, frequency-modulated
continuous-wave (FMCW) radar, monolithic microwavein-
tegrated circuit (MMIC), monostatic radar, phase noise, SiGe.

I. INTRODUCTION

THE possibilities for realizing very compact sensors
with high absolute bandwidth combined with the

low-cost silicon-germanium (SiGe) technology stimulated the
development of millimeter-wave (mm-wave) radar sensors.
Consequently, a number of integrated frequency-modulated
continuous-wave (FMCW) radar sensors above 100 GHz
were proposed in the past years [1]–[9]. Typical applications
include medical sensing, industrial sensors for distance, and
velocity measurements as well as imaging systems.

An overview of several realized radar sensors above
100 GHz with their fundamental properties is given in Table I.
The operating frequencies range from 120 to 240 GHz with
large differences in the absolute and relative bandwidth.
In addition, different SiGe technologies in terms of maximum
oscillation frequency fmax were used in the realized systems.
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TABLE I

STATE-OF-THE-ART (SiGe) FMCW RADAR MMICS ABOVE 100 GHz

Above 100 GHz, the antenna is often integrated on-chip (AoC)
to simplify the assembly and interconnect technology and to
avoid the losses and tolerances of the transition off the chip
[1], [4], [6], [7], [9]. However, 4 of 10 listed systems in Table I
have transitions to off-chip antennas [2], [3], [5], [8].

Different synthesizer topologies are known in the lit-
erature to generate the mm-wave ramp signal. Integrated
voltage-controlled oscillators (VCOs) with frequency divider
chains [1]–[3], [6] or signal sources with frequency multiplier
chains [7], [8] are well established. Offset synthesizers with
mixers in the divider chain [4], [5] or multiplier chain [9], [10]
result in superior phase noise density compared to pure
frequency dividing or multiplying.

The influence of the choice between monostatic and bistatic
antenna approaches on the dynamic range is difficult to
evaluate for the listed radar monolithic microwave integrated
circuits (MMICs) [1]–[8] since operating frequency, semi-
conductor technology, antenna integration, and synthesizer
topology are different. However, this choice has a fundamental
influence on the dynamic range of the radar system because it
affects the link and noise budget of the system. The underlying
effects and their impact are typically not discussed in detail.

The contribution of this paper is a thorough, stringent, and
experimentally focused comparison of the fundamental dif-
ferences between integrated mm-wave monostatic and bistatic
radar sensors. The joint 154-GHz MMIC architecture for this
comparison is given in Section II. The differences between the
two radar MMICs are discussed subsequently. The resulting
differences for the link budget between the monostatic and
bistatic approaches are evaluated in Section III. The insertion
loss of the transmit–receive (TR) coupler in the monostatic
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Fig. 1. Underlying 154-GHz MMICs with 1: fixed-frequency PLL and
doubler, 2: ramp frequency quadrupler, 3: upconverter and power splitter,
4: PA, 5: Rx mixer, 6: TR coupler (monostatic MMIC only). (a) Schematic
of the monostatic MMIC. (b) Schematic of the bistatic MMIC. (c) Labeled
picture of the monostatic MMIC. (d) Labeled picture of the bistatic MMIC.

case and the losses due to the parallax of the transmit (Tx)
and receive (Rx) beam in the far-field of the focusing lens
are explained in detail. The differences in the noise budget in
terms of different leakage paths for the monostatic and bistatic
systems are clarified in Section IV. Link and noise budgets are
listed and verified by two comparative radar measurements
in Section V. In that context, the signal-to-noise ratio (SNR)
limitations are discussed, and the possible improvements for
mm-wave radar sensors are deduced.

II. EXPLANATION OF THE UNDERLYING

MMIC ARCHITECTURE

The underlying schematics of the monostatic and bistatic
MMICs are depicted in Fig. 1(a) and (b). Fig. 1(c) and (d)

shows the similar circuit blocks included in both MMICs.
The offset synthesizer consists of an upconverting mixer with
active power divider (marked as 3) that is fed by a fixed-
frequency local oscillator (LO) signal and an FMCW ramp
signal. The fixed-frequency LO signal at 117 GHz is generated
by an integrated integer-N phase-locked loop (PLL) with a
push–push oscillator at 59 GHz and a subsequent frequency
doubler (marked as 1). The reference frequency for the PLL is
0.9 GHz. The FMCW ramp signal is generated by an off-the-
shelf fractional-N PLL with external VCO and fed into the
chip at around 9 GHz. After a frequency multiplication by 4
in the quadrupler (marked as 2) to around 38 GHz, the FMCW
ramp signal is upconverted in the mixer (marked as 3). The
output signals of the power divider are guided to the power
amplifier (PA) of the transmitter (marked as 4) and as LO
signal to the Rx mixer of the receiver (marked as 5), where
the Rx signal is downconverted to baseband [intermediate
frequency (IF)]. The resulting differential baseband signal is
filtered, amplified, and sampled off-chip for both MMICs. The
used integrated antennas are short-circuited quarter wavelength
long patches on-chip with external dielectric resonator
antennas (DRAs) glued on top [9]. Instead of the DRA, a patch
resonator on a superstrate made of quartz glass can also be
used as external resonator [11], [12]. A dielectric lens with a
diameter of 37 mm made of high-density polyethylene is used
to focus a pencil beam from the broad beam of the primary
radiator. The integrated antenna with external resonator glued
on-chip represents the primary radiator of the dielectric lens.
On the monostatic MMIC, a TR coupler (marked as 6) is
integrated, which guides the Tx signal to the antenna and
the antenna signal to the Rx. On the bistatic MMIC, the
Tx and Rx are connected to their respective antenna.

Both MMICs are realized in the same SiGe:C BiCMOS
process, namely, SG13G2 [13]. The process provides hetero-
bipolar transistors with a transient frequency fT of 300 GHz
and a maximum frequency of oscillation fmax of 500 GHz.
Due to the different antenna configuration of the monostatic
and bistatic system and the positioning of the TR coupler in the
monostatic system, the circuit blocks are arranged in different
ways on the two MMICs, depicted in Fig. 1(c) and (d).
The labeled circuit blocks of Fig. 1(a) and (b) are also
identified in Fig. 1(c) and (d) to clarify the different dis-
tribution of the circuit blocks. The main difference between
the monostatic and bistatic MMICs is the TR coupler. On the
1.9 mm×1.0 mm small monostatic MMIC, the Tx, Rx, and the
TR antenna are positioned around the TR coupler to minimize
the transmission line losses. On the 2.0 mm × 1.0 mm small
bistatic MMIC, the two antennas are positioned as far apart as
possible to minimize the Tx leakage to the Rx mixer, resulting
in a DRA distance of 1.6 mm.

III. DIFFERENCES IN THE LINK BUDGET

For a fair comparison between the integrated monostatic and
bistatic radar systems, the components at the Tx output and
the Rx input are decisive. Since the antennas are the same for
both approaches, the TR coupler on the monostatic MMIC is
the only differing component. It reduces the transmit power
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Fig. 2. Schematic of the integrated rat-race coupler realized with lumped
elements. (a) Generic schematic. (b) Simplified schematic.

Fig. 3. Rat-race with port labeling for S-parameter measurements and radar
operation. (a) Schematic of MIM-capacitors are located beneath the port lines.
(b) Realized rat-race coupler.

as well as the received power in the link budget. Apart from
a low insertion loss, a high leakage attenuation, i.e., isolation
between the Tx and Rx port, is required for the noise budget
in Section IV. The TR coupler should be compact to save chip
area. In Section III-A, an implementation of a very compact
coupler with moderate insertion loss and high isolation is
presented.

A. TR Coupler

Established structures for integrated TR couplers are
Wilkinson dividers [14], rat-race couplers [15]–[17], and 6-dB
directional coupler structures [1]. For the monostatic MMIC,
a rat-race coupler is designed because it provides a comparably
high isolation between the Tx- and Rx-ports over 20%–30%
relative bandwidth [18]. Using a rat-race coupler composed of
transmission lines would result in a very large structure with
a diameter of approximately 500 μm at 154 GHz. For this
reason, a lumped-element approach is chosen to model the
transmission lines of length λ/4 and 3λ/4 by capacitors and
inductors [19]. The three sections of length λ/4 with a phase
shift of 90◦ are modeled using a third-order low-pass filter
in π-configuration. The section of length 3λ/4 with a phase
shift of 270◦ =–90◦ is modeled by two cascaded high-pass
filters of order 3, each giving a phase shift of −45◦ to enhance
the bandwidth and reduce the insertion loss. Fig. 2(a) shows
the proposed schematic. By combining the shunt capacitors
and inductors at each port and between the high passes,
the schematic is simplified to Fig. 2(b).

Fig. 3(a) shows the layout of the implemented rat-race
coupler based on the schematic in Fig. 2(b). The required
capacitors with values of C1 = 30 fF, C2 = 15 fF, and
C3 = 7.5 fF are realized as metal–insulator–metal (MIM)

Fig. 4. Spiral absorber for the characterization of the rat-race coupler.
(a) Realized absorber. (b) Measured reflection coefficient.

capacitors in buried backend of line (BEOL) layers. The
capacitors are placed below the transmission lines at the
four ports to reduce the inductance of their connection lines.
However, their values differ slightly from the ideal values
due to the remaining inductances. The inductors with values
L1 = 69 pH and L2 = 78 pH were realized as planar spiral
inductors in the thick metallization layers of the process. The
overall size of the realized rat-race coupler is 140 μm ×
110 μm or 0.015 mm2. A picture of the realized rat-race
coupler is depicted in Fig. 3(b). In the radar system, port 1 is
connected to the Tx, port 2 to the on-chip antenna, port 3 to the
Rx, and port 4 is terminated with its characteristic impedance.

The 3-D simulation tools, CST Microwave Studio, and
Ansys HFSS were used for the design and optimization
process. The rat-race coupler was first characterized on a
separate breakout chip. It was fabricated in a backend only
process with different configurations to measure transmission,
isolation, and matching with a two-port measurement setup
with probe tips on a probe station. The singularized chips
were measured on a metallized carrier substrate fixed on the
chuck. A calibration with TRL standards realized in the same
BEOL technology as the device under test was used to remove
the influence of the probe tips from the measurement results.
Due to the unavailability of resistors in the backend only
process, a spiral absorber was designed to terminate the unused
transmission line ports of the rat-race coupler. A photograph
of the 0.23 mm × 0.23 mm large spiral absorber is shown
in Fig. 4(a). The port for the transmission line is at the top side
of the picture. By the change from the 3-μm-thick topmost
metal layer to a lower metal layer with a thickness below
1 μm, the width of the 50-� microstrip line is reduced. Thus,
the attenuation constant α of the microstrip line is increased.
The resulting reflection coefficient of the spiral absorber is
shown in Fig. 4(b). The measured return loss of the spiral
absorber is at least 17 dB in the considered frequency range.

Fig. 5 shows the simulated and measured transmission
coefficient |s21| and the reflection coefficients |s11| and |s22| of
the rat-race coupler. The measured return loss of the rat-race
coupler at ports 1 and 2 is better than 13 dB above 145 GHz
and matches the simulated curves well except for a minor
frequency shift. The transmission coefficient shows a very flat
frequency response with a value between −5.1 and −4.5 dB.
This is slightly less compared to the simulated values,
which predict an insertion loss between −4.9 and −3.8 dB.
A comparison of the insertion loss of the TR coupler to
the state of the art is given in Table II. The insertion loss
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Fig. 5. Simulated (dashed) and measured (solid) transmission coeffi-
cients |s21| (black solid line) and reflection coefficients |s11| (green solid line)
and |s22| (red solid line) of the integrated rat-race coupler.

TABLE II

COMPARISON OF INTEGRATED SIGE TR COUPLERS

is slightly higher due to the very compact structure of only
0.015 mm2 and the higher operating frequency. The isolation
of the rat race is discussed in Section IV-A.

For the link budget calculation, an insertion loss of the
TR coupler of 4.8 dB was used.

B. Parallax of Tx and Rx Beam

A second fundamental difference between the monostatic
and bistatic approaches is the number of antennas. For
both cases, the antenna gain is enhanced by a dielectric
lens that focuses in the E- and H -plane. In the monostatic
approach, the Tx- and Rx-radiation patterns are identical.
This is also true if the integrated antenna is not positioned
in the focus point of the dielectric lens, in which case the
Tx- and Rx-radiation patterns experience the same tilt through
the lens. Consequently, no degradation for the link budget
is expected in the monostatic case. In the bistatic case, the
Tx- and Rx-antennas cannot be positioned both in the focus
point of the lens, as shown in Fig. 6. This causes a tilt of the
Tx- and Rx-beam to different directions behind the lens.
The loss due to the parallax of the Tx- and Rx-beam reduces
the received power in the bistatic link budget.

The degradation due to the different beam tilts is determined
in the far-field of the lens by multiplying the Tx- and Rx-
radiation pattern of the lens. The lens for this investigation is a
semiconvex, aspherical lens, which is rotationally symmetrical
to the optical axis. Its shape was calculated numerically. The
tilt angle αtilt can be calculated from the geometry of the

Fig. 6. Schematic of the bistatic illumination of a convex lens antenna by
two primary radiators.

Fig. 7. Losses of the peak of the bistatic two-way radiation pattern in the
lens far-field for different lens diameters. Realized operating point marked
with a cross.

lens with radius rlens and focal length lfoc, and the spacing of
the two integrated antennas �TxRx. With the difference �paths
between path 1 and path 2, the tilt angle αtilt to boresight is
determined

�paths =
√

(rlens + �TxRx/2)2 + l2
foc

−
√

(rlens − �TxRx/2)2 + l2
foc

αtilt = arcsin
�paths

2rlens
.

The normalized radiation pattern of a circular lens with
constant aperture illumination calculated from [24] is used
to analyze the impact of different beam tilts. The Tx- and
Rx-radiation patterns are generated by the rotation around
the tilt angle αtilt in opposite directions. The bistatic radia-
tion pattern is then determined as the multiplication of the
Tx- and Rx-radiation patterns. The loss in the broadside
direction is shown in Fig. 7 for different lens diameters and
antenna spacings.

The 3-dB beamwidth corresponding to the lens diameter
has a large influence on the losses. For a small lens of 7 mm,
the maximum loss is 0.6 dB for an antenna spacing of 2.5 mm.
On the other hand, a 57-mm-wide lens has losses of 15 dB
above 2-mm antenna spacing. This emphasizes that the inte-
grated antenna distance for high focusing lenses should be as
small as possible. All given lens diameters result in a loss
below 3 dB for an antenna spacing of 1 mm at the maximum.
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Fig. 8. Measured Tx (black solid line), measured Rx (green dashed line),
and calculated combined (red dotted line) radiation pattern in the E-plane of
the on-chip DRAs with a 37-mm-wide semiconvex lens.

The used convex lens has a diameter of 37 mm. With an
antenna spacing of 1.6 mm, an insertion loss of 5.2 dB is
expected, which is marked with a cross in Fig. 7. The measured
radiation pattern for the Tx- and the Rx-beams are depicted
in Fig. 8 with the resulting bistatic radiation diagram [9].
The beamwidth is 2.9◦, and the difference of the main beam
directions is 2.6◦. The combined radiation pattern in Fig. 8
has a measured loss of 5 dB to boresight, which matches the
expected 5.2 dB from the calculation.

The insertion loss of the TR coupler of 4.8 dB in the
monostatic system and the parallax loss of 5 dB in the bistatic
system are the two main differences for the link budget
calculation.

IV. DIFFERENCES IN THE NOISE BUDGET

The noise floor in the sampled baseband (IF) signal is
the superposition of thermal noise, phase noise, and analog-
to-digital converter (ADC) noise [25]. Since the thermal
noise power depends primarily on the receiver gain and
noise figure, there is no fundamental difference between the
monostatic and bistatic case. The ADC noise is equal for
both systems in this comparison, as the same ADC is used
for sampling. The baseband gain in front of the ADC is
adjusted such that thermal or phase noise power is higher
than the ADC noise power. For this reason, the ADC noise
is not considered in the following. A main difference exists
for the phase noise budget, which depends on the leakage
attenuation, i.e., isolation between Tx and Rx. The leakage
attenuation should be high to realize a low phase noise power
at the receiver input. The dominating leakage paths and their
attenuation in the monostatic and bistatic systems are given in
Sections IV-A and IV-B.

A. Monostatic Leakage Paths

In addition to the additional insertion loss of the TR coupler
in the monostatic case, the leakage from Tx to Rx depends on
the integrated TR coupler. In the monostatic case, the leakage
attenuation is mainly composed of two parts, which are
depicted in the signal flowchart in Fig. 9. The S-parameters are
numbered according to the integrated TR coupler ports. The
distance between the TR coupler and the integrated antenna

Fig. 9. Signal flow graph of the monostatic setup with identification of the
two dominating leakage paths.

Fig. 10. Simulated (green solid line) and measured (black solid line) leakage
transmission of only the rat-race coupler and measured leakage transmis-
sion sleak of the rat race with a superstrate-based antenna (red dashed line)
and a DRA-based antenna (blue dashed-dotted line) as load for the antenna
port of the rat-race coupler.

causes a phase shift of e−2 jγ l , where γ is the propagation
constant of the microstrip line and l is the geometrical path
length. The first path is the leakage path s31 of the TR coupler,
which depends on the topology and technology of the applied
coupler. The second path exists due to antenna reflections
specified by the reflection coefficient rant. The two leakage
paths are summed up to

sleak = s31 + s21rants32e−2jγ l

1 − s22rante−2 jγ l
.

Because of the sum of two paths, the first and second paths
should be out of phase to achieve a canceling of the two
leakage signals to a certain amount. Typically, the com-
plex reflection coefficient of the integrated antenna changes
strongly around the resonance frequency, which complicates a
broadband cancellation with the direct leakage path s31 of the
TR coupler.

The results for the direct leakage transmission s31 of the
rat-race coupler and the overall leakage transmission sleak
for a rat-race coupler with DRA-based antenna and with a
superstrate-based antenna are shown in Fig. 10. For the sim-
ulation, CST Microwave Studio was used. The measurements
were performed with a probe tip-based two-port setup on a
probe station. The TRL calibration with standards on a BEOL
chip is applied to remove the influence of the probe tips on the
measurement results. The measured transmission coefficient
of the TR coupler between Tx- and Rx-port is below −24 dB
from 147 to 177 GHz. The difference between the simulated
and measured transmission coefficient s31 is because of
simulation issues with the MIM capacitors. These capacitors
are modeled by lumped capacitors since the insulator layer
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Fig. 11. Maximum simulated leakage transmission between 150 and
170 GHz for the DRA-based antenna in the E-plane (black dashed line) and
H -plane (black solid line), and for the superstrate-based antenna in the
E-plane (red dashed-dotted line) and H -plane (red solid line). Realized bistatic
operating point is marked with a cross.

between the metal layers is extremely thin and would cause
mesh problems and a very large simulation time. In addition,
the terminations of the unused ports with spiral absorbers
on the breakout chip limits the achievable isolation between
port 1 and 3 in the measurements. However, the comparison
to the state of the art in Table II highlights good isolation
performance realized with a very compact TR coupler.

The two dashed curves show the overall leakage
transmission sleak of the Tx to the Rx for two different
antennas. They were measured with similar chips as used
for the radar measurements, where the load at port 4 was
realized with a 50-� resistor. Due to the different complex
reflection coefficients of DRA- and superstrate-based antenna,
the overall leakage is very different in both cases. As expected,
the DRA is more narrowband and its leakage transmission is
below −17 dB between 150 and 170 GHz. The superstrate
antenna is matched more broadband resulting in a leakage
transmission lower than −25 dB from 150 to 170 GHz.

The third leakage path is the reflection at the lens surface,
which has a significantly higher leakage attenuation than
the first two leakage paths. Thus, this leakage path can be
neglected.

For the noise budget of the monostatic MMIC, a leakage
attenuation of 17 dB is determined for the DRA-based antenna
and 25 dB for the superstrate-based antenna.

B. Bistatic Leakage Paths

In the bistatic case, no transmission line-based path from Tx
to Rx exists. Thus, the minimum leakage attenuation typically
depends on the integrated antenna configuration in terms of
antenna type, the distance between the Tx- and Rx-antennas,
and the separation plane (E- or H -plane). A comparison of
the DRA and the superstrate-based patch antenna is shown
in Fig. 11. The distance was measured from resonator center to
resonator center. The depicted values correspond to the highest
leakage transmission between 150 and 170 GHz. The leakage
transmission between the antennas is lower in the E-plane
for distances up to about 1.2 mm for both antenna types.
For larger distances, a separation in the H -plane results in
a lower leakage transmission compared to a separation in

Fig. 12. Schematic of the synthesizer board with FMCW ramp PLL.

the E-plane. Since the superstrate-based antenna is a patch
antenna, its fringing fields typically lead to higher antenna
couplings compared to the DRA. In the E-plane, the leakage
transmission of the DRA is at least 6 dB lower than that of
the superstrate antenna. In the H -plane, the difference between
DRA and superstrate antenna is up to 7 dB, which decreases
for higher distances. The typical range of on-chip antenna
distances is between 1 and 2 mm. Consequently, the leakage
attenuation can be expected between 16 and 32 dB.

On the realized bistatic MMIC, the antennas are spaced in
the E-plane by 1.6 mm, shown in Fig. 1(d). This results in a
high leakage attenuation of at least 29 dB for the noise budget
calculation of the bistatic MMIC.

C. Leakage and Rx Saturation

In addition to the positive influence on the phase noise
power, a high leakage attenuation is also beneficial for the
linearity requirements of the receiver. Since the FMCW
signal is transmitted and received simultaneously, the leakage
signal from the transmitter superimposes with the small echo
signals from the targets. The linearity of the receiver, namely,
the 1-dB compression point should be higher than the power
level of the leakage signal to avoid saturation and distortions
in the receiver. Consequently, the gain of the low-noise
amplifier (LNA) typically has to be reduced to avoid an
overdrive of the Rx mixer. This measure increases the chain
noise figure of the receiver and can reduce the dynamic range
of the radar sensor. Without leakage, the LNA of the receiver
could only be designed for a low-noise figure or a high gain.
For these reasons, if the leakage attenuation is higher, a more
powerful receiver in terms of gain and noise figure up to a
certain level could be implemented.

In this comparison, two almost identical receivers are real-
ized, which both have a sufficiently high 1-dB compression
point so that saturation can be excluded.

V. COMPARISON IN RADAR MEASUREMENTS

A. Measurement System and Environment

For the radar measurements, the FMCW ramp signal
around 9 GHz and the reference signal at 0.9 GHz are
generated on a synthesizer board, whose simplified schematic
is given in Fig. 12. The reference frequency for the external
FMCW ramp PLL and the integrated fixed frequency PLL
on the radar MMIC is provided by the surface acoustic
wave (SAW) oscillator CCSO-914X3 at 0.9 GHz. Since the
ramp PLL HMC703 can only be operated with reference
frequencies up to 350 MHz, the SAW frequency is reduced
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Fig. 13. Modular 154-GHz sensor with lens, exchangeable monosta-
tic or bistatic evaluation board, synthesizer board, and DSP board on a
positioner for accurate alignment.

by the frequency divider HMC433 by 4. The ramp VCO
HMC588 is tuned by the ramp PLL over a third-order low-
pass filter. After a power divider, a part of the VCO output
signal is guided over the frequency divider HMC492 to the
ramp PLL to close the loop. The other part is fed to the radar
MMIC.

The comparison of the monostatic and bistatic radar MMICs
is performed in a modular system setup. The whole sensor
with its PCB stack and the dielectric lens is shown in Fig. 13.
For an optimal illumination of the target, the sensor can be
tilted in elevation and azimuth direction with a positioner.
In addition, the height of the sensor can be adjusted with
a laboratory scissor jack. For a fair comparison of the two
radar MMICs, this setup provides precise alignment that is
necessary to avoid alignment errors dominating the effect to
be investigated. Without changing or realigning the setup,
the MMIC evaluation board can be exchanged by opening the
screws for the lens spacer and the spacer to the synthesizer
board. Thus, the ramp PLL synthesizer board and the backend
board remain unchanged.

The PCB on the left side in Fig. 13 is the respective eval-
uation board of the monostatic or bistatic radar MMIC. The
aspherical lens is mounted with a spacer over the MMIC. The
inner side of the spacer is covered with thin absorbing material
to avoid reflections from the spacer. The interconnect signals
of the MMIC are generated by the ramp PLL synthesizer
board and fed by coaxial cables to the respective evaluation
board. The synthesizer board is mounted with metallic spacers
behind the evaluation board. The PCB on the right side behind
the mounting panel contains the backend circuitry including
the digital signal processor (DSP) and the ADC. A variable
gain amplifier increases the power of the baseband signal to
optimally drive the 12-bit ADC. A high-pass filter suppresses
undesired low-frequency distortions and an antialiasing low-
pass filter reduces the bandwidth according to the ADC
sampling frequency of 4 MHz.

The frequency sweep of 7 GHz is performed in 128 μs
resulting in 512 samples for one baseband signal.

TABLE III

MONOSTATIC AND BISTATIC LINK BUDGET

B. Link Budget

The link budget for the monostatic and bistatic radar mea-
surement is given in Table III. The monostatic MMIC has a
slightly higher Tx power, a higher Rx gain, and a lower noise
figure due to some minor circuit modifications compared to
the bistatic MMIC. However, the essential differences are the
insertion loss of the TR coupler in the monostatic case and
the loss because of the parallax in the bistatic case.

Only the radiation of the integrated antennas illuminating
the lens is useful for the link budget of the radar measurement.
The angular range of the integrated antennas up to 35◦ from
boresight is focused by the 37-mm-wide lens. The efficiency
factor ηant is the simulated efficiency of the integrated antennas
to angles up to 35◦ from boresight. Because of the slightly
higher gain of the DRA-based antenna compared to the
superstrate-based antenna, the efficiency factor ηant of the
DRA-based antenna is better. Hence, in the radar measure-
ment, the DRA-based antenna is used for the comparison
between the monostatic and bistatic radar MMICs. ηant is
slightly different for the monostatic and bistatic cases because
of different positions of the DRA relative to the chip edges.
Due to reflections at the lens surface and material losses in
the lens, further losses of about 0.8 dB occur.

The used target is a corner reflector with an edge length
of 33 mm and a radar cross section (RCS) of 1.5 dBsm in a
distance of 2 m to the radar. Because of the free-space loss
of 98.1 dB, the receive power is −46.3 dBm for the monostatic
MMIC and −48.5 dBm for the bistatic MMIC.

Because of the slightly higher Tx power, lens illumination
efficiency ηant, and Rx gain the monostatic MMIC achieves a
higher signal power compared to the bistatic MMIC. However,
the systematic differences in terms of monostatic insertion loss
of the TR coupler and the bistatic parallax loss would result
in a 4.6 dB higher signal power of the bistatic MMIC for an
identical Tx and Rx performance.

C. Noise Budget

The phase noise density for the calculation of the noise
budget in Table IV is shown in Fig. 14. The phase noise density
of the mm-wave signal is calculated from the measured phase
noise density of the chip input signals, namely, the ramp input
signal and the fixed-frequency PLL signal after the frequency



HITZLER et al.: ON MONOSTATIC AND BISTATIC SYSTEM CONCEPTS FOR mm-WAVE RADAR MMICs 4211

TABLE IV

MONOSTATIC AND BISTATIC NOISE BUDGETS AT 1-MHz OFFSET

Fig. 14. Calculated phase noise density at the ramp center frequency from
measured chip interconnect frequencies for the monostatic (black solid line)
and bistatic (red solid line) case. Monostatic (black dashed line) and bistatic
(red dashed-dotted line) calculated phase noise density with consciously lower
PLL charge pump current for increased phase noise density.

divider. Due to small differences in the fixed-frequency PLL
between monostatic and bistatic MMIC, the phase noise den-
sity differs slightly. In addition, a phase noise density spectrum
with a low charge pump current of the ramp PLL is depicted
in Fig. 14, which enables the degradation of the phase noise
density digitally. The calculation of the phase noise budget is
exemplified at an offset frequency of 1 MHz to the carrier
frequency, where the phase noise density is −79 dBc/Hz in
the monostatic case and −82 dBc/Hz in the bistatic case.
The leakage attenuation differs by 12 dB due to the higher
reflections of the DRA-based antenna in the monostatic case
and the high broadband isolation in the bistatic case. The LO
signal and the leakage signal are correlated in the Rx mixer.
The phase noise density at the receiver output can be calculated
with (1), known from [26], in which f is the frequency offset,
td the time delay between the LO and the Rx signal, and S	( f )
the phase noise density of the mm-wave signal

S�	( f ) = 2S	( f )(1 − cos(2π f td)). (1)

The resulting phase noise density, which includes the can-
cellation factor due to the correlation, is called S�	( f ). The
time delay of the leakage signal to the LO signal depends
on the lengths of the transmission lines and additionally for
the bistatic MMIC on the antenna spacing. Considering the
lower speed of light for the propagation on the transmission
lines an upper bound for the delay time can be estimated,
which is 20 ps for the monostatic MMIC and 33 ps for the

Fig. 15. Calculated phase noise power density at the receiver output for
the ramp center frequency in the monostatic (black dashed line) and bistatic
(black solid line) case; basic phase noise density values from Fig. 14; for
comparison monostatic (red dashed line) and bistatic (red solid line) thermal
noise power density.

bistatic MMIC. Thus, the correlation between the LO signal
and the leakage signal is very strong due to the very short
time delay between the two signals. The cancellation factor is
−78 dB in the monostatic case and −74 dB in the bistatic case.
Considering the receiver gain, a phase noise power density of
−169 dBm/Hz for the monostatic MMIC and −185 dBm/Hz
for the bistatic MMIC is realized. The resulting phase noise
power density, which includes the Tx power, the leakage
attenuation, the phase noise cancellation due to correlation,
and the Rx gain, is shown in Fig. 15 over the frequency offset.
The important frequency spectrum for the radar measurement
is between 100 kHz and 1.3 MHz corresponding to a target
range between 28 cm and 3.6 m. In that frequency range,
the highest phase noise power density is −169 dBm/Hz for the
monostatic MMIC and −183 dBm/Hz for the bistatic MMIC.

Using the gain and noise figure of the respective receiver,
the thermal noise power density at the receiver output is
−152 dBm/Hz for the monostatic MMIC and −151 dBm/Hz
for the bistatic MMIC.

For the monostatic and bistatic MMIC, the phase noise
power density is significantly smaller than the thermal noise
power density. The gap for the monostatic MMIC is 17 dB and
for the bistatic MMIC is 32 dB. Consequently, the calculated
noise floor can be reduced by improving the Rx noise figure for
both MMICs. State-of-the-art noise figures in SiGe-technology
are below 9 dB for complete receivers [27], [28]. If the noise
figure would be improved from 20 to 9 dB, the power of the
noise floor would be reduced by 11 dB.

D. Determination of Detection Performance

The link and noise budget are verified by radar measure-
ments with the two MMICs. The photographs of the measure-
ment setup in the anechoic chamber are shown in Fig. 16.
The corner reflector is fixed on a mount, which can be moved
on a measurement rail to change the distance between radar
sensor and target. The mount for the corner reflector is covered
with absorbing material to minimize undesired reflections.
In linearity measurements, the detected power over the range
position was measured and confirmed the range proportionality
of R4 for the monostatic and bistatic MMIC. Below the far-
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Fig. 16. Setup for the radar measurements in the anechoic chamber. (a) View
with sensor and backside of target mount. (b) View with frontside of target
mount including corner reflector.

field distance of the lens, the measured receive power increased
with less than R4 since the antenna gain in the near field is
lower than in the far field.

In the first scenario, the detection performance should be
determined, which can be done with a medium-sized target.
A corner reflector with an edge length of 33 mm and an
RCS of 1.5 dBsm in a distance of 2 m to the radar is used.
100 baseband signals of the same radar measurement scenario
are transformed with a fast Fourier transform (FFT) into the
corresponding range spectra and statistically evaluated in terms
of mean value and standard deviation. The resulting range
spectra are shown in Fig. 17.

The target peak at 2 m is clearly visible at −50 dBm for
the monostatic MMIC and −55 dBm for the bistatic MMIC.
The difference of 3.7 and 6.5 dB to the calculated values
has several reasons. First, the amplitude of the time domain
signals is not flat because of the superposition of the frequency
responses of the transmitter, the antenna, and the receiver.
Second, the illumination efficiency of the integrated antenna
to the dielectric lens ηant is only a simulated value, which
might be smaller in the measurements. Third, the mechanical
adjustment of the radar to the corner reflector is done manually
and hence imperfect. With these constraints, the determined
target powers can be justified. The noise floor is given by
the standard deviation in Fig. 17. The noise floor to be
considered for radar measurements is between 0.4 and 3.6 m.
Below 0.4 m, a dc-block operates as a high-pass filter and
above 3.7 m, an antialiasing low-pass filter limits the noise
bandwidth. The peak in the noise floor below the target is
caused by the incoherence of the sampling clock and the
PLL reference frequency. The flat region of the noise floor
above 5 m is the ADC noise floor. The integration time
of 128 μs per ramp corresponds to FFT bins of 8 kHz.
With this noise bandwidth, the noise power of −113 dBm
for the monostatic MMIC and −112 dBm for the bistatic
MMIC is calculated. The measured bistatic noise floor is about

Fig. 17. Range spectrum of mean value (black solid line) and standard
deviation (red dashed line) of 100 range spectra. (a) Monostatic radar.
(b) Bistatic radar.

−111 dBm, which matches the predicted value very well.
In the monostatic MMIC, few short-time spikes disturb the
time signal leading to broadband noise after the FFT in the
range spectrum. A spurious suppression to remove the stronger
spikes can be achieved by replacing these samples by their
mean value, which can be calculated from the 100 recorded
time signals. This method results in the noise floor of the
monostatic MMIC shown in Fig. 17(a). However, this does
not remove the disturbances entirely, which is why the noise
floor is about −102 dBm instead of the calculated value of
−113 dBm. The proof of a spike limitation and not a phase
noise limitation of the noise floor in the monostatic MMIC is
given in Fig. 18. The diagram shows the noise floor of radar
measurements without target for the standard and the increased
phase noise density of Fig. 14. The different phase noise
density patterns do not result in different noise floor powers in
the radar measurement without target for the monostatic and
bistatic case. This clarifies that in the bistatic case, the noise
floor is dominated by the thermal noise power, and in the
monostatic and bistatic case, the noise floor is dominated by
the remaining short-time spikes and not by the phase noise.
In addition, the reflections from the dielectric lens, which have
a larger time delay than the on-chip leakage path, do also not
increase the noise floor.

Consequently, the phase noise power of the mm-wave signal
does not impact the detection performance of the two radar
MMICs because of its cancellation due to the short-time corre-
lation and the leakage attenuation. The detection performance
of both systems can be improved by reducing the Rx noise
figure. However, in case of equal Tx and Rx performance,
the bistatic approach should be chosen for maximizing the
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Fig. 18. Noise floor of a radar measurement without target for the monostatic
MMIC with standard phase noise density (red solid line) and increased phase
noise density (black solid line), and for the bistatic MMIC with standard
phase noise density (green solid line) and increased phase noise density
(black solid line).

detection performance as long as the bistatic parallax loss
is smaller than the two-way insertion loss of the monostatic
TR coupler. The realized two-way insertion loss of the used
TR coupler is 9.6 dB for the monostatic MMIC. The realized
parallax loss is 5 dB for the bistatic MMIC. Thus, the bistatic
MMIC would have a 4.6-dB higher detection performance for
equal Tx and Rx components. For passive duplexers, the the-
oretical minimum of the two-way insertion loss is 6 dB for a
lossless component, which still results in a worse performance
compared to the bistatic approach. Furthermore, the parallax
loss of the bistatic MMIC can be significantly reduced by
decreasing the distance between the Tx and Rx antenna.
A spacing of only 0.7 mm center to center would result in
a leakage attenuation of 22 dB in Fig. 11, so that the thermal
noise power would still be higher than the phase noise power.
But the parallax loss would be reduced to only 1 dB in Fig. 7,
improving the detection performance by 4 dB compared to
the realized bistatic MMIC. The comparison to the monostatic
approach with lossless TR coupler shows a 5-dB higher
detection performance of the bistatic approach. According to
this discussion, the bistatic approach is clearly superior to the
monostatic approach in terms of detection performance.

E. Determination of SNR Performance

The achievable SNR is determined in a second radar mea-
surement with a very large target. A corner reflector with an
edge length of 120 mm and an RCS of 24 dBsm was positioned
2 m away from the radar. The link budget calculations are
irrelevant since the corner reflector is illuminated neither
homogeneously nor completely by the lens. Due to the longer
time delay of 13 ns from the radar to the target and back,
the theoretical phase noise cancellation factor is increased at
least by 200 or 46 dB compared to the on-chip leakage path.
Thus, the phase noise power density of the received signal
from the huge target might increase the noise floor.

The noise floor measured with the standard and the
increased phase noise power density of Fig. 14 is shown
in Fig. 19 for the monostatic and bistatic MMIC. The peaks of
the noise floor at 4 m result from multipath propagation. The
deterioration due to the increased phase noise power density is

Fig. 19. Noise floor (determined from 100 range spectra) of a radar
measurement with a very strong target 2 m away from the radar measured
with standard (red dashed line) and increased (black solid line) phase noise
power density. (a) Monostatic radar. (b) Bistatic radar.

clearly visible in the monostatic and bistatic cases. The noise
floor is increased 0.4 m away from the target position by 6 dB
in the monostatic case and 9 dB in the bistatic case. The
position of this increase corresponds to the maxima of the
increased phase noise density curves at 150 kHz in Fig. 14.

The general increase of the noise floor in the flat region by
the strong target compared to a radar measurement without
target in Fig. 18 is between 8 and 13 dB to about −93 dBm
for the monostatic MMIC and between 9 and 16 dB to about
−100 dBm for the bistatic MMIC. The corresponding target
peak is at −33 dBm for the monostatic MMIC and −39 dBm
for the bistatic MMIC. Both values are extracted from their
respective range spectrum of the mean value. Thus, for a target
distance of 2 m, the achievable SNR for the standard phase
noise power density in the monostatic case is about 60 dB and
in the bistatic case about 61 dB. The difference of about 1 dB
can be due to the slightly higher phase noise power density
of the monostatic mm-wave signal compared to the bistatic
one above 200 kHz in Fig. 14. The result clearly emphasizes
the necessity of low phase noise density for high-SNR values.
For more distant targets, the phase noise cancellation factor
increases monotonously up to its maximum of 6 dB. Thus, for
more distant targets, the SNR will drop by the change in the
correlation factor as long as the phase noise power is higher
than the thermal noise power. For closer targets, the SNR
will increase accordingly. For extended laminar targets such as
walls, the free-space attenuation is proportional to the range R
by R2 instead of R4. In these scenarios, high signal powers
for more distant targets can occur so that a very low phase
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noise density is even more important than for point targets.
In multitarget scenarios, the increase of the noise floor by the
phase noise power density of a strong target reflection can
mask small targets, especially in close proximity to the large
target. An example would be a person or a cyclist in front of a
truck in an automotive scenario. For these multitarget scenarios
with strongly different target RCS values a low phase noise
density is also very important for the monostatic and bistatic
approaches.

The achievable SNR depends on the phase noise density of
the mm-wave signal and can only be optimized by decreasing
the phase noise density. For comparison, state-of-the-art phase
noise densities are given in [9] with −89 dBc/Hz at 1-MHz
frequency offset and in [5] with <−80 dBc/Hz for offset
frequencies above 2 kHz. An increase of the phase noise
density results in the respective degradation of the achievable
SNR. A simple method to improve the achievable SNR is the
increase of the ramp time. Because of the longer integration
time, the noise bandwidth is decreased.

The achievable SNR is limited by the phase noise power
density of the strong target reflection. Therefore, an improve-
ment of signal power would not improve the SNR. Thus, a TR
coupler with a lower insertion loss in the monostatic case will
not improve the SNR. In the bistatic case, a smaller spacing of
the integrated antennas to reduce the parallax loss will also not
improve the SNR. Thus, the monostatic and bistatic approach
are equivalent for high-SNR applications as long as the noise
floor with target is higher than without target.

VI. CONCLUSION

This contribution contains a stringent comparison of
monostatic and bistatic system concepts for fully integrated
mm-wave FMCW radars. The similarities and, especially,
the differences between the two concepts for the link and noise
budget were discussed, namely, the different leakage paths,
the insertion loss of the TR coupler in the monostatic case,
and the parallax of the lens in the bistatic case. In this context,
a very compact TR coupler is proposed, which realizes an
isolation higher than 24 dB over a relative bandwidth of 18%.

It was verified by radar measurements that the detection
performance is limited by the thermal noise power, not by the
phase noise power. Thus, for both approaches, a reduction of
the Rx noise figure and an increase of the Tx power would
increase the detection performance. Furthermore, a reduction
of the insertion loss of the TR coupler would improve the
monostatic MMIC and a reduction of the antenna distance,
which reduces the bistatic parallax loss, would improve the
bistatic MMIC. Since the two-way insertion loss of the mono-
static TR coupler is typically higher than the bistatic paral-
lax loss, the bistatic approach is superior to the monostatic
approach for the detection performance.

For very strong targets, the noise floor is increased by
the phase noise power density of the target reflection.
Consequently, there is no difference between the monostatic
and bistatic approaches for high-SNR applications.
A reduction of the mm-wave phase noise density increases
the achievable SNR for both approaches.
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