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Abstract—In this work, a 122-GHz radar sensor for cooper-
ative bistatic networks using a transceiver chip with integrated
antennas is presented. The presented sensor shows a phase-noise
spectral power density of -83 dBc/Hz at 10 kHz offset and absolute
phase deviations of less than 0.65 radians rms for a ramp with
1 GHz bandwidth and 1 ms sweep-time. These parameters make
it suitable to be used in cooperative setups or sensor networks
with two or more sensor nodes. The low phase noise is achieved
by stabilizing the transceiver voltage-controlled oscillator (VCO)
in a phase-locked loop (PLL) with a reference signal, which is
modulated by a direct digital synthesizer (DDS). A radar network
of two sensor nodes was built to perform monostatic and bistatic
measurements.

I. INTRODUCTION

The separability 4d of an FMCW radar is theoretically
determined by the used modulation bandwidth fbw,mod, ac-
cording to (1), with the speed of light c0 [1].

4d =
c0

2fbw,mod
(1)

The bandwidth also affects the attainable accuracy, which de-
pends on the separability and the signal-to-noise ratio (SNR).
Equation (1) presumes that the signal in the intermediate
frequency (IF) band is a perfect sinusoidal signal with no
modulation. In reality, phase perturbations occur due to phase
noise and ramp non-linearities, so that the peak is broader and
both separability and accuracy are reduced.

In a monostatic coherent radar, the received signal is cor-
related with the same transmit signal. Therefore, phase noise
cancels out for short travel times, i.e. short distances. Similarly,
the influence of ramp-non-linearities is reduced. Variations of
the ramp slope lead to varying instantaneous frequencies over
the ramp and therefore a broadened peak in the IF signal,
while constant frequency offsets have no effect.

In contrast, using an incoherent cooperative bistatic radar
setup, the received signal is correlated with a signal that has
been generated by a different transmit node. As the two phase
noise processes of the transmit node and the receive node are
not correlated, phase noise does not cancel out [2]. Also, all
non-linearities of the two ramps appear as modulations on the
target peak in the IF signal. Highly-linear FMCW ramps with
low phase noise are therefore inevitable in cooperative setups
and bistatic radar networks.

In this work, a demonstrator is presented that uses 122 GHz
transceiver chips with in-package antennas [3] and possesses

a system structure that allows for its usage in sensor networks.
Integrating the antennas in the package facilitates the applica-
tion of the chip, as no high-frequency signals in the 100 GHz
range have to be conducted on the PCB, allowing the use of
standard materials. On the other hand, it limits the performance
of the sensor, as commonly only one channel can be integrated.
By operating several sensor nodes in a cooperative network,
this limitation can be overcome. Evidently, the combination of
highly-integrated sensors with a highly-pure signal synthesis
presents new possibilities of applications and sensor setups.

II. SYSTEM SETUP

The radar nodes are composed of four parts. Three of them,
a Linux-based single-board computer for the acquisition and
processing of the digital data, an IF board with analog filters,
amplifiers and an analog-to-digital converter (ADC), and an
RF board containing the transceiver and PLL components, are
stacked together to a compact module, which is depicted in
Fig. 1. The DDS, which generates the modulated reference
signal for the PLL, is on a separate board, connected to the
RF board. A 1.8 GHz local oscillator (LO) is connected to both
the DDS and the RF board. The control of the components and
the signal flow are depicted in Fig. 2, where analog signals
are represented in solid red and digital signals in dotted blue.
A trigger signal is used to start the ramp in the DDS and the
signal sampling on the IF board.

The network consists of at least two nodes, which operate at
slightly different fundamental frequencies with a certain offset
foff . The network system design and signal processing are
described in [4]. The trigger input is necessary to synchronize
the ramp starts. Otherwise, the timing offsets lead to uncon-
trolled frequency offsets, that may be larger than the sampled
IF bandwidth.

A. RF system setup

To achieve a low phase noise in the generated RF transmit
signal, the transceiver VCO is stabilized by an integer-N PLL.
The modulation is performed by a DDS, that provides the
reference signal for the PLL. The transceiver chip provides a
divided output signal at 1.9 GHz, that is used for the stabi-
lization. This signal is downconverted to 100 MHz in a mixer
with a constant 1.8 GHz LO. The mixer can be regarded as a
phase detector providing an output phase deviation at 100 MHz
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Fig. 1. Photograph of one sensor node
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Fig. 2. Overall sensor node setup and control

PFD / CP

12
2

G
H

z

VCO ·2

1
32

1.9 GHz

Radar Transceiver Chip

1.8 GHz

LO

100 MHz

Ref

IF

61
G

H
z

Fig. 3. PLL for signal synthesis on RF board

equal to the input phase deviation at 1.9 GHz. Hereby, the
requirements on the phase-frequency detector (PFD) within
the PLL is reduced, as the same phase deviation at a lower
frequency corresponds to a larger timing offset. Fig. 3 depicts
this RF setup.

fPFD =
fout

Ndiv,eff
− fLO (2)

In (2), the effective divider represents the ratio between the
output frequency fout and the divided output frequency, i.e.
Ndiv,eff = 64. To cover the ISM band from 122 GHz to
123 GHz, the PFD works with varying frequencies in the range
of fPFD,min = 106.25 MHz to fPFD,max = 121.875 MHz.

The DDS has modulating capabilities and uses the 1.8 GHz
clock for the output sampling. The internal DDS clock is at
1/24th of this frequency, i.e. 75 MHz. The latter is the relevant
frequency regarding frequency and time step sizes for the ramp

103 104 105 106 107 108

Frequency [Hz]

−130

−120

−110

−100

−90

−80

−70

Ph
as

e
N

oi
se

[d
B

c/
H

z]

Total PLL
Loop Filter
PFD
Reference
VCO: 122 GHz

Fig. 4. Simulated phase noise contributions of PLL parts

generation, that lead to an unwanted additional modulation.
High DDS clocks are therefore advantageous, because of the
resulting lower step sizes.

B. Low-phase-noise loop-filter design

The loop filter is a critical part of the PLL, as it may con-
tribute a significant amount of noise. This noise is translated to
phase noise by the voltage controlled oscillator (VCO). This
transfer depends on the VCO gain KVCO (in Hz

V ), which is
why low values for KVCO are preferred for low-phase-noise
synthesizers. However, a certain tunable bandwidth is required
for the VCO, e.g. 1 GHz for the ISM band from 122 GHz
to 123 GHz. Also, the operating voltage range of highly-
integrated transceivers in ≈ 100 nm BiCMOS technology is
typically limited to less than 3 V, of which only 1–2 V are
usable as linear VCO tuning range. This sets a lower bound
for the VCO gain at KVCO,min ≈ 1 GHz

1.5 V = 667 MHz
V . Fig. 4

depicts the contributions of PLL parts on the single-sideband
spectral power density of phase noise of the synthesized
output. It confirms that the loop filter dominates the overall
phase-noise contributions over a wide range from 20 kHz to
10 MHz.

A third-order active loop filter according to the schematic
depicted in Fig. 5 is used to attain low remaining phase errors
when generating linear frequency ramps and to suppress DDS
spurs at high frequency offsets. Typically, the dominant noise
source in a passive third-order loop filter is resistor R3, as it
has to be comparatively high, so as not to put an excessive load
on the preceding filter stage. The power and spectral voltage
density of the thermal noise of a resistor R can be calculated as
(3) and (4), respectively, in which kB represents the Boltzmann
constant, T the absolute temperature and 4f the bandwidth.

Pnoise = 4kBT4f (3)

e
(R)
noise =

√
PnoiseR√
4f

=
√

4kBTR (4)

The value of R3 can be reduced by the introduction of an
amplifier stage as in Fig. 5, if the reduced noise of R3 is not
overcompensated by the added noise sources of the amplifier.
State-of-the-art low-noise operational amplifiers exhibit spec-
tral voltage noise densities of ≈ 1 nV√

Hz
. The used amplifier has

a spectral voltage noise density of e(Amp)
noise = 1.5 nV√

Hz
, which
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Fig. 5. Schematic of 3rd-order active loop filter

103 104 105 106 107 108

Frequency Offset [Hz]

−120

−110

−100

−90

−80

−70

Ph
as

e
N

oi
se

[d
B

c/
H

z]

Total Filter
R3
OpAmp-Vn
R2
OpAmp-In

Fig. 6. Simulated phase noise contributions of loop-filter components

corresponds to the thermal noise of a resistor Requiv at room
temperature TR = 293 K according to (5).

Requiv =

(
1.5 nV√

Hz

)2

4kBTR
= 139 Ω (5)

Certainly, the reduction of the resistance of R3 is limited by
the stability requirements of the amplifier, which are violated
for low-resistance, high-capacitive loads. Therefore, R3 has
been chosen as 180 Ω, so that R3 remains as strongest noise
source, followed by the amplifier’s voltage-referred noise.
Fig. 6 shows the simulated influence of the individual loop-
filter components on the phase noise of the synthesizer output.

III. RESULTS

A. Phase noise performance

The measured single-sideband spectral power density of the
phase noise of the synthesized output is depicted in Fig. 7. It
has been measured at f0 = 122.6 GHz using an R&S FSUP
signal source analyzer in PLL mode. The measured phase
noise shows good agreement with the simulation. Only at very
low offset frequencies around 1 kHz, the measured phase noise
power density grows faster than in the simulation, revealing
that the 1/f noise components of the PFD or amplifier are
slightly larger than modeled.

The best phase noise performance (better than −80 dBc
Hz )

is achieved in the range from 3 kHz to over 30 kHz off-
set, corresponding to ranges from 3 kHz · c0

kr
= 0.9m to

30 kHz · c0kr
= 9m. This corresponds to the usable range of the

integrated transceiver of a few meters. At 10 kHz offset, the
power density is at −83 dBc

Hz , which is among the best reported
phase noise performances for radar sensors [5], [6].
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Fig. 7. Measured phase noise of proposed radar sensor
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Fig. 8. Measured absolute phase deviation of transceiver in CW mode
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Fig. 9. Measured absolute phase deviation of transceiver in FMCW mode

B. Ramp linearity

The method proposed in [7] has been used to assess the
dynamic phase deviations of the transceiver ramp compared
to an ideal signal. The phase deviations (compared to ideal
sinusoid) have been measured with 300 kHz bandwidth for
the transceiver in CW mode and FMCW mode. Fig. 8 depicts
the dynamic phase deviations in CW mode, where the rms
phase deviation is 0.231 rad. The dynamic phase deviations
(compared to an ideal ramp) of the transceiver in FMCW
mode plotted in Fig. 9 are noticeably larger. A spurious signal
and a superimposed slowly-varying non-linearity dominate the
overall phase deviation of 0.648 rad rms.

Comparing the results in Fig. 8 and Fig. 9 unveils that
CW measurements alone are not meaningful, as the FMCW
synthesizer performance is degraded by additional affects, e.g.
non-linear VCO tuning curves and different spurious outputs
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Fig. 10. Bistatic measurement scene with metallic wall as target at 1.0 m
distance

TABLE I
MEASUREMENT PARAMETERS

Parameter Description Value

f0 Fundamental frequency 122GHz

foffset Frequency offset 500 kHz

fbw,mod Modulation bandwidth 1GHz

Tmod Modulation time 1ms

dnodes Node distance 0.5m

dtarget Target distance 1.0m

of the DDS. Simulations show that phase deviations larger than
≈ 1 rad rms are not acceptable for cooperative radar networks,
due to the large SNR and resolution degradation.

C. Radar measurements

Measurements have been taken using a bistatic network
setup with two nodes. No lenses have been used in front of
the transceivers to obtain a large field of view.

The sensor nodes were separated by 0.5 m and a metallic
wall as target was placed at 1.0 m distance as depicted in
Fig. 10. The measurement parameters are summarized in
Tab. I.

The method introduced in [4] was used to shift the bistatic
signals to zero-IF, so that common detection and range-
estimation techniques can be used in the following. The
spectrum of a bistatic measurement with shifted bistatic sig-
nal is depicted in Fig. 11. The monostatic target peaks at
≈ 7 kHz correspond to 1.003 m and 0.999 m, respectively.
The bistatic target peak is only slightly broadened, indicating
low ramp non-linearities, and corresponds to 1.043 m. The
longer bistatic distance is a good index for an extended
target. Over 10 measurements, the standard deviation of the
estimated bistatic distance was at std{dbi} = 11.2 mm, which
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Fig. 11. Measured spectrum with monostatic and bistatic responses

is sufficiently accurate to apply the technique proposed in [4]
for target contour recognition. This and an improved detection
robustness are the main advantages of the additional bistatic
distance evaluation.

IV. CONCLUSION

This work demonstrates the applicability of highly-
integrated sensors for cooperative bistatic radar networks. The
strict phase-noise and ramp-linearity requirements of these
networks can be met using an appropriate signal generation.
With a phase-noise floor of approximately -83 dBc/Hz at
10 kHz offset, the presented radar sensor is among the best
122 GHz radar sensors that have been published [5], [6]. The
structure of the presented radar sensor demonstrator allows the
implementation of sensor networks with an arbitrary number
of nodes. Exemplary, a network of two nodes was built to
determine the accuracy of bistatic measurements.
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