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Abstract— In radar measurements, the observed area is limited
by the antenna beamwidth, and due to the usually fixed trans-
ceiver position, only unhidden targets in a small observation area
can be detected. Furthermore, bulky lens dimensions prevent the
use of radar systems in constricted surroundings despite the small
dimensions of microwave monolithic integrated circuit (MMIC)
radars. To avoid this issue, a new system concept for a flexible and
low-cost 160-GHz radar sniffer probe is presented. The flexible
sniffer probe is an extremely low-loss dielectric waveguide with
a dielectric elliptical lens (28 dBi) at the end. The dielectric
waveguide has dielectric losses of 4.5 dB/m at 160 GHz and high
flexibility, supporting bending radii of 1.5 cm with negligible
losses. To feed the dielectric waveguide, a metallic waveguide with
a duplexer is used, which is fed by a special MMIC-to-metallic
waveguide transition. The proposed system expands the known
radar measurement scenarios with new industrial, medical, and
security applications.

Index Terms— Flexible radar sensor, radar sniffer probe,
dielectric waveguide, lens antenna, MMIC, rectangular
waveguide coupler, millimeter wave.

I. INTRODUCTION

RADAR systems are known for their robustness
in distances and velocity measurements. Therefore,

the demand for cheap and compact radar systems for industrial
applications like level measurements in tanks [1], surveil-
lance of conveyor belts, or sensors in the automotive indus-
try [2], [3] increases. By integrating complete radar systems
on chip in silicon-germanium (SiGe), a cost efficient produc-
tion is possible for different frequencies from 60 GHz [4]
over 90 GHz [5] up to more than 100 GHz [6], [7]. With
on-chip antennas and antennas-in-package, the compactness
of radar systems is further increased and lossy MMIC-to-PCB
transitions are avoided [8]–[10].

For a large dynamic range in radar measurements a high
gain antenna is needed besides a good MMIC performance.
Thus, additional lenses are used located above the MMIC
with on-chip antennas to achieve a high gain and a high
SNR [11], [12]. Despite the compactness of the MMIC,
the size of the overall system is increased considerably
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Fig. 1. Schematic view of a flexible sniffer probe measuring around an
obstacle.

when using bulky lenses. The on-chip antenna gain can also
be improved by more compact MMIC extensions like a
horn [13] or a bulk lens [7]. However, these radars are not
flexible to go around obstacles and detect hidden targets and
can therefore only detect targets within the beamwidth of the
antenna.

Flexible sensor heads are known from optics [14] or at
low frequencies, which are commonly measured with flexible
oscilloscope probes. They offer the possibility to move the
sensor arbitrarily and measure directly at the desired position.
As shown in Fig. 1 such sniffer probes are suited to go around
obstacles or to move through small holes in pipes and walls.
Additionally, the measurement probe can be spatially separated
from the electronics on the printed circuit board (PCB), which
is of interest in dirty, humid, or flammable surroundings. For
radar applications a flexible sniffer probe entails benefits and
enables to measure in areas, which are difficult to access for
common radar sensors.

A simple solution for a radar sniffer probe would be a
system with flexible IF and DC cables connected to a compact
PCB with MMIC and on-chip antenna. Though, this system
concept has still bulky dimensions and parts of the electronics
are not spatially separated from the measurement scenario.

A second approach would be a flexible antenna as radar
sniffer probe. Compared to the before mentioned system,
only the antenna with smaller dimensions is moved in mea-
surements. Thereby, the system offers a larger variety of
application scenarios. However, the radar sniffer probe requires
a suitable waveguide. Microstrip lines are usually on rigid
substrates and have high losses at frequencies above 100 GHz.
Metallic rectangular waveguides are commonly used in the
mm-wave range, but also lack the required flexibility. Instead,
flexible dielectric waveguides are used for frequencies above
100 GHz in measurement setups [15] and communication
links [16], [17]. These waveguides have extremely low losses,
are simple to produce, and are suited for a sniffer probe.
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Fig. 2. a) System concept and b) block diagram of the bistatic radar MMIC
with transition to the monostatic dielectric waveguide. For MMIC details
see [18].

In this paper a new system concept for a 160-GHz radar
MMIC with a flexible sniffer probe and the interconnection
of the components is presented. At first, the overall system
concept with its components, the MMIC, transition from
MMIC to metallic waveguide, duplexer, transition from metal-
lic to dielectric waveguide, the lens antenna, and the dielectric
waveguide are explained and characterized. The robustness
of the system towards influences on the flexible waveguide
and the SNR are shown in Section III. Afterwards, two new
possible radar applications are described and shown including
real measurement scenarios in Section IV.

II. SYSTEM CONCEPT

The proposed system concept setup is shown in Fig. 2.
A dielectric lens antenna on a flexible dielectric waveguide is
used as a sniffer probe to detect targets. Several components
are needed for the transmission of the signal from the radar
MMIC to the antenna.

The signal from the radar MMIC [18] couples through
a superstrate antenna into a tapered dielectric waveguide. The
dielectric waveguide radiates the signal in a widened metallic
waveguide [19]. Since the radar MMIC is bistatic, a waveguide
coupler acts as a duplexer. This component is unnecessary

TABLE I

IMPORTANT SYSTEM PARAMETERS

for monostatic MMICs. A mode transformer is used for
the transition from the metallic waveguide to the dielectric
waveguide. A dielectric lens antenna, made of the same
material as the dielectric waveguide, is plugged on the flexible
dielectric waveguide. The following list explains the required
components in detail.

1) 160 GHz Radar MMIC [18]: The radar MMIC is an
ultracompact bistatic FMCW radar chip with low phase noise
due to its frequency offset synthesizer. The advantageous chip
architecture enables ramp bandwidths up to 16 GHz which
makes a high range resolution possible. With the integrated
antennas on chip, lossy mm-wave interconnects to PCB are
avoided. The most important MMIC parameters are listed
in Table I.

2) Transition MMIC to Metallic Waveguide [19]: In order
to support a monostatic sniffer probe with a bistatic chip
architecture a duplexer as well as a suitable transition from
the on-chip antenna to the dielectric sniffer probe are required.
As metallic waveguide couplers and metallic waveguide-to-
dielectric waveguide transitions are well known, metallic
waveguide technology is suitable solution for these com-
ponents. Therefore, a transition from MMIC to metallic
waveguide is required.

In this case, an on-chip antenna and a λ/2 patch resonator
on a quartz glass carrier couples the wave with an efficiency
of about 50% in a dielectric waveguide made of PMMA.
The second part, the transition from the dielectric waveguide
to the metallic waveguide, is non-resonant and broadband.
The tapered end of the dielectric waveguide radiates into a
widened metallic waveguide and has an insertion loss (IL)
of 3 dB. Consequently, the chip and the metallic waveguide
are mechanically decoupled, and thermal or mechanical stress
in the waveguide components do not affect the MMIC. With
this transition the other components can be bolted together on
a stable platform. For this reason, a direct mechanical connec-
tion between sniffer probe and chip with lower transmission
losses was avoided in the system concept.

3) Duplexer [20]: To change the system architecture to
a monostatic radar, a duplexer in rectangular waveguide tech-
nology is used. The wideband hybrid-coupler is fabricated
in split-block design with an isolation of more than 20 dB.
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Fig. 3. Schematic view of the mode transformer for the transition from
metallic waveguide to dielectric waveguide.

Fig. 4. E-field distribution of the fundamental HE11 mode in a dielectric
waveguide with polarization in y-direction.

Between 140 GHz and 175 GHz the inserted wave is equally
split to the coupled ports. A waveguide absorber is used to
avoid reflections at the unused port 4.

4) Mode Transformer: For the transition from the metallic
waveguide to the dielectric waveguide a mode transformer
is used as shown in Fig. 3. Since the field distribution of
the fundamental HE11 mode in the dielectric waveguide and
the TE10 mode in the metallic waveguide are very similar,
a tapered horn as proposed in [21] was realized. A dielectric
waveguide is placed in the metallic waveguide just before the
horn. A tapered dielectric waveguide improves the impedance
matching. The measured insertion loss of 0.4 dB was achieved
with a smooth gradient of the horn.

5) Dielectric Waveguide: The novel aspect of this radar
sensor concept is the flexible sniffer probe. The flexibility is
defined by the dielectric waveguide. Therefore, its mechanical
and electrical characteristics should be examined in more
detail.

The dielectric waveguide is mainly used in the mm-wave
range [15]–[17], [22] as well as in optical applications [23].
In Fig. 4 the fundamental mode of the dielectric waveguide,
the HE11 mode, is shown (also referred to as Ey

11 mode [24]).
In contrast to the metallic waveguide the field components are
in the dielectric medium as well as in the surrounding material.

Fig. 5. Simulated E-field distribution of the fundamental HE11 mode along
the dielectric waveguide center for different dielectric constants. The E-field
is polarized in y-direction and normalized to the maximum value.

The field distribution inside and outside the dielectric medium
depends on the waveguide dimension and the dielectric con-
stant εr . With an increasing cross section the field components
in the dielectric increase. Furthermore, a larger dielectric
constant decreases the field components in the surrounding
medium as shown in Fig. 5. For both cases, the wavenumber βg
increases and the cut-off frequency for higher order modes in
the dielectric waveguide becomes lower.

Losses in the waveguide result from dielectric and radiation
losses, which depend on the field distribution. For a large
wavenumber βg the field is concentrated in the waveguide
and the dielectric losses are high, whereas the radiation losses
are high for sparsely concentrated fields in the dielectric
waveguide. Parasitic radiation, especially at waveguide bends,
is therefore important for a sniffer probe since they can limit
the system flexibility.

The dielectric waveguide in the presented system has
a rectangular cross section of 648 µm×1295 µm and is
made of high density polyethylene (HDPE, εr,HDPE = 2.25,
tan δ = 3.1 · 10−4 at 160 GHz). The dimensions are a compro-
mise between low dielectric losses and high flexibility with
low radiation losses, while ensuring a monomodal design.
A polarization maintaining rectangular cross section is also
beneficial for the mode transformer. If the polarization changes
and higher order modes appear, the mode transformer would
have a higher insertion loss or would reflect the signal, which
would impede the functionality of the sensor. Furthermore,
the rectangular cross section is easier to fabricate than other
cross sections. In this case a 3 mm thick HDPE plate was
thinned to the waveguide width before the tapers were milled.

The losses of the dielectric waveguide were measured in
a back-to-back measurement with different waveguide lengths.
Fig. 6 shows that the losses increase with frequency, because
an increasing part of field is concentrated in the dielectric.
For frequencies above 200 GHz a second mode propagates
on the waveguide and the linear increasing attenuation is
rippled. Compared to theoretically calculated losses [25] in
an aluminum rectangular waveguide, the measured losses are
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Fig. 6. Measured attenuation for a straight dielectric waveguide made of
HDPE and calculated attenuation for an aluminum rectangular waveguide.

Fig. 7. Measured 3-D radiation pattern at 160 GHz for R = 7.5 mm with
the H-plane orientation horizontally and the E-plane vertically.

extremely low. Measurements at these frequencies show that
the losses in metallic waveguides are considerably larger due
to surface roughness, and dielectric waveguides proved to be
the lowest loss waveguides for this frequency band.

6) Lens Antenna [21]: For radar applications a high gain
antenna is usually needed to achieve a high SNR. Therefore,
a dielectric, ellipsoidal lens antenna is plugged on the dielec-
tric waveguide. The lens is fed in its focal point and a widening
at the end of the waveguide end improves the matching. For
a radius of 7.5 mm the HDPE lens has a gain of 28 dBi.
The maximum sidelobe level is below -18.3 dB and the 3 dB
angular width is 6.8° in the E-plane and in the H-plane. The
measured 3-D radiation pattern at 160 GHz for the elevation
angle −37° < θ < 37° is shown in Fig. 7.

The compact lens directly plugged on the flexible waveguide
offers new application areas for radar sensing.

Fig. 8. Measurement setup for the influence of different materials near the
dielectric waveguide. The different distances are indicated by the dashed lines.

III. SUSCEPTIBILITY

As the dielectric waveguide influences the system perfor-
mance decisively, the electrical and mechanical properties are
investigated in detail in the following sections.

A. Influence of Surroundings

For the dielectric waveguide with εr,HDPE a surrounding
material with a dielectric constant εr < εr,HDPE is assumed.
This assumption is fulfilled with air (εr = 1) around the
waveguide. But in different application scenarios like a radar
endoscope, materials with a larger dielectric constant are near
the waveguide or even contact the waveguide. Due to the
field components outside the waveguide, the field distribution
is changed and the transmission characteristics are different.
Therefore, this situation is examined with simulations and
measurements.

In the measurement setup as shown in Fig. 8, different
material samples with a length of l =10 cm were put next
to the dielectric waveguide in the H-plane. The transmission
and reflection coefficient were measured for different distances
d up to 1 mm. The width of the material sample was
considerable larger than the waveguide width. The investigated
materials can be divided into three groups: metals, dielectric
materials with low losses, and absorbers.

A metal sheet near the waveguide has a very low influence
on the transmission coefficient. Even for a gap of 1 mm
between sheet and waveguide the transmission is hardly influ-
enced. If the metal is in contact with the dielectric waveguide,
the transmission decreases by 1 dB to 2 dB. The reason
for this characteristic is that most of the field is within the
dielectric and only a small part of the energy is reflected and
radiated at the metal edges. The metal surface itself limits the
field extension in the air and the field distribution is slightly
changed.

Dielectric materials have a considerable larger impact on
the transmission coefficient. At first materials with low atten-
uation for frequencies around 160 GHz are considered. The
measured attenuation due to the surrounding of the waveguide
for three materials with different dielectric constants (HDPE,
PREPERM© PP600 (εr = 6), PREPERM© L1000HF(εr = 10)
[26]) at 1 mm distance are shown in Fig. 9.

Peaks above 20 dB at different frequencies are visible for
all the materials. Between the peaks the attenuation for HDPE
and L1000HF is between 0 dB and 1 dB. For PP600 the
attenuation is around 5 dB because of a higher dissipation
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Fig. 9. Measured attenuation for a dielectric waveguide approached
1 mm to HDPE (εr = 2.25 ( )), PREPERM© PP600 (εr = 6 ( )), and
PREPERM© L1000HF (εr = 10 ( )) due to coupling and radiation.

factor. The measured curves result from the coupling between
the waveguide and the material sample. Along the 10 cm
material sample length the wave couples several times between
the dielectric waveguide and the material sample, thus there
are several attenuation peaks visible. At the peak position
all the field energy is in the material sample and almost
no energy is in the waveguide. The coupling factor depends
on the dielectric constants and their difference, the distance
between the material samples and the waveguide, and the
frequency [27]. At high frequencies, when most of the energy
is concentrated in the waveguide, the attenuation due to the
coupling is very small. For distances larger than 2 mm no
attenuation is measured since the E-field is 30 dB lower than
the maximum value (Fig. 5). For the radar sniffer probe the
attenuation implies an attenuated transmit and receive signal.
Therefore, the SNR of the radar response deteriorates which
impairs the target detection.

The third group of investigated material samples are dielec-
tric materials with a high dissipation factor for mm-waves.
These materials are of interest, since the sniffer probe is man-
ually moved during measurements. The electrical properties of
a hand (εr = 58, tan δ = 0.27) are approximated with moistened
cork and absorber. The measured attenuation for these material
samples in 1 mm distance is shown in Fig. 10.

For these materials the wave also couples from the
waveguide to the material sample, but due to high dielectric
losses, the wave is strongly attenuated in the material sample
and only a small part of the energy couples back. Conse-
quently, no peaks are visible since they are less dominant
than the attenuation in the material sample. For moistened
cork a plateau at 165 GHz gives a hint of a peak at this
frequency which is overlapped by the higher attenuation
at lower frequencies. Again, the attenuation decreases with
increasing frequency as the field components are concentrated
in the waveguide for higher frequencies. For larger distances
between the material sample and the waveguide the influence
is negligible, since the field energy decreases exponentially
outside the dielectric material.

Fig. 10. Measured attenuation for a dielectric waveguide approached 1 mm to
materials with cork ( ) and absorber ( ) due to coupling and radiation.

Fig. 11. Measurement setup for the investigation of a bended dielectric
waveguide.

B. Influence of Bends

The flexibility of a sniffer probe determines its performance
and possible application areas. With the fabricated waveguide
bend radii smaller than 1 cm are possible to realize without
any permanent mechanical deformation like kinks. But also
the electrical properties have to be investigated because of
radiation losses in bends [28].

For the measurements of radiation losses in 90° bends,
a Rohacell form (εr = 1.05) with different radii was used
to adjust the minimum radius r of a 20 cm long waveguide as
shown in Fig. 11. A permanent fixation with Rohacell resulted
in additional dielectric losses and falsified the measurement
results.

The radiation losses for the adjusted radii are depicted
in Fig. 12. The curves result from the ratio of |S21| measure-
ments with and without bends. With an increasing bend radius,
the radiated energy decreases and falls below 1 dB at 140 GHz
for the largest radius. Furthermore, the radiation losses depend
on frequency. As the field is more concentrated in the dielectric
at higher frequencies, the losses due to radiation decrease.
In the used frequency range from 146 GHz to 162 GHz the
losses for a 1.5 cm bend radius are between 2.1 dB and 0.3 dB.
For radii larger than 3 cm the radiated losses are below 0.6 dB
and can be neglected for a radar measurement. If the SNR is
sufficient for the target detection, even smaller radii can be
used. This can be a key benefit to detect targets in areas which
are difficult to access.
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Fig. 12. Measured attenuation in 90° bends from radiation losses for different
radii.

Besides the losses in dielectric waveguide bends, the flex-
ibility has also an impact on the phase response which is
considerably stronger. However, the phase variation is negli-
gible for range measurements with the sniffer probe since the
antenna reflection is used as calibration target to determine the
actual distance of real targets to the antenna. The phase and
transit time variations on the dielectric waveguide are equal
for the calibration and real target. For velocity measurements
the phase variations are irrelevant.

C. System SNR

Due to the system extension to a monostatic radar and dif-
ferent transitions, the SNR decreases compared to the bistatic
configuration in [18]. The first transition from the MMIC to the
metallic waveguide has a loss of 6 dB. In the waveguide cou-
pler the power is splitted in half before the mode transformer
attenuates the wave by 0.4 dB. The dielectric waveguide
exhibits a loss of 4.5 dB/m. For a corner reflector in 1 m
distance with a radar cross section of −3.3 dBsm this would
result in a SNR of around 25 dB.

IV. APPLICATIONS

The presented radar sniffer probe offers many new appli-
cation areas. The flexible antenna and the spatial separation
of radar system and antenna with a low loss connection
are the main advantages. In the following sections two new
applications for radar measurements with a sniffer probe are
exemplified.

A. Radar Sniffer Probe as Endoscope

Endoscope cameras are used to look for pipe block-
age or in security applications to observe the scenario behind a
wall or door. But a camera does not give any information about
the range or velocity of the observed object. A radar system
combined with a camera provides a picture of the scenario and
the corresponding information.

Up to now, radar systems are usually mounted on PCBs
and are thus too large to being pushed through pipes or small

Fig. 13. The sniffer probe is used as endoscope to observe the scenario
behind a door. The dielectric waveguide is positioned in the keyhole.

Fig. 14. Range measurement with a sniffer probe and a corner reflector
in 1.65 m ( ) and 3 cm ( ) distance.

apertures. The flexible and small dielectric waveguide with
a lens antenna enables the usage of a radar system with an
endoscope camera as described. In Fig. 13 a measurement
scenario through a keyhole is shown, in which the dielectric
waveguide is positioned in a keyhole and the lens is plugged
afterwards. For this measurement a corner reflector that was
positioned at a distance of 1.65 m from the antenna was used
as a target. The measured radar response for the scenario is
depicted in Fig. 14. The corner reflector is measured at 2 m
since the length of the dielectric waveguide is not subtracted.
The peak at 35 cm is the reflection at the antenna and far away
from the DC peak resulting from crosstalk. Therefore, targets
with short distances to the antenna can also be measured
as shown in the second measurement ( ) with a corner
reflector at a distance of 3 cm. The repetitive targets in
the second measurement results from multiple reflections. Due
to the large distance between sensor and antenna and the high
bandwidth of 16 GHz, the antenna appears in the 35th range
cell. Thus, DC offset and leakage are no limiting factors for
the close range measurement performance.
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Fig. 15. Volume flow measurement with sniffer probe in a pipe. Only a
small hole is needed for the antenna.

Fig. 16. Velocity measurement with a sniffer probe in a metal pipe to
determine the volume flow of water. Multiple peaks are visible due to the
turbulent stream current.

B. Radar Sniffer Probe for Volume Flow
Measurement in Pipes

Radar systems are used to measure the volume flow for
fluids in rivers or solids in large pipes [29]. For these measure-
ments the pipes have an opening to position the antenna with
the radar system over the pipe. For a large antenna aperture
size a large opening in the pipe is needed which is undesired
in applications with steaming or corrosive fluids.

With a radar sniffer probe only a small hole in the pipe
is needed and the lens antenna can be positioned with high
accuracy. The radar system PCB is not affected by the fluids
and can be positioned in a dry and normally tempered sur-
roundings. The known measurement scenarios like the volume
flow in large pipes with fluids are extended with the sniffer
probe. New applications are the volume flow measurements in
small, partly filled pipes for fluids or even solids like screws in
industrial applications and grain in agricultural applications.

In a measurement setup with the sniffer probe in a metal
pipe as shown in Fig. 15 the velocity of water through a pipe
was measured. The sniffer probe radar is used as a CW radar
to determine the velocity. In Fig. 16 the measured velocity
of the partly filled pipe is shown. The multiple peaks around
0.5 m/s result from the turbulent stream current in the pipe.

V. CONCLUSION

In this paper a novel 160 GHz radar system is presented,
which enables radar measurements around obstacles or at
inaccessible and harsh surroundings. The flexible and compact
sniffer probe offers completely new application areas for radar
systems.

For the transition from the bistatic 160 GHz MMIC with
16 GHz bandwidth to the monostatic sniffer probe a metallic
waveguide duplexer is used, which is connected to the chip
using a MMIC-to-metallic waveguide transition. The main
part of the system, the flexible dielectric waveguide made
of HDPE, is fed by a widened metallic waveguide. The
dielectric waveguide supports bending radii of up to 1.5 cm
with negligible losses and can be approached to other materials
without losses up to 2 mm. With an attenuation of 4.5 dB/m
at 160 GHz the extremely low loss dielectric waveguide can
connect the high gain dielectric lens antenna with the MMIC
over a large distance. The lens has a gain of 28 dBi and a
compact radius of 7.5 mm. Thus the dynamic range of the
system is completely sufficient for typical short range sniffer
probe applications.

The two presented sniffer probe applications show only a
small selection of the versatile possibilities for which the radar
sniffer probe can be used.
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