
A 160-GHz Radar Sniffer Probe for Honey Bee Detection
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ABSTRACT

The use of radar systems is limited in some applications by spatial constraints or special thermal and environ-
mental conditions. The spatial separation of the sensitive electronics and the more robust antenna by a flexible
connection therefore opens up new applications. A 160-GHz radar system with a mechanically flexible front end
fulfilling these requirements is proposed in this paper. The flexible front end is an extremely low loss dielectric
waveguide feeding a dielectric elliptical lens antenna (28 dBi gain). The dielectric waveguide has dielectric losses
of 4.5 dB/m at 160 GHz and is very flexible, allowing bending radii of down to 1.5 cm with negligible losses. The
dielectric waveguide is fed by a 160-GHz radar monolithic microwave integrated circuit (MMIC), which allows
bandwidths of up to 20 GHz for a high range resolution. The transition between MMIC and dielectric waveg-
uide is realized with a rectangular-waveguide interface. The radar back end consists of a phased-locked loop
(PLL) with standard components, an intermediate frequency (IF) signal conditioning part, and a Xilinx Zynq
7030 System-On-Module (SOM) with an FPGA and an ARM-based processor. The sampled signal is processed
directly on the FPGA with a 2D Fourier transform and is available as a UDP stream with an update rate of
up to 15 Hz. In addition, a camera image is taken for each radar measurement. The presented system is used
to detect and measure the flight behavior of honey bees. The electronics are housed in a building whereas the
flexible dielectric waveguide allows the antenna to be placed anywhere around the beehive, where it is exposed
to environmental conditions.

Keywords: chirp-secquence radar, dielectric waveguide, flexible radar sensor, lens antenna, millimeter wave,
MMIC, MMIC-to-waveguide transition, radar sniffer probe

1. INTRODUCTION

Due to the progress in the silicon-germanium (SiGe) technology it is possible to produce radar sensors in large
numbers at low cost. With compact and highly integrated monolithic microwave integrated circuits (MMICs) at
frequencies above 100 GHz, a resolution in the millimeter range can be achieved. Therefore, radar sensors are very
popular for distance and velocity measurements in various industrial applications such as level measurement,1

in the automotive industry,2,3 or for navigation in smoky rooms.4,5 Due to the robustness of the sensor concept
against weather or lighting conditions as well as in dusty, smoky, and humid environments, the sensors can be
used outdoors without restrictions. But the sensitive electronics require an appropriate housing, limiting the
usage of radar sensors, particularly in close-range applications or in measurement environments with spatial
constraints.

In order to avoid these limitations the robust and compact antenna front end can be separated from the
sensitive electronics using flexible sensor heads like known from optics6 or from oscilloscope probes. Additionally,
such a flexible sensor head provide the opportunity to measure at almost any desired position. The separation
between the radar back end and the MMIC could be done by simple cables suitable for frequencies around a few
MHz. Thus, the dimensions of the front end could be reduced, however, the MMIC still needs a robust housing.
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Figure 1. System concept of the 160-GHz radar sensor with flexible front end.

A flexible antenna as a sensor head is more compact and in addition does not require a housing. However,
a low-loss and flexible cable is required to feed the antenna at frequencies above 100 GHz. Microstrip lines are
available on flexible substrate but they have high losses and need bond transitions from MMIC to the printed
circuit board (PCB). Standard waveguides in this frequency range like metallic rectangular waveguides have less
losses but are rigid. Another option is to apply dielectric waveguides used for frequencies above 100 GHz in
measurement setups,7 communication systems,8–10 and radar systems.11 Dependent on the used material, these
waveguides are flexible, have low losses, and are robust against harsh environmental conditions such as humidity
damaging the electronics.

In this paper a system concept for a 160-GHz radar is presented, with the antenna separated from the
MMIC and the back end electronics by a flexible dielectric waveguide. The system provides a live user data
protocol (UDP) stream with the 2D Fourier transform (FT) radar data and thus enables live measurements for
close-range scenarios with spatial constraints such as the observation of a beehive. At first, the system concept
with front end and back end is explained. In Section 3 the individual components from the antenna to field-
programmable gate array (FPGA) are described in detail. The measurement setup and the results are presented
in Section 4.

2. SYSTEM CONCEPT

The radar system presented consists of the radio frequency (RF) front end with a mechanically flexible antenna
and a corresponding back end, which processes the received signals and delivers the result of a 2D FT with
an update rate of 15 Hz. The components are built on individual PCBs for the back end (FPGA, intermediate
frequency (IF) signal conditioning, power), signal synthesis, and the RF front end as a stack like shown in
Figure 1.

The Xilinx Zynq Z-7030 FPGA is used to control the complete system. The FPGA not only programs the
individual components such as IF amplifier, phased-locked loop (PLL) and MMIC, but also samples and processes
the received signal. The PLL feeds a ramp signal to the front end consisting of a 160-GHz radar MMIC with
transition to a metallic waveguide. This feeds a dielectric waveguide, which is very low-loss and mechanically
flexible. Thus, the spatial separation of the antenna and the electronics is feasible. Since the target, the beehive,
is located outdoors and is exposed to different weather conditions, the antenna must also be located outdoors.
The remaining system electronics can be stored safely inside the building.

3. COMPONENTS

In the following section, the individual components are explained in more detail. At first, the front end with
MMIC, transition, and dielectric waveguide are explained. Then, the back end with signal synthesis, IF signal
conditioning, and the processing in the FPGA are described.
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Figure 2. Block diagram of the MMIC.

3.1 Front End

The front end is based on a monostatic 160-GHz radar MMIC. The signal couples via a resonant superstrate
antenna on glass into a short dielectric waveguide. The tapered dielectric waveguide radiates the signal in a
widened metallic waveguide which partially surrounds it. A mode converter feeds the flexible dielectric waveguide
front end, which is terminated with an elliptical lens antenna. MMIC and flexible front end are decoupled to
avoid mechanical stress.

3.1.1 160-GHz radar MMIC

The MMIC is a monostatic silicon-germanium radar chip with integrated voltage controlled oscillator (VCO)
and a multiplier architecture as shown in Figure 2. The VCO can be tuned between 12.5 GHz and 14.25 GHz
using the tuning voltage Vtune, resulting in a transmit frequency between 150 GHz and 170 GHz and a high range
resolution. For the feedback (Divout) to an external PLL module, the frequency is divided to ensure that only
frequencies between 2.5 GHz and 3.75 GHz need to be routed on PCB.

For the monostatic front end a Tx-/Rx coupler is required, which is implemented as a compact rat-race
coupler.12 With the integrated on-chip antenna, lossy bond transitions to PCB are avoided and the chip area
extends to 1.0 mm× 1.9 mm.

3.1.2 Transition from MMIC to metallic waveguide

Since the system is intended to be permanently usable, a mechanically robust setup is required. For this purpose,
a short metallic waveguide is used between MMIC and dielectric waveguide. It is mechanically decoupled from
the MMIC avoiding that external stress affects the functionality. In addition, the dielectric waveguide, which is
fed by a mode converter, is fixed mechanically.

For an efficient signal decoupling of the MMIC a transition as shown in Figure 3a is proposed. On the
SiO2 back end of the MMIC a short-circuited λ/4-patch is fed by a microstrip line. On top of the coupling
structure a quartz glass with a metallized λ/2-patch is positioned.13,14 The resonant patch excites the funda-
mental HE11 mode in a cylindrical dielectric waveguide made of acryl glass. The dimensions of the λ/4-patch
(170 µm× 220 µm) and the quartz glass length lr determine the center frequency of the transition.

The transition to the metallic waveguide is realized with a non-resonant coupling by tapering the dielectric
waveguide end to a rod antenna and transmitting the signal over a short free-space distance. A horn antenna
with inverse taper is used as the receiving element. The two components can be approached to each other to
prevent radiation and to minimize the free-space distance. The slope angle of the horn and the taper angle are
identical in order to achieve a minimum attenuation.

The realized transition is shown in Figure 4b and the S-parameters were determined. For the dimensions in
Figure 3b the minimum measured insertion loss is 3.1 dB at 147.1 GHz as depicted in Figure 4a. The reflection
coefficient at the rectangular waveguide interface (s22) is below =10 dB from approximately 141 GHz to 163 GHz.
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Figure 3. (a) Perspective view of a 3D model of the transition from MMIC to metallic waveguide and (b) the respective
dimensions in µm.
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Figure 4. (a) Measured S-parameters of (b) the realized transition from MMIC to metallic waveguide. The rectangular
waveguide is cut in the middle for the photo.

3.1.3 Dielectric waveguide and antenna

The dielectric waveguide is the flexible component of the front end and thus of great significance for the radar
system. The electrical and mechanical properties like losses, flexibility, dispersion, and shielding of the dielectric
waveguide are discussed in detail in this section.

The properties of the dielectric waveguide depend on the field distribution, which changes depending on the
guided mode and the frequency as well as on the dimensions and the material permittivity of the waveguide. In
the proposed system a single-mode waveguide with the fundamental HE11 mode is used, having field components
both in the dielectric and in the air16 as shown in Figure 5a. By increasing the frequency, the dimensions, or the
permittivity, the field density in the dielectric material increases and consequently, the dielectric losses and the
attenuation rise. A further loss mechanism of the dielectric waveguide is the radiation at field disturbances or in
bends. It behaves in contrary to the dielectric attenuation and is reduced for the above mentioned assumptions.

The designed rectangular dielectric waveguide with a cross-section of 648 µm× 1295 µm is made of high-
density polyethylen (HDPE, εr = 2.25, tan δ= 3.1 · 10−4). The design is a trade-off between a minimum of losses
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Figure 5. (a) E-field amplitude distribution of the HE11 mode in the dielectric waveguide and (b) the cross-section of the
extruded dielectric waveguide.15
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Figure 6. (a) Measured attenuation of the straight dielectric waveguides with different dimensions in comparison to the
simulated losses of an aluminum waveguide. (b) Measured radiation losses in a 90◦ bend for different radii r.

and a maximum of mechanical flexibility. The measured attenuation for a straight dielectric waveguide in a
back-to-back measurement with different lengths for this waveguide dimensions is around 4.5 dB/m at 160 GHz
and increases with higher frequencies as shown in Figure 6a.11 In comparison to the simulated losses of an
aluminum waveguide,17 the losses are significantly lower. Since a dielectric waveguide with a length above 1 m
is required for the measurement setup, the used waveguide was fabricated by extrusion. Due to manufacturing
tolerances the waveguide dimensions are slightly smaller (510 µm× 1180 µm, cf. Figure 5b) and the attenuation
is different.15 Especially in the lower frequency range, significant radiation losses occur at the mode transformers
in the measurement setup. Above 155 GHz, however, the losses are lower due to the changed field distribution.

Since the waveguide must be protected outdoors, it requires a protective coating. The coating should not
disturb the field distribution to avoid further losses, which demands for a material with a permittivity around
εr = 1. For this purpose either a low density foam like Rohacell or HDPE foam is used.18,19 For spacings between
the dielectric waveguide and the outer edge of the foam exceeding several millimeters, an additional protective
coating with a thin metal foil or a more robust plastic can be applied.

A further design aspect which has to be considered is the dispersion in the dielectric waveguide.15 Due to
the dispersion the received signal is affected by the frequency-dependent group delay and the target peak in the
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Figure 7. Block diagram of the radar system with its individual components.

radar response is broadened. This slightly deteriorates the range resolution to approximately 1.5 cm but does
not restrict the bee detection. In addition, flying bees usually have a distance of more than 1.5 cm and can be
separated by velocity.

For the detection of the bees, only a narrow field of view and a high gain is required. Therefore, an ellipsoidal
lens antenna as proposed in [20] is used. The antenna is made of HDPE and is fed in its focal point by plugging
it on the end of the dielectric waveguide. With a diameter of 1.5 cm a gain of 28 dBi and a 3 dB angular width
of 6.8◦ is achieved.

3.2 Back End

To operate the MMIC as a frequency modulated continuous wave (FMCW) radar, a ramp signal (rampext) is
fed to the MMIC, which is provided by an external PLL with VCO. The PLL module is controlled by the Xilinx
Zynq 7030 FPGA as shown in Figure 7. The components (low-pass filter, amplifier) in the IF signal path are
also programmed via the programmable interface (PI) using the Zynq 7030. All the components for the signal
synthesis and IF signal processing are explained in the following sections.

3.2.1 Signal synthesis and conditioning

For the ramp generation with the PLL module several components are needed. The fractional-N PLL LMX2492
with the VCO HMC588 feeds the ramp signal with a frequency between 12.5 GHz and 13.5 GHz to the MMIC.
The reference signal for the PLL is provided by a 100-MHz oscillator, also serving as a reference for the FPGA
and its integrated components. An active loop filter is designed in standard feedback configuration21 with a
cut-off frequency of 1 MHz.

In the IF signal path, the signal is amplified and filtered to lower the influence of quantization noise and to
avoid aliasing. The operational amplifier LTC6400 with a fixed gain of 40 dB and a low-pass filter with a cut-off
frequency of 55 MHz are used.

3.2.2 Signal sampling and processing

The analog front end of the Zynq is a 14-bit analog-digital converter (ADC) with a sample rate of 100 MS/s,22

and the sampled signal is sent to the Zynq system via a JESD204b interface. An intellectual property (IP) core
controls the data stream and sends it ramp by ramp as a block to the first signal processing unit. Both IP core
and ADC are clocked by the external 100-MHz reference clock to provide coherence to the analog front end with
the PLL.

For the detection of a target in range and velocity direction a 2D FT with windowing in both dimensions
needs to be implemented on the Zynq 7030. The windowing and the FT in range dimension is applied to the data
stream of the incoming data from the control IP core as a Pipeline-Streaming-FT for each ramp. The FT results
are temporarily stored in the RAM until all FT data of the individual ramps of the ramp block are available.
Subsequently, the windowing and the FT are carried out to obtain the velocity information of the target. The
processed data can be visualized by a web server or exported via an UDP interface.
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Figure 8. Realized radar system with (a) the radar stack and (b) the flexible front end with antenna and PVC pipe.

In addition to the provided radar data of the measured scenario, a camera image is stored for each ramp
block to visualize the scenario and to compare measured radar data and the measurement scenario.

4. MEASUREMENTS

The velocity measurement of honey bees23,24 and the tracking of them using radar sensors25,26 is still a current
research topic. The measurements are intended to demonstrate the detectability of bees with the presented system
and to determine the flight velocities of bees around the hive. The measurement setup as well as measurement
results are shown in the following sections.

4.1 Measurement Setup

The entire radar system is built up as a stack consisting of several PCBs with the respective functionalities and
is located in a protected housing within the building. The radar MMIC with the transition to the dielectric
waveguide is placed on the uppermost PCB as shown in Figure 8a. The dielectric waveguide has a length of
1.15 m and is guided through an opening to the beehive. To protect the dielectric waveguide, a polyvinyl chloride
(PVC) pipe with Rohacell brackets is used (cf. Figure 8b). Additionally, a cable is routed to control the camera
and receive the camera data. The dielectric waveguide is terminated by the lens antenna, which can be placed
arbitrarily around the beehive. For measurements the beehive was observed with the antenna orientation both
frontally to the entrance hole and laterally to the entry lane. The radar parameters used for the measurements
are shown in Table 1.

Table 1. Radar parameters for the measurements.

sampling frequency fs 100 MHz number of ramps L 256

RF bandwidth B 9 GHz ramp duration Tramp 85 µs

ramp repetition interval TRRI 170 µs

range resolution ∆R 1.67 cm velocity resolution ∆v 0.022 m/s

maximum range Rmax 63.71 m maximum velocity |vmax| 2.76 m/s
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Figure 9. Video 1, range-Doppler diagram of the radar measurement with the antenna orientation laterally to the entry 
lane and camera view on the measurement scenario. http://dx.doi.org/10.1117/12.2556145
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Figure 10. Video 2, range-Doppler diagram of the radar measurement with the antenna orientation frontally to the entrance 
hole and camera view on the measurement scenario. http://dx.doi.org/10.1117/12.2556145

4.2 Measurement Results

During the first measurement the beehive was observed laterally by the radar sensor, as shown in Figure 9. The 
entry lane of the bees was not exactly parallel to the propagation direction of the wave, because the bees fly
off the building behind the antenna. In the range-Doppler diagram the reflection of a flying bee is visible at
a distance of 0.7 m and a velocity of =0.2 m/s. In addition, constant disturbances caused by the sensor itself
are present at 0.3 m, 0.75 m, and 1.35 m. They could be corrected by a calibration. During the time period of
observation, bees were detected in the range between 0.25 m and 1.3 m with a absolute maximum velocity |vmax|
of 0.3 m/s.

For the second measurement the antenna was oriented frontally to the beehive with a distance of 60 cm as
shown in Figure 10. In the range-Doppler diagram the entrance hole is seen at a distance of approximately 60 cm,
since targets with velocity components caused by the bees in the hive are continuously measured. The arriving
and departing bees are detected at lower distances with velocities between =0.3 m/s and 0.3 m/s. Furthermore,
the similar disturbances as in Figure 9 are visible.

The same radial velocities are measured for both scenarios despite the orientation of the antenna to the entry
lane is changed. This results from the flight behavior of bees in front of the hive. Instead of a straight flight
path, the bees slow down and suddenly change the flight direction arbitrarily. Therefore, the maximum speed of
up to 8 m/s achievable by bees is not measured.

5. CONCLUSION

This paper presents a 160-GHz radar system with a flexible front end for the spatial separation of sensitive
electronics and robust antenna front end in harsh environments. With the back end based on a Xilinx Zynq 7030
FPGA, the complete radar systems allows live measurements of range and velocity with an update rate of up to
15 Hz, as demonstrated by the detection of bees.
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The radar front end is based on an MMIC with a bandwidth of 20 GHz for a high range resolution. Via a
transition from MMIC to the rectangular waveguide interface, a low-loss and flexible dielectric waveguide is fed.
It is made of HDPE and is bendable with negligible losses down to a radius of 1.5 cm. A high gain lens antenna
(28 dBi) is plugged on the end of the dielectric waveguide to focus the radiated signal. The received IF signal is
sampled by the FPGA and the data processed with a 2D FT is provided on a web server or as an UDP stream.

The system was demonstrated for the detection of bees in front of their hive. They were clearly visible in the
range-Doppler diagram up to a distance of 1.3 m at maximum velocities between =0.3 m/s and 0.3 m/s.
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