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The Six-port receiver has been intensively investigated in the last decade to be implemented as an alternative radar architecture.
Plenty of current scientific publications demonstrate the effectiveness and versatility of the Six-port radar for special industrial,
automotive, and medical applications, ranging from accurate contactless vibration analysis, through automotive radar calibration,
to remote breath and heartbeat monitoring. Its highlights, such as excellent phase discrimination, trivial signal processing, low
circuit complexity, and cost, have lately drawn the attention of companies working with radar technology. A joint project involving
the University of Erlangen-Nuremberg and InnoSenT GmbH (Innovative Sensor Technology) led to the development of a highly
accurate, compact, and versatile Six-port radar module aiming at a reliable high-integration of all subcomponents such as antenna,
Six-port front-end, baseband circuitry, and digital signal processing in one single package. Innovative aspects in the RF front-end
design as well as in the integration strategy are hereby presented, together with a system overview and measurement results.

1. Introduction

Optical high-resolution, contactless distance measurement
techniques such as laser interferometry and laser pulse time-
difference measurements have been widely implemented
for industrial and medical applications. The drawback of
optical techniques is the difficulty to penetrate dust and
fog with the laser in harsh environments as optical lenses
and mirrors can get dirty. Furthermore, with increasing
suspended particle density in the propagation environment
dampening and scattering effects increase so that the laser
cannot reach the surface of the object under investigation.
These inconveniences of laser based systems are the cause of
an increasing interest in alternative nonoptical measurement
techniques that are robust against such industrial environ-
ment conditions.

One of the main noncontact-based alternatives to laser is
radar. Radar-based measurement techniques work also when
a direct optical line of sight to the object under investigation
is not guaranteed since radar waves can propagate much

better through foggy or dusty air. Furthermore, even bulky
and optically nontransparent dielectric slabs or nonmetallic
shields can be penetrated by the radar signal [1, 2].

Within the last decade, radar technology has been rapidly
expanding in industrial, automotive, and medical application
areas [3]. Advanced positioning and sensor feedback tasks
in automation processes rely on high precision radar-based
distance detection, for example, to measure and track the
movement of robots [4]. As an example for medical applica-
tions, high measurement accuracy is required to guarantee
the safety of patients and the quality of therapies through
vital sign monitoring systems. For instance, heartbeat and
breath rate monitoring is of primary interest and can be
achieved with particularly accurate radar-based displacement
detection techniques [5].

The Six-port receiver recently raised the interest of the
industry [6]. The excellent phase resolution offered by this
alternative microwave receiver leads to high accuracy dis-
tance and angular measurement capabilities [7]. Historically,
the Six-port receiver has been used as a reflectometer [8, 9].



F1GURE 1: The developed Six-port radar module.

Following the evolution of radar and microwave technology,
the Six-port receiver has been also used as an alternative
vector network analyzer for sensing applications. Mainly due
to the progress in material and process technology, the Six-
port technique has lately found several other implementation
possibilities. As a result of a joint project involving the
University of Erlangen-Nuremberg and InnoSenT GmbH
(Innovative Sensor Technology), a radar sensor based on the
Six-port technique has been developed (Figure 1).

In this work, this compact and versatile Six-port radar
system is presented along with design and simulation results
of its passive components as well as hardware measurements
and evaluations. The principles of Six-port receivers as
well as the use of Six-port networks for radar applications
have already been shown in many publications [9-11]. The
developed monostatic Six-port radar front-end works in the
ISM band at 24 GHz. It can be used in one-target scenarios
for distance and vibration measurements [12]. After using a
suitable calibration, the position and movement of a target
can be calculated [11].

2. System Overview

The presented sensor is a monostatic Six-port radar with
integrated patch antenna array, microwave front-end, and
digital signal processing (DSP) board in one compact case
measuring only (40 x 60 x 44) mm” (width, length, height).

The schematic view of the system concept is shown in
Figure 2. The reference signal generated by a fractional-N
frequency synthesizer is routed to the input port 1 of the Six-
port. The transmit signal is sent to the target by a 16 elements
patch array antenna with 14 dBi gain and 40° angular width
(3 dB). The reflected signal from the target is coupled to the
receive path and therefore fed into port 2 of the Six-port
receiver. Its four output signals are downconverted to base-
band by four Schottky diode power detectors and amplified
with the help of two dual operational amplifiers. The analog-
to-digital conversion, error correction, and calculation of the
target’s position or movement are done using a dedicated DSP
board.

Due to the use of a low-noise amplifier (LNA) with
18 dB gain in the receive path and two digitally adjustable
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attenuators in the reference as well as in the receive path, the
system can be adapted to a variety of application scenarios.
The attenuators can be programmed via SPI interfaces. The
high flexibility of the system is needed because of the free
space measurement environment. Depending on the distance
between antenna and target as well as the target’s dimensions,
the received power level may strongly vary.

Like in monostatic multiplicative mixer based radar
systems, the isolation of the radar coupler and the matching
of the antenna are crucial for the system’s performance [13].
Crosstalk from transmit to receive path creates a DC-offset in
the baseband voltages. This may shift the operating point of
the diode detectors to a nonquadratic region and may drive
the operational amplifiers into saturation.

The microwave signal is generated by a fractional-N
frequency synthesizer which also allows frequency and phase
modulation. The synthesizer has been partly developed by
InnoSenT GmbH (VCO, attenuator, and buffer amplifier) and
is specified to have an output power of 8 dBm.

3. The Six-Port Receiver Front-End

The Six-port network is an alternative receiver setup for
microwave and millimeter-wave frequencies. It is essentially
a passive receiver structure based on the interferometric
principle featuring two input ports and four output ports
[14]. Two input signals are superimposed under four relative
quadrature phase shifts. Depending on phase difference
and amplitudes of the two input signals, constructive and
destructive interaction takes place at the four output ports.
Two complex input signals P, and P, (Figure 2) with carrier

frequency f are hereby defined as

P=A,- ei(2ﬂff+¢1);

1
P =A,- oJ2nftre) @

The complex output signals P;, P,, P;, and Py are therefore
generated. Diode-based power detectors (Square-law) at the
four outputs of the Six-port receiver deliver four baseband

voltages B; to By (Figure 2):

2 2

By = [Po| = 0.25[P, + jBi[
2 2

By = B[ = 025]jP, + B[
2 . 2

Bs = [Po|" = 0.25]jP, + iR
2 2

Bo = |Ry|" = 025[P, - B[

Due to the quadrature phase shift superposition of the input
signals, a complex quantity Z can be defined by the four
baseband voltages. Therefore, the baseband signals B; to By
can be seen as differential I/Q-signals of a complex receiver
according to

Z=1+jQ=(Bs—Bg)+j(B;—By). 3)
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FIGURE 2: Schematical view of the radar front-end.
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FIGURE 3: Schematical view and layout of the Six-port network.

Finally, the argument of Z can be calculated delivering the
phase shift between the two input signals of the Six-port:

Ao = ¢, — ¢, = arg{Z}. (4)

When using the Six-port as a receiver for radar applications,
the phase shift Ao comprises the distance information and
can be directly renormalized when the wavelength of the
signal is known [11]:

Ao

d=2A .
2.2

©)

Since the measurement relies on a phase difference evalu-
ation, an ambiguity in the measurement will occur if the
distance to be measured is greater than half the wavelength
of the radar signal. Nevertheless, as described in Section 4,
by using appropriate modulation schemes the ambiguity
in phase can be resolved to determine a unique distance
measurement to the target.

In Figure 3, the circuit schematic and hardware imple-
mentation in microstrip technology of the developed Six-port
network can be seen. A Wilkinson power divider and three
quadrature hybrid couplers, also called branchline couplers,
generate the mentioned phase shifts.

4. Digital Signal Processing

After some analog signal conditioning procedures in base-
band, the output signals from the Six-port receiver are sam-
pled by synchronously triggered analog-to-digital converters
(ADC) and evaluated by a microcontroller that manages the
complete sensor module. The sampling rate is set to 250 kHz
and the resolution of the ADCs is 12-bit. The calculated
distance information is made available through an RS-232
parallel port in a 32-bit floating point format.

A system initialization is performed directly after start-
up to adapt the radar sensor’s parameters to the environment.
The appropriate reference as well as receive power levels are
adjusted following the routine expressed in the flowchart
in Figure 4 to compensate for power imbalance. For this
purpose, a Frequency Modulated Continuous Wave (FMCW)
signal is used. The reference power level is adjusted through
a digital, variable attenuator with the Att,.; value while Att,
controls the attenuator in the receive path. Both attenuators
can be set to values between 0 and 31dB. Furthermore, the
LNA in the receive path can be completely switched oft for
calibration and initialization purposes.

To avoid the well-known ambiguity issue of the Six-
port receiver, a Frequency Shift Keying (FSK) modulation
scheme according to the dual tone approach presented in
[15] is implemented. The fractional-N frequency synthesizer
generates two tones with a frequency offset of 75 MHz for
a maximum nonambiguous range of 2m. A further FMCW
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FIGURE 4: Initialization diagram.

modulation scheme can be implemented to evaluate speed
and range of a target, as described in [16].

5. Simulation and Analysis

The simulation results of the passive microwave components
are shown in this chapter. The results were obtained with the
3D electromagnetic field simulator CST Microwave Studio
using the Frequency Domain Solver. For more details about
the theory of the basic circuits (i.e., Wilkinson power divider,
quadrature hybrid coupler) the reader may refer to [17] and
for the Six-port network to [10].

5.1. Quadrature Hybrid Coupler. The layout for a round
quadrature hybrid coupler at 24 GHz is shown in Figure 6(a).
The incident wave is fed to port 1, port 4 is isolated, and port
2 and 3 are the output ports. The transmission line length
between the ports is a quarter of the wavelength. A round
layout has been chosen, because the geometrical 90° angle
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FIGURE 5: Simulated S;; and S, of the quadrature hybrid coupler.

between port 1 and 4 as illustrated in Figure 6(a) leads to
a higher isolation, which is a crucial parameter for radar
couplers.

Figure 5 shows the simulated input reflection coefficient
at port 1 (S;; (dB)) and the isolation between port 1 and 4
(S4; (dB)). The hybrid coupler is well matched within the
entire bandwidth (-38dB at 24 GHz and 24.25 GHz and
—45 dB at the center frequency). The isolation is higher than
33dB in the frequency band of interest. Due to the high
isolation values, the coupler is also used as radar coupler with
one port being terminated.

The simulation results for the transmission are presented
in Figure 7. For an ideal hybrid coupler the transmission loss
would be —3 dB and the phase difference would be 90°. For
24 GHz the required phase difference is reached. However,
the transmission loss between port 1 and 3 is -3.2dB
and —3.7 dB between port 1 and 2 although the path length to
port 3 is longer than to port 2. A reason for this unexpected
difference may be the geometrical 90° angle between port 1
and 2.

5.2. Wilkinson Power Divider. The layout of the Wilkinson
power divider is shown in Figure 6(b). It has been optimized
to have a good matching at all ports and a high isolation
between port 2 and 3 for 24 GHz. According to the simulation
results shown in Figure 8, matching of port 1 and 2 as well
as transmission between port 2 and 3 are below —20dB.
This is necessary to avoid standing waves inside the Six-port
network and coupling between the four Schottky diode power
detectors.

5.3. Six-Port Network. In Section 3, it has been demonstrated
by (2) that the Six-port receiver relies on four quadrature
phase shifts. In the Six-port network used in this work these
phase shifts are generated by three branchline couplers and
one Wilkinson power divider. The schematic and the layout
of the resulting network are presented in Figure 3.
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FIGURE 9: Six-port: simulated transmission from port 1 to the output
ports.

3D field simulation shows that the power imbalance of the
transmission from the input to the output ports is less than
2 dB (Figures 9 and 10) and the relative phase shifts match 90°
with only 4° error (Figure 11). The reflection coefficient of the
input ports and the isolation between them are below —20 dB
for 24.125 GHz + 125 MHz.

6. Applications Overview

6.1. Distance Measurement. High-resolution distance mea-
surements with short and long range positioning are impor-
tant for a large number of sensing applications [18]. The
radar module implements a fractional-N frequency syn-
thesizer enabling different modulation schemes to perform
nonambiguous distance measurements. The Six-port receiver
suffers from ambiguity issues if distances of more than half
a wavelength are measured. A solution to this problem is
to use a two or more tone FSK modulation of the carrier
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frequency and comparing the observed phase differences of
these signals to each other. This allows to measure distances
of several wavelengths with subwavelength accuracy and
ultralow tolerances.

6.2. Vibration Measurement. Particularly interesting is the
analysis of small displacements of an observed target, for
instance, vibration monitoring [2]. Since the Six-port based
radar sensor provides very high accuracy distance detection,
even the smallest vibrations (i.e., distance variations of the
target surface with respect to the sensor) can be accurately
detected. Performing a frequency domain analysis, a spectro-
gram of the target’s mechanical vibrations can be obtained.
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This leads to relevant information about the working condi-
tions of diverse industrial machinery. The sensor can be used
for modal analysis in order to measure the dynamic response
of mechanical structures and the different vibration modes.
By observing for instance a rotating turbine, thus illuminating
the complete machine with the Six-port radar, the main
mechanical resonances can be recorded and monitored.
In case of a mechanical malfunction or degradation, for
instance a wearing of the axis bearings, minor changes in
the mechanical resonances will occur. Such effects can be
therefore monitored without even applying sensors directly to
the machine. In other words, a contactless vibration analysis
for diverse industrial machines can be easily performed. As
the reconstruction algorithms feature low complexity and can
be calculated very fast, the maximum detectable vibration
frequency is only limited by the sampling frequency of the
analog-digital interface.

6.3. Contactless Heartbeat and Respiration Monitoring. For
medical applications, the heartbeat and breathing activities
affect the phase of the reflected signal which is compared
with the reference signal source in the radar device [11]. A
radar signal is sent towards the person under test to observe
minor mechanical movements of the patient’s body. These
movements are caused by the respiration as well as heartbeat
and can be tracked by analyzing the phase modulation of
the backscattered signal. The patients respiration will result
in a significant and periodic extension of the torso, which
is in the range of several millimeters. Additionally, the
heartbeat will be superimposed to this movement, which is
assumed to be in the submillimeter range. These periodic
movements and vibrations can subsequently be detected by
signal postprocessing.

7. Measurements

The passive RF subcomponents have been fabricated on a
test PCB based on the Rogers RO4835 substrate material
and characterized with a vector network analyzer. The results
are shown in Sections 71 and 72. Furthermore, evaluation
measurements of the complete system are presented in
Section 7.4. A photo of the RF front-end is shown in Figure 12.

71. Quadrature Hybrid Coupler. The properties of the radar
coupler are crucial for the performance of the overall sys-
tem. Therefore, measurement results for this component are
hereby presented. As illustrated in Figure 13, the isolation
between port 1 and 4 (S,; (dB)) of the proposed coupler
between 24 and 24.25GHz is higher than 25dB, whereas
the isolation between port 2 and 3 (S5, (dB)) is higher than
30 dB. Since the coupler has been designed to be symmetrical
the deviation between S,, and S;, results from fabrication
and measurement inaccuracies. The power imbalance in the
transmission from port 1 to ports 2 and 3 is 0.2dB only
(Figure 14). The generated phase difference between ports 2
and 3 varies between 88.1° and 87.3°, which leads to the four
quadrature phase shifts of the Six-port network. The ideal
phase shift is 90°.
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7
TABLE 1: Normalized phase difference at the output ports.
Frequency 24 GHz 24.25GHz Ideal
Port 3 92.2° 91.3° 90°
Port 4 272.1° 270.9° 270°
Port 5 181.3° 179.5° 180°
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FIGURE 15: Measured normalized phase difference at the output
ports of the Six-port network (reference port 6 is set to 0°).

7.2. Six-Port Network. Measurement results in Figure 15 and
Table 1 show that the four quadrature phase shifts between
24 and 24.25GHz can be obtained with only 2° deviation,
which is due to the optimal phase shift performance of the
quadrature hybrid coupler.

Moreover, the designed Six-port network features high
isolation between input ports 1 and 2 (-30 dB). The return
loss at the input ports is lower than —15 dB, while at the output
ports 3, 4, 5, and 6 it is lower than —20 dB. Furthermore,
the power imbalance at the output ports is less than 1.7 dB,
as shown in Figures 16 and 17.

7.3. Theoretical Distance Accuracy Limits. A circuit sim-
ulation with Agilent Advanced Design System has been
performed in order to estimate the theoretical accuracy of
the radar front-end due to the imperfections of the Six-
port network and the quadrature hybrid coupler used as
radar coupler. The measured S-parameters of the coupler
result in a maximum phase shift error Ao, = =*11.5°
and therefore in a maximum distance measurement error
de, = £200 ym. System simulation with the measured Six-
port network performance and apart from that an ideal RF
front-end results in Ao,,, = +7.5" and d,,, = £130 ym. Using
the measured S-parameters of Six-port network and coupler
leads to a maximum phase shift error Ac,,, = +12° and a

maximum error of the measured distance d.,, = +210 ym.
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These measurement errors have a characteristic sinu-
soidal shape. Consequently, they can be compensated by a
suitable calibration. The same holds for measurement errors
due to additional static targets, for example, in an industrial
environment. These have a periodicity of A/4 and can be
compensated.

7.4. Distance Measurements. The Six-port radar system has
been tested by sweeping the position of a corner reflector
used as a target with the help of a high precision computer
controlled linear stage. The target has been placed at a
distance of 1.7 m and shifted by 150 mm towards the radar
with steps 0of 100 ym. The reference for the positioning system
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is the optical encoder of the linear stage which features a
resolution of 0.5 ym. The measurement has been repeated ten
times in one hour time frame. The target’s displacement has
been calculated from the measured phase with (5).

In order to get a more detailed view of the results, the
absolute measurement error has been calculated and is shown
in Figure 18 for all datasets. A constant drift of the offset and
a similar periodic behavior of all datasets can be observed.
Nevertheless, this error can be compensated as it is equal
for all measurements and therefore, characteristic for the
system. For this reason, after a calibration based on one
dataset, the relative error has been calculated and is presented
in Figure19. The variation of the relative error between
minimum and maximum is due to a constant and slow drift
between the datasets and is probably caused by a system’s
temperature change within the measurement time frame of
one hour.

In order to evaluate the system’s accuracy independently
from this constant drift over time, 10,000 measurement
values have been recorded with an interval of 10 ms resulting
in a total measurement time frame of 100s. The standard
deviation of the measured position expressed in relative result
frequency is plotted in Figure 20. 83.8% of the measured
position values lies within +20 ym around the actual position
value. 99.6% lies within +40 ym.

8. Conclusion

A compact, versatile radar module based on the Six-port
technique working in the ISM band at 24 GHz has been
presented. The monostatic radar system measures only (40 x
60 x 44)mm’ and features a high integration of all
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subcomponents such as RF source, patch antenna array, Six-
port based receiver, baseband circuitry, and digital signal
processing in one single housing. Simulation results of the
passive microwave components have been validated with
measurements showing good design performance. An overall
evaluation of the radar system demonstrates a high precision
in the micrometer range (+40 ym) and a maximum relative
error of £400 ym due to a slow drift over time. These positive
results are due to the excellent phase discrimination proper-
ties of the Six-port receiver. The proposed system is therefore
suitable for several industrial and medical applications where
high measurement accuracy is required such as displacement
and vibration measurements as well as remote breath and
heartbeat monitoring.
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