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Abstract—This work introduces a precise measurement setup
for displacement analysis in the near ﬁeld of a tapered slot-line
antenna from 0 mm up to 20 mm distance. Enhanced accuracy is
achieved by a dedicated spiral reconstruction algorithm accounting for the near ﬁeld effects. Moreover, the precision of the system
in the micrometer range is guaranteed by four synchronous 24 bit
analog-to-digital converters and a decimation factor of 10, leading
to an overall update rate of 1 kHz.
Index Terms—K-band, industrial positioning, near ﬁeld measurement, spiral calibration.

d = 0...20 mm
AT
Six-port
B3...6
TX / RX

Since decades, radar systems have been employed for
navigation and tracking in civil and military tasks as well as
for space-related research. Nowadays, they are also more and
more used for industrial positioning and in everyday life. The
area of application ranges from low-cost and basic systems,
e.g., door openers, to accurate and elaborated radars like tank
level gauges.
Common radar systems use mixer-based receivers and
a modulation scheme that relates the time-of-ﬂight to the
distance of the target, e.g., pulse or frequency modulated
continuous wave radar. Already in the 1970s Engen and Hoer
proposed the Six-port junction as an alternative reﬂectometer [1], [2]. In the present work this receiver is used to measure
the reﬂection caused by a target in the near ﬁeld of a tapered
slot-line antenna. Since the reﬂection is a function of the
target’s position, the receiver is employed as a radar for near
ﬁeld measurements. An application may be precise industrial
positioning and tracking of machinery with displacements
from 0 to 20 mm.
An antenna-reﬂector system for ultra-short-range radars has
already been proposed in [3]. However, this system relies on a
modiﬁed target, that transpolarizes the electromagnetic wave.
Thus, it cannot always be integrated in existing machinery
for industrial positioning. The system presented here can be
applied to any target, reﬂecting 24 GHz signals.
Frequency modulated continuous wave radar systems with
very high precision in the micrometer range rely on a very
wide bandwidth. In [4], for instance, a bandwidth of 25.6 GHz
around the center frequency 80 GHz is necessary to achieve
a standard deviation of 0.36 μm (100 measurement values at
one ﬁxed position). However, the applications of such ultrawide bandwidth radars are very limited due to regulatory
requirements. The presented system is operated in the ISM
band at 24 GHz with a single frequency continuous wave
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I. I NTRODUCTION
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Fig. 1. Block diagram of the system (BA: buffer ampliﬁer, QH: quadrature
hybrid, AT: attenuator).

and therefore the use for industrial, scientiﬁc and medical
applications is not limited to enclosed environments.
The magnitude in the near ﬁeld of an antenna strongly
declines with the distance. Therefore, the received signals’
magnitudes also show an exponential drop over the displacement in the near ﬁeld and a spiral characteristic in the complex
plane as demonstrated in [5].
In the following, the Six-port based measurement setup
is presented and compared to a conventional vector network
analyzer. An enhanced accuracy is achieved by a dedicated
calibration routine each λ/2 displacement to reduce the near
ﬁeld effects in the measurement data.
II. S YSTEM C ONCEPT
The concept of the ultra-short-range radar is illustrated by a
block diagram in Fig. 1. The RF front-end has been presented
in [6] together with a microstrip to parallel-plate waveguide
transition for displacement measurement in the waveguide’s
fringing ﬁeld.
A phase-locked loop stabilized voltage controlled oscillator
and a buffer ampliﬁer (BA) are used to avoid de-tuning due to
the target’s position. The 24 GHz continuous wave signal is fed
through a quadrature hybrid (QH) to the antenna as transmit
signal (TX) and to the Six-port receiver as reference (Ref)
signal. The electromagnetic wave, that is reﬂected from the
target and received by the antenna, is fed in reverse direction
through the same quadrature hybrid to the second input port
of the Six-port network as received (RX) signal. An additional
quadrature hybrid (AT) in the reference path is terminated at
two ports by one resistor in each branch for attenuating the
reference signal and adapting the power level to the received
signal.

The Six-port network comprises three quadrature hybrids
and one Wilkinson power divider similar to the conﬁguration
in [7]. At the four output ports, the power levels are converted
to baseband voltages by Schottky diode power detectors with
square-law characteristic. The resulting voltages B3...6 are
ampliﬁed and sampled by four synchronous 24 bit analogto-digital converters (ADCs). A sampling rate of 10 kHz and
decimation factor of 10 results in a measurement value update
rate of 1 kHz. The signal processing is done on a laboratory
computer in Matlab.
When using the Six-port as a network analyzer, B3...6
represent the differential in-phase (I) and quadrature (Q)
components of the input reﬂection S 11 of a device under test:
(1)

By connecting an antenna to one input port of the Six-port
receiver and observing a target in the far ﬁeld of the antenna,
the distance between target and antenna modulates the phase
ϕ of S 11 . Thus, the displacement Δd of the target can be
measured by evaluating the phase variation Δϕ [6]:


B3 − B4
−1
Δϕ = arg {S 11 (Δd)} = tan
,
(2)
B5 − B6
λ
,
(3)
4π
where λ = 12.5 mm is the free-space wavelength at 24 GHz.
As known from other continuous wave measurement setups,
the phase Δϕ exhibits ambiguities. For the proposed displacement measurement, the ambiguity-free range is equal to half of
the wavelength. Thus, after a displacement of Δd = 6.25 mm
the phase is wrapped. However, in the near ﬁeld region of an
antenna the ﬁeld strength is strongly declining. This results
also in a modulation of the magnitude of S 11 due to the
displacement. It has been proposed in [5] that this modulation
can be used to overcome the ambiguity issue. In this work
the decline of the ﬁeld strength is taken into account by a
dedicated reconstruction method. The effects of the employed
antenna in near ﬁeld applications will be discussed with the
help of measurement results in the following section.
Δd = Δϕ

III. M EASUREMENT R ESULTS
A. Tapered Slot-line Antenna
For characterization purposes the antenna has been separately fabricated on a Rogers RO4350B dielectric substrate
with thickness h = 254 μm and relative permittivity εr = 3.48.
A photo of the antenna with a transition to microstrip transmission line is depicted in Fig. 2. The tapered slot-line antenna has
been measured by the vector network analyzer (VNA) PNA-X
N5244A from Keysight Technoliogies for reference purpose.
The input reﬂection coefﬁcient at 24 GHz is |S 11 | = −11 dB
for free space measurements. With the moving target, which
is a metal plate (120 x 80 mm2 ), in very close vicinity of the
antenna, the input reﬂection coefﬁcient varies in magnitude
and phase according to the position of the target. The resulting
real (in-phase) and imaginary (quadrature) part of the S 11 is
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S 11 = I + jQ = (B5 − B6 ) + j(B3 − B4 )

Fig. 2. Photo of slot-line antenna with transition to microstrip transmission
line.
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Fig. 3. Measured reﬂection of the antenna at 24 GHz for target positions from
0 mm to 20 mm.

depicted in Fig. 3, where the reference impedance Z0 is 50 Ω.
For the measurement, the VNA has been calibrated between
20.0 GHz and 26.5 GHz to the plane of the 2.92 mm endlaunch cable connector. Thus, the center of the spiral in the
complex plane represents the S 11 of the antenna in an anechoic
environment.
B. Calibration for Displacement Measurements
For an accurate reconstruction of the target’s displacement,
the center of the logarithmic, elliptic spiral, describing the
antenna’s measured input reﬂection S11 , has to be moved to
the origin of the complex plane. This is equivalent to removing
the offset OI and OQ of the I/Q signals:
 = AI ebϕ cos(ϕ) + OI
S11 = I + j Q


+ j AQ ebϕ sin(ϕ + φQ ) + OQ ,

(4)

where j is the imaginary unit and b the gradient of the
amplitudes over the distance. Furthermore, the amplitudes
AI and AQ have to be equalized and the phase imbalance
φQ has to be compensated [8]. Otherwise, the spiral has an
elliptic characteristic causing false results when calculating the
phase variation Δϕ with (2) and thus, incorrect displacement
values Δd.
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The curve of the PNA-X measurement at 24 GHz in Fig. 3
shows that the center of the spiral is moving with the displacement. Therefore, a contraction of the measurement values can
be noticed in the upper part of the spiral (marked in Fig. 3).
In (4), this effect can be modeled as offsets, that are a function
of the distance: OI (d), OQ (d). The reason for this offset variation is probably a standing wave between target and antenna
due to non-ideal receiving characteristics. As a consequence,
the measurement data is piecewise approximated by an elliptic
spiral according to (4) for each λ/2 displacement.
The raw data of the Six-port measurement and a ﬁt for
a displacement from 0 mm (touching the antenna) to 6.6 mm
is shown in Fig. 4. Moreover, the center of the ﬁtted spiral,
which corresponds to the offset of the measured I/Q data, is
marked with a plus-sign (+). To ﬁnd the best ﬁt for the spiral,
an unconstrained nonlinear optimization algorithm is applied
in Matlab. After the ﬁtting, the measurement data’s offset is
shifted to the origin of the complex plane and the elliptic
characteristic is compensated by an equalization of the I and
Q signals. The error-compensated spiral is plotted in Fig. 4
with a blue dash-dotted line. On this curve, the reconstruction
of the phase variation Δϕ by using (2) can be applied and thus,
the calculation of the displacement Δd with (3) is possible.
C. Ultra-short-range Radar
For the evaluation of the system, the target’s distance d to
the antenna has been swept from 0 mm to 20 mm with 20 μm
step size. The displacement of the target has been measured
by the proposed Six-port network and the commercial VNA
PNA-X as a reference system. The I/Q signals are depicted
in Fig. 3. It has to be noted, that only the PNA-X has
been calibrated at the plane of the 2.92 mm connector with a
short/open/load calibration kit for S-parameter measurements.
Thus, the curve in Fig. 3 directly represents the S11 of
the antenna in front of a shifting target. However, the Sixport front-end has not been calibrated with short/open/load
calibration standards. The baseband voltages B3...6 have been
normalized (norm.) to the full-scale range of the ADCs to
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Fig. 5. Error curve comparison of the near ﬁeld measurement by the proposed
Six-port network and the commercial VNA PNA-X

Six-port
3

Standard deviation (μm)

Fig. 4. Measured (black), ﬁtted (red), and calibrated (blue) spiral of measured
Six-port data for displacement from 0 to 6.6 mm.
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Fig. 6. Standard deviation of the measurement results over the distance
between target and antenna.

be plotted in the complex I/Q plane. Only the phase, and
therefore also the displacement, can be evaluated after the
speciﬁc spiral calibration described before.
After the data acquisition, the piecewise spiral reconstruction is applied to the measurement data and the displacement
Δd is calculated. In Fig. 5, the accuracy of both measurements
is given by the absolute error curve. It can be noticed that
the accuracy has a sinusoidal characteristic with a period
corresponding to λ/2 for both measurement setups.
At each position of the target, n = 2000 samples have been
acquired with the Six-port front-end and an update rate of
1 kHz. The standard deviation σ has been calculated in Matlab
according to:


n
 1
2
σ=
(xi − x̄) ,
(5)
n − 1 i=1
where xi are the measurement values and x̄ is the mean value
at each position. The standard deviation of the measurement
data over the actual distance is plotted in Fig. 6. The peaks
of the standard deviation that occur over the distance can be

reduced by further increasing the sample size. But even for
the sample size of 2000, σ is below 3 μm for all positions and
there is only a small increase over the distance. The average
standard deviation is below 1 μm.
IV. C ONCLUSION
In this work, a setup for precise displacement measurement
in the near ﬁeld of a tapered slot-line antenna has been
discussed. Furthermore, a dedicated calibration algorithm that
accounts for the effects caused by the near ﬁeld characteristic
of the antenna has been introduced. A ﬁt of the measurement
data for λ/2 displacements by an elliptic, logarithmic spiral
is applied. With the calibrated measurement data, precise
displacement detection with a standard deviation of less than
3 μm over the whole measurement range is achieved.
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