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in metals
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This paper presents a hybrid antenna design for an optically powered super high frequency (SHF) radio frequency identiﬁcation transponder applicable for the integration into metal. The key feature of the antenna is its ability to receive microwave
signals at SHF for data communication and optical signals for the power supply of the transponder. The antenna design is
based on a circular waveguide which is ﬁlled with a bundle of polymer optical ﬁbers to guide light to the photodiodes. In
addition, a transition is placed within the circular waveguide to transfer the waveguide mode of the SHF signal into a microstrip mode which is a more suitable structure for the integration of electronic transponder components. This paper discusses
the constraints and solutions for the aforementioned combination of SHF microwave and light. The ﬁgures of merit of the
optical power supply are presented, including considerations of the light distribution and the obtained power as a function
of the incident angle and the used polymer optical ﬁber diameter. Furthermore, the measured gain and return loss of the
SHF antenna structure is compared to the simulated results.
Keywords: Antenna Design, Modeling and measurements, RFID and sensors
Received 25 October 2012; Revised 25 April 2013; ﬁrst published online 4 June 2013

I.

INTRODUCTION

During the last few years, radio frequency identiﬁcation
(RFID) applications in general have been signiﬁcantly
growing and especially in the ﬁeld of electronic article surveillance they have become one of the most important techniques.
However, commonly used RFID transponder antennas, typically dipole-like antennas, suffer from performance degradation under the inﬂuence of a metallic environment
especially when they are placed directly on a metallic
surface. For the use of transponders in machine tools e.g. a
miller, it is desirable to integrate them into that tool, as a
transponder placed on the surface can be damaged easily
under mechanical stress. The usage of an integratable transponder equipped with memory is a very interesting task in
the ﬁeld of machine tool monitoring, providing the ability
to trace the product life of the tools. Hereby, the range of
application is mainly limited by the transponder size, as the
integration of the transponder mechanically weakens the
machine tool and the volume needed for the integration of
the transponder is sometimes not available. Since the
antenna dimensions and the carrier frequency are reciprocally
proportional, the antenna is designed to work in the
Industrial, Scientiﬁc and Medical (ISM) band at 24 GHz.
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Owing to the high operating frequency and therefore
increased free space attenuation, a classical passive RFID
transponder supply concept based on a rectiﬁer [1] does not
yield enough supply power. Thus, hybrid antenna concepts
are necessary to overcome this limitation. These designs utilizing optical energy harvesting and data communication typically use solar cells directly as part of the antenna. For
example, in [2], a patch antenna is designed using solar cells
as ground plane of the patch or [3] uses a solar panel as a
slot antenna. These solutions or similar ones are not favorable
under the constraint that the antenna structure must work in
metal as a patch antenna or a cavity backed slot antenna are
not well suited for the integration into a metallic machine
tool. Thus, this paper presents an optically powered RFID
transponder design based on a circular waveguide with a
drill diameter of 8 mm, illustrated in Fig. 1. This concept supports the integration of the transponder into a metallic
machine tool and the waveguide aperture can be used as an
antenna. An intrinsic property of the circular aperture
antenna is broad radiation characteristic and thus positioning
of the reader antenna in relation to the transponder is less
critical. The circular waveguide has the task of guiding light
to the photodiodes for supply of the transponder while also
leading the electromagnetic wave received by the waveguide
aperture to the transponder circuit (reception case).
Therefore, the circular waveguide is ﬁlled with a bundle of
polymer optical ﬁbers (POF) which end at a photodiode
array (see Fig. 2) to power the transponder circuit which is
placed behind the photodiodes. Data communication is realized via backscattering at 24 GHz. As the transponder
circuit consists of a modulator and demodulator made of

Downloaded from https://www.cambridge.org/core. Technische Informationsbibliothek, on 14 Nov 2017 at 13:23:03, subject to the Cambridge Core terms of use, available at
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S1759078713000585

241

242

johannes meyer et al.

Power by light has proven to be an applicable concept using
optical ﬁbers [4] and free space [5] as media for power transfer. In this application, the transponder shall be supplied with
a voltage of at least 2 V and a power of 4 mW. The conversion
of optical to electrical energy is accomplished by a circular
photodiode array with a diameter of 8 mm which is placed
inside the hybrid waveguide. Similar to free space applications,
the light source is not ﬁxed in relation to the waveguide

aperture. Therefore, the system has to accept light from different angles with low losses. Owing to the relatively high voltage
of 2 V, six photodiode segments connected in series are placed
around the centre of the waveguide in a pie shape (Fig. 3). For
an optimal performance of the electrical power supply all
photodiodes must receive the same irradiance. As shown in
Fig. 2, the microstrip line must pass through the photodiode
array therefore the array is divided into two mechanical
parts. The photodiode segments are fabricated using laser
beam cutting; hence nearly arbitrary shapes of the array are
possible. Owing to the inﬂuence of the diode segments on
microstrip line impedance the diode segments form an elliptically shaped slot at the edge where the line passes through the
array (see Fig. 3). The dimensions of the slot area are optimized regarding electromagnetic ﬁeld distribution of the
microstrip line which is concentrated near the microstrip conductor and vanishes toward the sidewalls. The major axis is
8 mm and the minor axis is 1.5 mm. The waveguide ﬁlled
with the POF-bundle that is positioned in front of the photodiode array, has to feature three optical properties to work efﬁciently. First, it has to accept light from a wide angle of
incidence, in order to avoid exact positioning between the
reader light source and the transponder. Thus, easy positioning of the reader antenna and the light source is possible.
Second, the waveguide has to have a high transparency for
the light. And third, it has to provide an even distribution of
light at the photodiode array, as the photodiodes are connected in series. Thus, the element with the lowest irradiance
determines the available current and therefore the overall performance. The ﬁrst property can be fulﬁlled by standard POFs
bundled utilizing epoxy resin. The acceptance angle of these
ﬁbers is 308. The second property can also be accomplished
by using POFs. The ﬁbers are made of polymethylmethacrylate (PMMA) which have a high transparency for visible
light. They even have minimal optical attenuation at 650 nm
[6]. Hence, the focus is on this wavelength for the power transfer. For optimization of the optical path of the circular waveguide the system is simulated using the ray tracer software
ZEMAX. A beam expanded laser is used as a source for the
simulation. It is directed at the aperture of the waveguide at
different angles. The irradiance and the radiant ﬂux wD at
backplane of the waveguide are determined. To verify the
simulation, the radiant ﬂux is measured. A 650 nm beam
expanded laser with an irradiance of 30 mW/cm2 at the

Fig. 2. Design of the hybrid waveguide utilizing optical power supply and
microwave antenna design (left: front view, right: perspective view).

Fig. 3. Photodiode array for optical power supply of the transponder.

Fig. 1. The optically powered RFID transponder concept.

discrete components and a microcontroller which is used for
detection of reader data and modulator control, a transition
that converts the waveguide mode into microstrip mode is
required to connect these discrete components. The modulator is a high electron mobility transistor that is connected
in parallel to the antenna. For demodulation, an envelope
detector based on beam lead Schottky diodes is used. In this
paper, the focus is on optimization of the super high frequency
(SHF) antenna structure and optical power supply of the
transponder as shown in detail in Fig. 2. This paper is organized as follows: In Section II, the optical power supply is
explained. In Section III, the waveguide to planar transition
is presented containing the comparison between measurement and simulation for radiation characteristic and return
loss.

II.

OPTICAL POWER TRANSFER
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Fig. 4. Optical power of the photodiode array as a function of the angle of
incidence and ﬁber diameter of the single ﬁber for bundles with a length of
25 and 8 mm bundle diameter.

aperture of the waveguide is used to illuminate a reference
photodiode behind the ﬁber bundle. From the short current
of this photodiode the radiant ﬂux wD is calculated. Results
of these measurements and the simulation are shown in
Fig. 4. Since a PMMA rod is used instead of POF with a diameter of 8 mm, measured values differ from the simulated ones
at bigger angles of incidence, as the imperfect surface of the
rod gains inﬂuence on the total reﬂection. The simulated
radiant ﬂux shows almost no losses in the dielectrically
loaded waveguide. Measured results are signiﬁcantly lower,
though. This is due to attenuation of the epoxy, impurities,
bubbles, and imperfect interfaces between air, ﬁber bundle,
and reference diode. These losses have to be countered by
light sources with higher power. Furthermore, the transparency of bundles of 1 mm ﬁbers seems to be better than that
of bundles of 2 mm and 0.5 mm ﬁbers. For 2 mm ﬁbers, the
proportion of epoxy is higher, while at 0.5 mm the polishing
of the end faces of the bundles is more difﬁcult. For the
third property of the waveguide, an even distribution of
light, the number of ﬁbers in the bundle, and hence the diameter of the ﬁbers are relevant. Figure 5 shows the distribution
for a single PMMA rod placed within the 8 mm drill hole for
an angle of incidence of 208. It becomes clear that the power is

Fig. 5. Simulated power distribution for a POF-bundle with ﬁber diameters of
dF ¼ 8 mm for an angle of incidence of 208.

Fig. 6. Simulated power distribution for a POF-bundle with ﬁber diameters of
dF ¼ 1 mm for an angle of incidence of 208.

concentrated in a focal point and the segments are unevenly
illuminated. Thus, the usage of a single rod is not applicable.
Another example of an illumination distribution with a
bundle consisting of ﬁbers with a diameter of 1 mm for an
angle of incidence of 208 is shown in Fig. 6. This example
shows an almost even distribution and is therefore preferable.
These two examples illustrate that the optical performance is
strongly inﬂuenced by the ﬁber diameter. Thus, a quantitative
value for the quality of the resulting distribution of the photodiode array is introduced, which is the characteristic number
V and it is deﬁned as:
V =6

min (w1 , w2 , . . . , w6 )
,
wD

(1)

whereas wi is the radiant ﬂux at the photodiode segment i,
while wD is the radiant ﬂux at the whole array. V characterizes
the maximal electrical current which can be expected from the
whole array with respect to the radiant ﬂux reaching the array,
as the least illuminated element determines the achievable
electrical current. Ideally, V would reach 100%. Practically,
this is not possible, due to losses. Nevertheless, V should
stay above 90% for the angle of incidence ranging from 08
to 308 which is sufﬁcient to obtain a stable communication
between the reader and the transponder placed inside the
machine tool. From the simulation results of the radiant
ﬂux, V is calculated by a Matlab script. V is also measured.
The short circuit current of each photodiode segment is
used as representation of the radiant ﬂux. In Fig. 7, simulated
and measured results are shown. By comparing Figs. 4 and 7,
it is obvious that the variations as a function of the ﬁber diameter are higher in Fig. 7 than in Fig. 4. Specially, the distribution of light for the 8 mm ﬁber is strongly dependent on
the angle of incidence. This is caused by focal points and
thus only a small area is well illuminated while other parts
of the photodiodes are dimly lit. An example is depicted in
Fig. 5. At ﬁber diameters of 0.5 and 1 mm the distribution
stays above 90%. Therefore, these ﬁber diameters are preferred. Evaluation of the aforementioned three criteria
results in the usage of ﬁbers with a diameter of 1 mm. Thus,
this diameter is used to form the POF-bundle and consequently the dielectric load of the waveguide.
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Fig. 8. Simulation model of the antipodal ﬁnline structure to excite the
waveguide mode.

Fig. 7. Simulated and measured power distribution on the photodiode array as
a function of the angle of incidence and the single ﬁber diameter of ﬁber
bundles with a length of 25 and 8 mm bundle diameter.

III.

ANTENNA DESIGN

The hybrid antenna presented in this contribution is connected to the transponder circuit. Hence, a waveguide to
microstrip transition is necessary to transfer the waveguide
mode into a microstrip mode to connect discrete electronic
devices of the modulator and demodulator. This transition
should not lower the reception of optical energy in the ideal
case, though. Thus, a transition that is placed in front of the
photodiodes and therefore obscures them is not suitable. A
transition that fulﬁls the aforementioned necessities is a
ﬁnline structure [7]. Compared to other transitions e.g. unipolar ﬁnlines, antipodal ﬁnline structures suit the problem
well as they transfer a waveguide mode directly to a microstrip
mode and no further network, which would increase the
overall dimensions of the transponder, is necessary. Since
the transition must be as thin as possible to maximize the
available space for the photodiodes a Rogers RT/duroid
5880 substrate material with a thickness of h ¼ 0.254 mm, a
loss tangent of tan(d) ¼ 0.0009, and a permittivity of 1r ¼
2.2 is used. Both the transponder circuit and the antenna
are designed to a 50 V input impedance. Hence, the
antenna feed point impedance is created with a line width
of d ¼ 0.78 mm resulting in the desired impedance to match
the circuit impedance. Complex permittivity of the
POF-bundle which consists of several POF and epoxy resins
has a signiﬁcant inﬂuence on transition design and was therefore measured using a waveguide transmission method [8]. It
is almost constant over the desired frequency band and has a
value of approx. 1r ¼ 2.44 and a loss tangent of approx.
tan(d) ¼ 0.015. The measured values of complex permittivity
are used within CST Microwave Studio to model the behavior
of the POF-bundle, resulting in a well deﬁned layout of the
transition which is depicted in Fig. 8. For the sake of clarity,
the POFs, photodiodes, and the waveguide are not shown.
After the microstrip line has passed the photodiodes, the
line structure is changed by forming a semi-circle realized
by two metallization planes (see Fig. 8). The radius of the
semi-circle has been changed during optimization of the transition regarding the reﬂection coefﬁcient. To ﬁnally transfer

the energy that is still within the substrate to the waveguide
mode a taper with a square root taper function is used. The
optimized overall length of the transition from the radiating
aperture to the photodiode array is l ¼ 13 mm. The length
of the transition is obtained by optimizing the return loss of
the antenna. The transition is fabricated using a precise
etching process. In order to evaluate the antenna performance
a coaxial connector is needed that has a minor inﬂuence on
the return loss and the antenna gain. A Southwest
Microwave connector [9] is used, as it offers superior performance in the K-band. An overall view of the realized antenna
integrated into a metallic workpiece is depicted in Fig. 9.
The cylinder has a length of 30 mm, a wall thickness of
6 mm, and a ﬂange which is needed to position the antenna
into an anechoic measurement chamber. The characterization
of the transition can be divided into two steps. At ﬁrst, the
transition is placed in the dielectrically loaded waveguide containing only the POF-bundle to evaluate the accuracy of the
measured permittivity of the dielectric load. The resulting
comparison of the simulated and measured reﬂection coefﬁcient of the transition is shown in Fig. 10. Since the measurement and simulation results ﬁt well it infers that the
permittivity of the POF-bundle was determined precisely.
The second step is characterization of the realized transponder
antenna including the dielectrically loaded waveguide as well
as the photodiode array. The material of the photodiodes is
deﬁned as glass (1r ¼ 4.82, tan(d) ¼ 0.0054) and a thin metallic sheet to consider the cathode of the diode. The FR-4 substrate material (1r ¼ 4.3, tan(d) ¼ 0.025) on which the

Fig. 9. The testbed consisting of a brass cylinder with integrated antenna.
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Fig. 10. Comparison between simulated and measurement reﬂection
coefﬁcient for the dielectrically loaded waveguide to microstrip transition.

photodiodes are placed has a thickness of 1.5 mm. The comparison between measurement and simulation is depicted in
Fig. 11. The deviation between simulation and measurement
for the reﬂection coefﬁcient is larger compared to the one
depicted in Fig. 10. The deviation is introduced due to the
number of unknowns, for example, the electrical behavior of
the FR-4 and of the both not characterized for the used frequency band. Nevertheless, the curve shaping of the return
loss agrees well for both measurement and simulation. An
alternative approach that is almost independent of the photodiodes and the substrate material is a combination of a waveguide to substrate integrated waveguide (SIW) [10] transition
followed by an SIW to microstrip transition. A drawback of
this solution is that two transitions are required and it is
thus not investigated in this paper. Another important parameter for the transponder antenna is realized gain, since it
has a signiﬁcant inﬂuence on the reading range of the RFID
system. Therefore, the antenna (see Fig. 9) is positioned in
an anechoic chamber depicted in Fig. 12. It is obvious that

Fig. 11. Comparison between simulated and measured reﬂection coefﬁcient
for the realized waveguide to microstrip transition including the photodiode
array.

the transponder antenna can achieve gain of the dielectrically
loaded waveguide at best. Hence, the comparison between
gain of the realized antenna and an ideal radiating circular
waveguide is depicted in Fig. 13 for the E-plane which is parallel to the transition substrate. In this presentation, realized
gain deﬁnition is used for the measured results and the simulated ones of the proposed antenna and the gain deﬁnition of
the IEEE are used for the ideal circular waveguide as it does
not include mismatch losses of the waveguide port.
According to Fig. 13, the resulting difference between the proposed transition and the dielectrically loaded circular waveguide is less than 0.1 dB and the gain is approx. 6.0 dBi at
24 GHz. Another aspect is the inﬂuence of dielectric losses
of the POF-bundle. Thus, the waveguide is simulated with a
lossless dielectric resulting in an increased gain with a value
of 6.8 dBi. The difference of 0.8 dB reduces the communication range of the RFID system. After having discussed the
inﬂuence of the dielectric losses, the following section deals
with the comparison between the measured and simulated
gain of the realized transition. Here, Fig. 13 shows the cut
for the E-plane and Fig. 14 shows the cut for the H-plane.
According to these ﬁgures, the measured and simulated gain
ﬁt well. The antenna has a measured gain of approx. 4.4 dBi
and it has a slightly preferred radiation direction which
depends on the feeding position and resulting aperture distribution. Furthermore, the radiation characteristic shows linear
radiation behavior and suppression of the cross-polar component is greater than 15 dB. The beamwidth for the
H-plane is 70 and 948 for the E-plane, thus a broad radiation
characteristic is obtained which enables a stable link for arbitrary positioning between reader and transponder antenna.
Owing to mounting of the antenna inside the anechoic
chamber, the measurement results are only valid for 2908,
q , 908. The measured and the simulated gain values show
a difference of approx. 1.6 dB. This deviation is probably
caused by measurement inaccuracy regarding the dielectric
losses of the POF-bundle as the waveguide transmission
method is not well suited to evaluate them [11]. Another
point is the inﬂuence of the anechoic chamber that exhibits
an accuracy of approx. 1 dB, based on the experience gained
from reference measurements.

Fig. 12. Anechoic chamber for gain measurement.
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Fig. 13. Measured and simulated gain pattern of the antenna structure for the E-plane of the transition and an ideal circular waveguide.

Fig. 14. Measured and simulated gain pattern of the antenna structure for the H-plane.

IV.

CONCLUSION

This paper presents a hybrid antenna for a miniaturized optically powered 24 GHz RFID transponder. The antenna allows
an easy integration of the transponder into metallic workpieces, e.g. a machine tool. Therefore, the aperture of a circular
waveguide is used as antenna as well as optical waveguide to
guide the incident light to a photodiode array. The optical
components of the transponder are optimized for good

power transfer and a uniform distribution of the light at the
photodiode array even for different incident angles of the
optical signal. For excitation of the waveguide mode an antipodal ﬁnline structure is used as its inﬂuence is minimal on
optical performance. The circular waveguide is dielectrically
loaded and the permittivity of the POF-bundle is therefore
characterized. Followed by the characterization of the
POF-bundle, the design of the transition and the resulting
antenna parameters are shown.
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