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Abstract— This paper presents a self-reconfigurable switched
beam RFID reader antenna concept and its experimental
implementation. The specific antenna presented in this paper is a
planar 2-element Yagi array with a parasitic element loaded with
a self-oscillating switching circuit powered wirelessly, by the
antenna signal itself. Once this reader antenna is fed with RF
signal of sufficient power, the circuit starts oscillating, switching
between the two complex impedance values, and thus changing
the antenna radiation pattern. We describe a theory of
operation, including modeling and simulation, and present a
prototype of such an antenna operating at 900 MHz with two
distinct switched beams and a peak gain of 4.5 dBi.

L INTRODUCTION

There exists a strong interest in reconfigurable antennas for
RFID readers, especially beam steering antennas that can be
used, for example, for better tag localization [1-7]. In general,
antennas with electronically reconfigurable directive patterns
(such as phased arrays) have long been known and used [8-13].
Such antennas typically have elements which are electronically
switched using either some RF switches or variable
components (such as voltage controlled capacitors) that control
the antenna properties [14]. Such antennas require either DC
bias lines or DC biased RF feeds to control and power the
switches [15]. Typical examples of such antennas are
electronically steerable arrays with passive array radiators, also
known as ESPAR [16-27].

Recently, a theoretical concept of a wirelessly
reconfigurable antenna was proposed [28] where wirelessly
powered switches on parasitic elements are controlled by
modulating signals embedded into the antenna transmission.
The difficulty with practically implementing that concept is the
need for additional protocol overhead to control the switches
and the complexity of such intelligent switches.

In this paper, another concept is proposed: a self-
reconfigurable antenna where a parasitic element is loaded with
self-oscillating switching circuit. This RF powered circuit
periodically switches between the two complex impedance
values, essentially turning the parasitic element into either a
director or a reflector (this effect of reactive load on parasitic
elements in arrays is well known in antenna literature [12, 19,
and 20]). When such antenna is fed with RF signal, it “comes
alive” and starts oscillating, switching between the two
radiation patterns.

We present a first practical implementation of such antenna:
a 2-element planar Yagi array which can be used as RFID
reader antenna with two distinct switched beams that, for
example, automatically scan for tags in two different directions.
The idea presented in this paper has been described in our
pending patent application [29] but to the best of our
knowledge, this is the first time such antenna concept is
described in IEEE literature.

II.  DESIGN

A. General considerations

Known planar Yagi implementations of reconfigurable
switched beam antennas have three or more antenna elements
and require two or more switches to operate [30-34]. In our
case, we need to be able to switch antenna beams using only
one wirelessly powered and self-oscillating switch. Thus a
2-element Yagi antenna was chosen, consisting of two
elements of different length as shown in Figure 1. The circuit
that loads the parasitic element oscillates between the two
complex impedance values, essentially turning it into either a
director or a reflector and steering the direction of the main
antenna beam by 180 degrees.
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Figure 1. Self-reconfigurable 2-element Yagi antenna with
switching circuit on parasitic element.
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Similar to RFID tag design process, we will first define and
design an RF circuit and then will define and design an antenna
to operate with it.
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B. Circuit design

The circuit we would like to have must be an RF-powered
circuit that self-oscillates to periodically turn on and off the
front end modulator. While there certainly exists more than one
way to implement such a circuit, one straightforward approach
is to create an RF-to-DC power harvesting circuit feeding the
resistor-capacitor (RC) timing circuit whose voltage is sensed
by a comparator that periodically triggers and discharges the
storage capacitor by turning on the PIN diode on the front end.
The general circuit block diagram is shown in Figure 2.
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Figure 2. Block diagram of the switching circuit.

The detailed circuit schematic is shown in Figure 3. The
power harvesting circuit is a standard multi-stage RF-to-DC
converter used in many RFID tag front ends and wireless
power harvesting circuits [35, 36]. The output of the first
stage charges the timing circuit (defined by resistors R2 and
R3 and capacitor C7) while two additonal stages provide
higher supply voltage to the comparator Ul. The latter is set
with hysteresis and reference voltage thresholds defined by
resistors R4 and R5 and comparator internal diode. The
hysteresis is needed so that that the circuit oscillates instead of
settling into a stable state. When the voltage on the capacitor
C7 exceeds the set threshold, the comparator trips and turns on
the PIN diode D1 (biased via resistor R1 and inductor L1)
which greatly reduces the amount of RF power available to
RF-to-DC converter and brings down the voltage on C4. As a
result, the capacitor C7 starts discharging and once the voltage
drops low enough, the comparator trips back and the cycle
repeats. Thus the circuit oscillates and modulates its RF input
port, similar to an RFID tag IC modulating its antenna port.
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Figure 3. Switching circuit schematic.
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While there exist many options for RF switches [37] but
PIN diode [38, 39] remains the most common element used in
reconfigurable antennas [21, 23, 24, 40], so it was used here.
This circuit was intentionally designed with standard off-the-
shelf components (SMP1320 PIN diode [41], HSMS 2852
Schottky diode pairs [42], MAX931 comparator IC [43],
resistors, capacitors, and inductors) so that it can easily be
made and studied.

Since the antenna presented here is intended for use with
fixed RFID readers with high power, the circuit was
intentionally designed to start oscillating at higher power
levels. The specific values of the components (such as
resistors R5 and R4 that set the 0.3 V hysteresis band centered
around internal 1.182 V comparator reference voltage) were
selected so that when the circuit is driven with 10 dBm
unlodulated RF signal at 900 MHz, it would oscillate with the
frequency of approximately 0.5 Hz, spending about 1 second
in each switched state. The minimum threshold input RF
power required for the circuit to oscillate is about 7 dBm.
Changing the frequency or adding modulation affects this
threshold because the input impedance of this circuit (just like
an input impedance of an RFID chip) is a function of
frequency and average absorbed power.

C. Circuit prototype

The switching circuit was prototyped (hand built) on
15 mm x 20 mm breadboard PCB with edge mount SMA RF
jack connector (for ease of testing) and is shown in Figure 4
together with SMA male to SMA male adapter that was used
to connect it to the antenna.
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Figure 4. Switching circuit prototype.

Two impedance states of the switching circuit were
measured at the reference plane (shown with dashed line in
Figure 4) with the network analyzer and are shown on Smith
Chart in Figure 5 (state 1 is shown for two network analyzer
output power levels, -10 dBm and 10 dBm, while state 2 is
shown for one power level, 10 dBm).

Figure 6 shows the impedance matching (power
transmission) coefficient calculated using standard equation,
often used in RFID [44]:

T=4R—gR’2 , (1)
\Zg+z,\



where Z . = R .t jX o 1s the generator (network analyzer)

impedance, and Z;, = R, + jX,is the load impedance. As one

can see, at 900 MHz the power transmission coefficient is
about -3.2 dB, and thus the power absorbed by the circuit in
state 1 is about 6.8 dBm.

Figure 5. Two impedance states of the switching circuit.
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Figure 6. Impedance matching coefficient (network analyzer
output power is 10 dBm).

TABLE I. RF SWITCH IMPEDANCE STATES.

State State 1 State 2
Complex impedance . .
at 900 MHz 8.15-j1.07 Ohm | 27.8+j39.30hm
Rseries 8.15 Ohm 27.8 Ohm
Xseries 165 pF 6.95 nH
Rparallel 8.29 Ohm 83.36 Ohm
Xparallel 2.81 pF 10.43 pF
Impedance i?zatchmg 3.17dB 136 dB
coefficient

Table I shows the values of the RF switching circuit
impedance measured at 900 MHz and 10 dBm power level.
The calculation of equivalent parallel circuit values was done
using useful online impedance calculator [45]. Those are the
values that will be used to design an antenna to operate with.

To confirm that the circuit oscillates properly, we
measured the voltage on pin 8 of the comparator Ul while the
circuit was driven with 900 MHz 10 dBm unmodulated RF
CW signal from the signal generator. This voltage is
modulating the PIN diode on the front end. The waveform was
recorded with Tektronix TDS 360 oscilloscope (it does not
support modern I/O formats, so the photograph of the screen
was used to generate the plot in Figure 7).
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Figure 7. Voltage measured on pin 8 of the comparator Ul when
the circuit is driven with 900 MHz 10 dBm signal.

D. Antenna design

Now that the input impedance of RF front end of the
physical switching circuit (including parasitics) is known from
the measurements, a switching antenna can be designed, using
two lumped complex load values listed in Table I.

The antenna was designed, modeled and simulated using
Ansys HFSS [46]. The antenna model with two edge mount
SMA RF connectors is shown in Figure 8. It consists of 140
mm long driven element and 120 mm long parasitic element.
Both elements are 5 mm wide planar copper traces, spaced 60
mm apart on 30 mil FR4 substrate (with dielectric permittivity
4.4). Port 1 is the input port of the antenna, and port 2 is where
the switching circuit is connected to. The antenna was
designed to operate at 900 MHz with connected switching
circuit load. Two main considerations in the antenna design
were to make sure the antenna can operate with 20 dBm RF
source while delivering enough power to the switching circuit
and to achieve a significant change in radiation pattern when
the circuit is switching between the two states.

Figures 9 and 10 show the radiation patterns in the E- and
H-planes for the two different states of the switching circuit
listed in Table I. One can see that the peak antenna gain is
about 3.5 dBi in state 2 and 4.5 dBi in state 1 (the maximum
theoretical gain expected from 2-element Yagi configuration is
5 dBi). Depending on the state of the switch, the antenna
pattern switches (rotates) by 180 degrees.
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Figure 9. Simulated antenna radiation pattern (realized gain, dBi)
at 900 MHz in E-plane (XY -plane) for two states.
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Figure 10. Simulated antenna radiation pattern (realized gain, dBi)
at 900 MHz in H-plane (YZ-plane) for two states.

E. Antenna prototype

The antenna was prototyped according to HFSS model,
using copper traces on 30 mil FR4 substrate. Prototyped
antenna is shown in Figure 11, with the switching circuit
connected to port 2.

Switching

Port 1
(input port)

Figure 11. Prototype antenna.

Figure 12 shows both measured and simulated S-
parameters of the antenna. As one can see, the results are in
good agreement with experimental measurements. To achieve
that accuracy, detailed models of SMA RF connectors were
used in HFSS.
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Figure 12. Measured and simulated S-parameters of the antenna.

Figure 13 shows both measured and simulated S11 of the
antenna when the antenna is loaded with the switching circuit.
Because the maximum output power of the network analyzer is
only 10 dBm, in order to perform measurements for state 2 we
biased the PIN diode D1 via an external 22 K resistor
connected to an external 2 V voltage source. This allowed us to
approximate the proper input impedance in state 2, in which the
PIN diode is biased (via R1 and L1, see Figure 3) with that
voltage (see Figure 7).
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Figure 13. Measured and simulated S11 of the antenna in two
states specified in Table 1.

Our 2-port antenna loaded with the switching circuit can
also be represented as an equivalent circuit shown in Figure 14,
for which a transducer power gain G, can be calculated using
well known formula [47, 48]:
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Figure 14. Equivalent circuit of the self-reconfigurable antenna.

Using Z-parameters from simulation, measured load
impedance at 10 dBm network analyzer power level (see
Figure 5), network analyzer impedance (50 Ohm), and
impedance matching coefficient (see Figure 6), we can easily
calculate at each frequency the power into the input port of the
antenna needed to achieve a specific amount of power absorbed
in the switching circuit for each state, as shown in Figure 15.
For example, at 900 MHz, where the input RF power is 20
dBm, the power absorbed by the circuit in state 1 is 6.83 dBm.
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Figure 15. Input power into the antenna needed to achieve specific
absorbed power at the switching circuit (in both states). The difference
between the two curves for each state is the transducer power gain.

III.  VERIFICATION

We first verified the switching beam behavior of our self-
reconfigurable antenna prototype by constructing the
experimental setup shown in Figure 16. The RF signal
generator (HP DSG-E3000A) was transmitting the 20 dBm 900
MHz signal via low-loss coaxial cable into the antenna. The
receiving dipole, connected to the RF spectrum analyzer (HP
8593E) was set at a distance of 4 ft (1.2 m) from the center of
the antenna. We observed that during the switching cycle the
received RF power for maximum gain beam direction
(corresponding to state 1) of the self-reconfigurable antenna
changed by approximately 3 dB, as expected from the
simulated radiation patterns shown in Figures 9 and 10.

Spectrum
analyzer

RF signal

generator Receiving

dipole
antenna

Self-reconfigurable
antenna
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Figure 16. Experimental setup to verify the switching beam
behavior of the self-reconfigurable antenna.

We also measured the radiation pattern of the self-
reconfigurable antenna using the method described in [49],
where a conducted RFID tag is connected to an antenna under
test so that the threshold sensitivity and the radiation pattern of
the resulting equivalent RFID tag can be measured using
standard RFID tag measurement setup.

For that purpose, we used Voyantic Tagformance Pro RFID
measurement equipment with automated tag rotation system
and linearly polarized patch antenna [50]. The conducted tag
was made based on Impinj Monza 2 ASIC, matched to 50 Ohm
as shown in Figure 17. The measured return loss and threshold
sensitivity of this conducted tag are shown in Figure 18.

RFID
chip

Figure 17. Conducted tag used for pattern measurements.
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Figure 18. Threshold power sensitivity (dBm) and return loss (dB)
of the conducted tag.

For radiation pattern measurements, the conducted tag was
connected to port 1 and the switching circuit was connected to
port 2 of the self-reconfigurable antenna. In order to properly
measure the radiation pattern in state 2, we again needed to
approximate the input impedance exhibited by the switching
circuit in state 2, where the average voltage on pin 8 of Ul is 2
V (see Figure 7). To do that, we again biased the PIN diode D1
via an external 22 K resistor connected to an external 2 V
voltage source — but this time a small 3 V coin cell battery with
a resistive divider, placed on the bottom side of our switching
circuit board. The diagram and the photograph of the
experimental setup are shown in Figure 19.

Equivalent RFID tag Conducted

I 50 Ohm
RFID chip
Voyantic P R———
Tagformance Switchi
witching
circuit

Figure 19. Diagram of the experimental setup to measure the
radiation pattern of the self-reconfigurable antenna.

Figure 20. Photograph of the experimental setup to measure the
radiation pattern of the self-reconfigurable antenna.
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Figure 21. Measured radiation pattern (equivalent RFID tag
angular sensitivity, dBm) at 900 MHz in H-plane (YZ-plane).

The radiation pattern of the self-reconfigurable antenna was
measured in H-plane using the method described above and is
shown in Figure 21. The radial scale is the tag sensitivity,
varying from -8 dBm to -16 dBm. As one can see, the
measured results are in reasonable agreement with simulations
presented in Figure 10. For example, the conducted tag
sensitivity at 900 MHz is about -10.5 dBm, and thus measured
peak tag sensitivity of -14.5 dBm in state 1 corresponds to
antenna gain of about 4 dBi. The switching beam pattern
shown in Figure 21 is what this antenna is expected to exhibit
when driven with 20 dBm 900 MHz RF signal. These results
verify the functionality of the self-reconfigurable antenna
prototype presented in this paper.

IV. DISCUSSION AND CONCLUSIONS

In this paper, we presented a self-reconfigurable antenna
concept with a self-oscillating switching circuit powered by the
transmitter signal. We implemented it with a 2-element Yagi
with a circuit-loaded parasitic element. The antenna
automatically switches between the two fixed beam patterns
defined by the two impedance states of the circuit, loading the
parasitic element. We described a theory of operation and
presented experimental results, proving the feasibility and
demonstrating the functionality of such antenna.

Since the antenna does not require adding any DC bias
control lines or feeds or control signals to operate the switching
circuit, it can be used with off-the-shelf readers which makes it
especially attractive for use with fixed RFID readers which
typically transmit high RF power (up to 30 dBm), more than
enough to power the switches on the parasitic elements of such
antenna. The proposed concept can also find use in near field
reconfigurable RFID antennas for such applications as
inventorying goods on shelves and in confined areas [51-55].

Note that the antenna needs a transmitter signal to oscillate
and thus is well suited for RFID readers which transmit and
receive at the same time, while in the absence of the transmitter
signal the antenna radiation pattern in receiving mode will
remain fixed.



In the present implementation, the oscillation frequency of
the switching circuit depends on the specific values of the
circuit components as well as on the input power and the
modulation details (modulation depth, average duty cycle,
etc.) of the RF signal feeding the antenna. The switching
frequency can be made independent of those parameters by
using voltage regulators both for the timing circuit and for the
comparator. The RF sensitivity of the circuit can be improved
by using low power comparator (such as TS881), FET
transistor (such as NE25139) as a front end modulator, and
better impedance matching. The high frequency transient
present during the switching (see Figure 7) can be eliminated
with the use of low pass filter and voltage regulators.

The general principle of reactively controlling the parasitic
antenna elements [12, 19, 56-58], combined with the concept
of RF powered switches on such elements, can be used for
other applications beyond RFID, such as reconfigurable Wi-Fi
antennas (including MIMO antenna systems [59, 60]) and
reflectarrays [61, 62]. Self-reconfigurable antenna concept
presented here can also be applied to control other antenna
properties besides radiation pattern, such as frequency band
[63, 64] or polarization [65, 66]. The same concept can also be
applied to other reconfigurable antenna structures, such as
patch and microstrip arrays described in [67-69]. Such antennas
radiate perpendicular to the plane of the antenna and are very
practical since they can be mounted flat on surfaces such as
walls.

In general, the RF-powered switching circuit described in
this paper can be viewed as a non-linear passive two-terminal
electrical component, somewhat similar to memristor whose
use for reconfigurable electromagnetic devices has recently
been theoretically investigated [70].

The antenna described in this paper can be viewed as a
simple but important first step towards building various self-
reconfigurable RF devices and systems (antennas, filters, etc.)
where available RF power is sufficient to power various
circuits that can change their RF properties, thus bringing an
additional level of intelligence to RF devices and systems.
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