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Asymmetric Retrodirective UHF RFID Tags:
Design and Measurement Results

Sebastian Boller, Morteza Mousavi, Felix Essingholt*, and Thorben Grenter

Abstract—In this paper we investigate the use of retrodirective
arrays in transponders of ultra high frequency (UHF) radio-
frequency identification (RFID) systems and their potential to
enhance both the communication range and the energy range of
RFID systems. The communication range is increased through the
retrodirectivity of the backscatter transponders. An asymmetry
in the transponder array is intended to support wireless power
transfer (WPT) by focusing the incoming wave onto one rectifier
to maximize its efficiency. In this study we use a commercially
available integrated circuit (IC) for UHF RFID transponders
making the constructed retrodirective transponder compatible
with the EPC Gen2 protocol. Theoretical investigations show
that through the use of N antennas in the transponder both
energy range and communication range can be increased by
a factor of VN, corresponding to an increase of about 41 %
when using two antennas. The realized EPC Gen2-compatible
transponder with two antennas achieved an increase of up to
34 % in energy range and 38 % in communication range. The
presented technique is not limited to two antennas and can help
to extend the range of backscatter systems without modifications
to the reader. This could especially be interesting for applications
within the Ambient Internet of Things (A-IoT) of upcoming 6G
networks.

Index Terms—Retrodirective array, backscatter, wireless power
transfer (WPT), RFID.

I. INTRODUCTION

ACKSCATTER systems such as ultra high frequency

(UHF) radio-frequency identification (RFID) stand out
due to their battery-less transponders. The range of these
systems however is small compared to those using active
transmission. Firstly, the reader must transmit sufficient power
to the transponder to supply it; secondly, the reader must
be able to decode the modulated backscatter signal from
the transponder. The maximum distance between reader and
transponder up to which the incident power at the transponder
is sufficiently large to power it is called the energy range
of the RFID system. The communication range describes
the maximum distance at which a successful communication
between transponder and reader can take place. Both are
ultimately limited by free-space path loss, which increases
with distance.
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Fig. 1. A retrodirective transponder focuses the backscattered signal in the
direction from which the carrier wave is incident on the transponder. The
asymmetry in the length of the feed lines serves to improve wireless power
transfer (WPT) to the transponder.

Modern wireless systems such as WLAN [1], [2], [3] and
5G [4], [5] use phased-array antennas to focus the radiated
electromagnetic wave onto a receiver and thereby counteract
free-space path loss. For use in battery-less transponders,
this approach seems unsuitable due to the relatively high
power consumption of the required active components.
Instead, retrodirective antenna arrays have become prevalent
in research [6], [7], [8]. In accordance with the principle
of Van Atta arrays [9], multiple antennas are connected via
passive radio-frequency (RF) networks with several backscat-
ter modulators. This creates a structure that modulates an
incident electromagnetic wave and backscatters it, focusing it
in the direction from which it originated. Since the transmitter
and receiver of the reader in RFID systems are typically co-
located, this retrodirective behavior is identical to adaptive
beam steering of the backscattered signal onto the receiver. For
this adaptive beam steering, no active phase shifters or other
active components are required; the focusing occurs without
additional power consumption in the transponder.

Besides the use of retrodirective arrays in backscatter
transponders, in literature reflection amplifiers are also inves-
tigated to increase the communication range [10], [11], [12].
These amplify the backscattered signal in order to increase
the received power at the reader. Even though the power
consumption of tunnel-diode-based reflection amplifiers is
very low, the use of an amplifier necessarily increases the
power consumption of the transponder. They will presumably
therefore mainly be of interest for semi-passive transponders.
For deployment in the Ambient Internet of Things (A-IoT) in
the context of the upcoming mobile communications standard
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Fig. 2. Arrangements for transponders with one or two antennas and one
or two RF front ends (RFF) for investigating wireless power transfer (WPT).
a) Conventional transponder with one antenna and one RFF. b) Transponder
with two antennas, each directly connected to one RFF. c¢) Transponder with
two antennas, connected via a Wilkinson power divider to a single RFF. d)
Transponder with two antennas, connected via a Wilkinson power divider to
a single RFF. The lengths of the feed lines to both antennas differ by Apine/4.
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6G, transponders with reflection amplifiers are specified as
Device 2a [13]. Retrodirectivity and reflection amplifiers can
be easily combined with each other [14], thereby combining
both advantages—the directional backscatter and the higher
overall backscattered power—to extend the communication
range of backscatter systems.

At mm-wave frequencies, retrodirective transponders for
localization systems have proven to be promising [15], [16].
In this frequency range, free-space path loss is signifi-
cantly higher due to the smaller antennas than in the UHF
range, which increases the need for suitable countermeasures
accordingly. However, even in the UHF range, the use of
retrodirective transponders can contribute to an increased
communication range.

To increase the energy range using multi-antenna transpon-
ders, the question arises as to whether the power of the
signals received by the antennas should be combined before
or after rectification. RF combining yields transponders with
stronger angular dependence. In DC combining, the rectifiers
have lower efficiency due to the smaller input power, which
negatively affects the energy range. By employing high-
frequency networks, both approaches can be combined to
some extent. The so-called hybrid power combining promises
higher efficiency than DC combining, while at the same time
the angular dependence is less pronounced than with RF
combining. [17], [18]

In this work we investigate the potential of retrodirective
arrays for passive UHF RFID transponders. We study to what
extent the use of multiple antennas in a transponder can also
increase the energy range. The influence of asymmetries in the
length of the feed lines to the antennas as shown in Fig. 1 on
the efficiency of the rectifier in the transponder is investigated.

This article extends the RFID-TA conference paper [19] by
offering a broader, deeper study. In addition to the two-antenna
configuration, we analyze larger retrodirective arrays (2 x 2
and 4 x 1) and provide more extensive design considerations.
The article also addresses rectifier efficiency and adds a
model predicting the energy range of the transponders closely.

Nonlinearities in the RF front end (RFF) are investigated as
cause for the discrepancy between model and measurement
of the communication range. This work aims to, delivering a
more complete basis for scaling retrodirective RFID to larger
arrays and for modeling their performance.

In Sec. II, we investigate how different approaches of
utilizing multiple antennas in a transponder affect wireless
power transfer (WPT) from the reader to the transponder.
The focus of this section is on the impact on the energy
range and its angular dependence. In Sec. III, we continue
our study with regard to the communication range before
we combine the insights on energy range and communication
range in Sec. IV. An Electronic Product Code Generation 2
(EPC Gen2)-compatible retrodirective transponder has been
built and characterized. The design is presented in Sec. V in
detail and the measurement results are discussed in Sec. VI.
We end with a discussion in Sec. VII and a conclusion in
Sec. VIIIL.

II. RECTENNA ARRAYS FOR RFID TAGS

To supply a transponder with the required operating power,
the reader in a UHF RFID system typically transmits a carrier
wave (CW) with the power Py, the antenna gain Gy, and the
wavelength Acw. According to the Friis transmission equation
a transponder with one antenna of gain G, depicted in
Fig. 2 a) at a distance d receives the power

2
PTag = PTxGTxGTag (%) . (D
The received signal can be rectified in the transponder’s RFF
for powering. Since a certain minimum power is required
for the operation of a transponder and the received power
P decreases monotonically with distance, there exists a
maximum distance dr,; up to which the transponder can be
supplied. This maximum distance is called energy range.

To study the influence of the techniques discussed below
independently of the transmit power, the antenna gains, the
wavelength, and the minimum power required for operation,
the energy range is normalized to that of a conventional
transponder with a single antenna and one RFF. Since the
received power at the transponder P, in (1) is proportional
to d~2, the normalized energy range is given by

2

where Pty min describes the transmit power of the reader
required to activate the transponder under investigation, and
Pryo describes the transmit power required to activate the
conventional transponder with one antenna under otherwise
identical conditions. Analogously PTag describes the normal-
ized received power at the transponder before rectification.
Both quantities should allow a simple comparison of different
antenna arrays for backscatter transponders. This only holds,
if the transponder is positioned in the far-field of the reader.

A simple approach to increase the energy range of a passive
transponder is to use two identical antennas and two RFF
as shown in Fig. 2 b). The total power received by the two
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Fig. 3. Normalized power available at the transponder for wireless power
supply. For normalization, a conventional transponder (single ant.) with a
single antenna and one RF front end (RFF) is used.

antennas of this transponder is doubled. If the transponder has
two RFF available, the received signals from the two antennas
can be rectified independently and thus contribute to powering
the transponder. Since in this arrangement the two received RF
signals are separated there is no interference between them, the
angular dependence of the transponder thus does not change.

Fig. 3 serves to compare the different approaches. The
transponders are assumed to have isotropic antennas. The
received power at the transponder is normalized to the received
power when using a conventional transponder with a single
antenna. Due to the normalization and the assumed isotropic
antenna, the received power for the transponder with one
antenna and a single RFF (single ant.) remains independent
of the angle of incidence 6, at PTag = 1. A transponder with
two antennas and two RFF (two ant.) doubles this power. This
is again independent of the angle of incidence. According to
(2) a doubling of the received power should lead to an increase
of the energy range by a factor of V2. However the efficiency
of the rectifier is still neglected at this point.

RFID transponders usually operate with an input power of
a few microwatt. With such a low input power, the efficiency
of the rectifier becomes increasingly relevant for the energy
range. As the input power decreases, the efficiency of the
rectifier also drops. The energy range is thus limited not only
by the decreasing received power, but also by the associated
diminishing rectifier efficiency. For the transponder depicted
in Fig. 2 b), although the total power received by the two
antennas increases, the power at each of the two RFF does
not change compared to the transponder in Fig. 2 a). Conse-
quently, the rectifier efficiency remains small. The previously
determined increase of the energy range by the factor V2 will
thus not be achieved in practice.

Literature reports various values for the dependence of
rectifier efficiency on the incident wave power at the rectifier
[20], [21], [22], [23], [24]. Although the exact shape of
the efficiency curves differs among rectifiers, all share the
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Fig. 4. Rectified power to supply the transponder. For the calculation, G1x =
1, Gy = 1.64, Prx =2 W, Acw = 34.5 cm, and the rectifier efficiency curve
from [20] are assumed.

same trend that efficiency decreases with decreasing input
power. In the following investigation, the efficiency curve
from [20] is interpolated and used for the calculations. The
rectifier has an efficiency of about 50 % at Pr,, = 1 mW. At
Pryg = 10 uW the efficiency drops to about 12 %. In Fig. 4,
the rectified power as a function of the distance between
reader and transponder is shown. If we further assume that
the transponder integrated circuit (IC) requires about 3 uW for
operation, the energy range increase due to using two antennas
connected to two rectifiers as in Fig. 2 b) is only by a factor
of 1.25 and not by the initially assumed factor V2 ~ 1.41.

An alternative to using two RFF is to employ a Wilkinson
power divider in accordance with Fig. 2 c¢) to focus the
received signals from both antennas onto a single RFF. This
approach is identical to using an antenna with correspondingly
higher gain. Fig. 3 shows the impact of this technique on the
power available to supply a transponder of this type (sym.
Wilkinson). For normal incidence 6, = 0°, a doubling of
ISTag is observed here as well. Accordingly, one can expect
an increase of the energy range by a factor of V2. The
angle-dependent phase shift of the received signals from both
antennas, however, lead at other angles of incidence to destruc-
tive interference. Consequently, the rectified power available
to the transponder becomes smaller. For the assumed antenna
spacing of Acw/2, starting at 6, = +30° the transponder has
less available power than would be available from a single
antenna.

Since in this arrangement for normal incidence 6;, = 0°
the entire incident power is focused onto a single rectifier,
its efficiency remains sufficiently high up to a larger distance.
Even though the total power received by the antennas for the
two transponders shown in Fig. 2 b) and Fig. 2 c) is the same,
the transponder with a Wilkinson power divider achieves a
larger energy range, as depicted in Fig. 4, due to the higher
rectifier efficiency.

An asymmetry in the lengths of the feed lines between
the Wilkinson power divider and the antennas, as depicted
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in Fig. 2 d), allows variation of the angle of incidence at
which constructive interference of the two received signals
occurs. As shown in Fig. 3, this can also be used to construct
a transponder (asym. Wilkinson) that achieves double the
received power for 6;, = £90°. However, this transponder still
exhibits a strong angular dependence.

In Eid et al. [25] a Rotman lens is used to focus the power
of the wave incident on an array onto multiple rectifiers as a
function of the angle of incidence. This approach is of interest
for the frequency ranges studied there, namely around 24 GHz
and above. A large number of antennas can be connected to
correspondingly many rectifiers. In [25], eight antennas and
six rectifiers were used. For use in the UHF range, the large
size of a Rotman lens is disadvantageous [25].

III. RETRODIRECTIVE RFID TAGS

In UHF RFID systems backscatter modulation is used for
the communication of a transponder with the reader. The
transponder varies the input impedance Zpg of the RFF to
generate two different complex-valued reflection factors I,
and I', where

r _ ZrrrAB ~ Lant
ABT 5 5

Z +Z 3
£RFF,A/B T £Ant

gives the two reflection factors based on the antennas input
impedance Z,,. Thus a signal can be backscattered with an
amplitude proportional to the magnitude of the difference of
these two input reflection factors |£ | Assuming that for
reception and radiation at the transponder the same antenna
is used, the reader with the receiving antenna with gain Ggry
receives a signal with the power

4
A
Prx = PTXGTXG%‘agGRX (%) |£|2 . (4)

Since for the reception of data with a sufficiently small bit-
error ratio a certain minimum signal power must be present at
the reader and the received signal power Prx decreases mono-
tonically with distance, there exists a maximum distance dgy
up to which data transmission is successful. This maximum
distance is called communication range.

Here, an investigation should be possible that is independent
of the transmit power, the antenna gains, the wavelength, the
required minimum reception power, and the difference of the
input reflection factors, as well. For this, the communication
range is normalized to that of the conventional transponder
with a single antenna and one RFF. Since the received power
at the reader under far-field conditions as assumed in (4) is
proportional to d~#, the normalized communication range is

Pry  4/=
R~ V/Pgy, (5)

‘sz =
PRx,O

where Pgryx describes the received power at the reader for
the transponder under investigation and Prxo describes the
received power at the reader using the conventional transpon-
der with one antenna. With Pg, the normalized received power
at the reader is described analogously.

An approach to extend the communication range is to
focus the backscattered wave from a transponder onto the

a) b)
Y
I

Fig. 5. Arrangements for transponders with one or two antennas and
one or two RF front ends (RFF) for investigating backscatter modulation.
a) Conventional transponder with one antenna and one RFF. b) Transponder
with two antennas, each directly connected to one RFF. c¢) Transponder with
two antennas, connected via a Wilkinson power divider to a single RFF.
d) Transponder with two antennas, connected via a hybrid coupler to two
RFF.

) d)

reader. To focus a wave radiated by multiple antenna elements
in a particular direction, the amplitudes and phases of the
signals at the various antenna elements can be adjusted.
Conventional antenna arrays such as phased-array antennas
use active components to realize the desired radiation pattern.
An alternative approach, which is particularly well suited for
use in backscatter transponders, is the use of a retrodirective
array. These arrays ensure backscattering with a focus in
the direction from which the CW impinges onto the array.
In literature, solutions for retrodirective arrays exist in the
form of the Pon array [26] and the Van Atta array [9]. The
latter is especially interesting for use in passive transponders,
because the beam steering occurs without additional power
consumption in the transponder. The antennas are connected
via passive RF networks to multiple RFF. Hybrid couplers
[27], Rat-Race couplers [6] and Rotman lenses [8] have been
studied in literature as possible networks. True retrodirectivity,
which should be completely independent of the angle of
incidence, can only be achieved with hybrid couplers or Rat-
Race couplers. The behavior of Rotman lenses in this context
may be described more accurately as multi-directional, since
they offer good directionality of the backscattered signal for
multiple angles of incidence, but they also exhibit angles in
which the modulated backscatter signal cannot be focused as
strongly.

To investigate the communication range, four transponders
are considered as shown in Fig. 5. Isotropic antennas are
assumed again. Starting with the conventional transponder
with one antenna and one RFF shown in Fig. 5 a), the
backscattered power exhibits an angle-independent behavior.
As shown in Fig. 6, the normalized received power at the
reader for this transponder is independent of the transponders
orientation. The transponder with a single antenna (single ant.)
is used in Fig. 6 to normalize the received power.

The transponder with two antennas and two RFF as in
Fig. 5 b) can lead to an increase in received power at the reader.
Depending on the orientation of the transponder 6, the signal
power at the reader increases by a factor Pry = 4. This leads,
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Fig. 6. Normalized power of the backscattered signal received at the reader.
For normalization, a conventional transponder with a single antenna and one
RF front end (RFF) is used (single ant).

according to (5), to an increase of the communication range
by a factor V2. As can be seen in Fig. 6 for this transponder
(two ant.), there can also be destructive interference of the
backscattered signals from the two antennas depending on
the orientation of the transponder, which reduces the received
power. For 6 = +30° complete destructive interference occurs,
such that no signal can be received at the reader.

If, alternatively, as depicted in Fig. 5 c¢) the two antennas
are connected via a Wilkinson power divider to a single RFF,
interference between the signals from both antennas already
occurs at the transponder. The radiation of the backscattered
signal then follows the antenna pattern of a conventional
antenna array. Fig. 6 shows the resulting behavior of this
transponder (conv. array). At this point, note the difference
between Fig. 6 and the plot of an antenna pattern. Here,
the angle-dependent radiated power of the transponder is not
shown; instead, the received power at a reader also emitting
the CW is shown as a function of the transponder orientation.
The angle of incidence 6, is therefore equal to the angle of
reception 6,y and is just called 6. Since interference occurs
already at the transponder, the total backscattered power is
already angle-dependent for the transponder with a Wilkinson
power divider. In addition, the antenna pattern during re-
radiation comes into play. In (4), this relationship is accounted
for by the squared appearance of Gryg.

If, alternatively, as depicted in Fig. 5 d) the two antennas
are connected via a hybrid coupler to two RFF, a retrodi-
rective array can be generated. As shown in Appendix A, a
wave incident on the array from any angle is re-radiated with a
beam focused in that direction. Fig. 7 shows the transponder’s
backscattered normalized power Pg, for two different angles of
incidence 6;,, again normalized to the power that a transponder
with a single antenna would backscatter. From this automatic
steering of the backscattered wave follows an increase in
the received power at the reader. As shown in Fig. 6, a
retrodirective transponder (retro. array) with two antennas can

IEEE JOURNAL OF RADIO FREQUENCY IDENTIFICATION, VOL. 10, 2026

Piy
90°
4
60°
3
B = Q
2k~ - A%
|
L _/,'-f"‘:_-§'\{
R VAN
7 s
0‘_2/ ............ 10
\ y
~

—30°

—60°

—90°

Fig. 7. Normalized power of the backscattered signal depending on the
angle of incidence 6;, at the transponder. Due to the retrodirectivity of the
transponder the backscattered signal is focused in the direction of incidence.
For normalization, a conventional transponder with a single antenna and one
RF front end (RFF) is used.

a) b)

Fig. 8. Arrangements for retrodirective transponders with two antennas, two
RF front ends (RFF), and one hybrid coupler. a) symmetric retrodirective
transponder, b) asymmetric retrodirective transponder.

increase the received signal power at the reader by a factor
of 4 independent of the angle of incidence, which leads to an
angle-independent increase of the communication range by a
factor V2.

In this section, it was assumed that the transponder’s RFF
behave independently of one another and of the incident power
to modulate synchronously with the same signal. The two input
impedances Zggr 5,5 are assumed to be equal for all RFF of
one transponder. These assumptions are critically examined
at the end of Sec. VI. The antennas, hybrid coupler, and
transmission lines are assumed to be matched to the same
impedance.

IV. RETRODIRECTIVE RECTENNA ARRAYS

For the practical operation of a passive transponder, energy
and communication range cannot be considered separately.
The transponder must be supplied with a sufficiently large
power. At the same time, the reader must be able to correctly
receive the backscattered signal from the transponder. We first
consider the transponder in Fig. 8 a). Since this transponder is
retrodirective, it behaves ideally for the communication. Due
to the symmetric construction of this transponder, the incident
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TABLE 1

OVERVIEW OF THE CONFIGURATIONS OF THE FIVE TRANSPONDERS
UNDER INVESTIGATION

Tag | Nr. Ant. | Retro. | Sym.
A 1 X X
B 1 X X
C 2 X v
D 2 v v
E 2 v X

power at normal incidence 6;, = 0° is equally split between
the two RFF. As discussed in Sec. II, this behavior is not
ideal for powering the transponder, because the efficiency of
the rectifiers remains low.

An asymmetry in the length of the feed lines between
the two antennas and the hybrid coupler, as depicted in
Fig. 8 b), can influence this behavior. A displacement of the
hybrid coupler by Api,./8 causes the incident wave at normal
incidence to be focused onto one rectifier. This increases its
efficiency, extending the energy range. The retrodirectivity is
not affected by this asymmetry. For this transponder there also
exist angles of incidence at which the power is distributed
equally between the two RFF.

In the following, five transponders are compared to study
the influence of the previously discussed arrays on energy
range and communication range. Tag A and Tag B are
conventional transponders with a single antenna and a single
RFF corresponding to Fig. 5 a). They serve as references for
the subsequent study and are used for normalization. For the
theoretical considerations, Tag A and Tag B do not differ.
The distinction becomes relevant only for the experimental
investigation. Tag C has two antennas, which are directly
connected to two RFF. This transponder corresponds to
Fig. 5 b). Tag D is a symmetric retrodirective transponder with
two antennas, two RFF and a hybrid coupler corresponding to
Fig. 8 a). An asymmetric arrangement of the antennas gives
rise to Tag E as depicted in Fig. 8 b). For transponders with
multiple antennas a spacing of Acw/2 between the elements
is chosen. An overview of the configuration of the five
transponders under investigation can be found in Table I.

Taking into account the rectifier efficiency from [20], the
normalized energy range of the transponders as a function of
the angle of incidence is determined using (2). In Fig. 9 a)
this normalized energy range is shown. The angle-independent
energy range of JTag =1 for Tag A and Tag B follows from
the normalization and the assumed isotropic antennas. Tag C
achieves an increase of the energy range by a factor of 1.25
independent of the angle of incidence. For the retrodirective
transponders Tag D and Tag E the increase in energy range
varies between 1.25 and 1.41. For Tag E, the incident power
focuses onto one RFF at 6, = 0° and onto the other RFF
end at 6, = 90°. This positively affects the energy range. At
6in = 30° the power is split evenly between both RFF. The
energy range thus increases only modestly and equals that of
Tag C. A similar behavior is observed for Tag D, with the
angles at which focusing onto a single RFF or even distribution
onto both RFF occurs being altered by the different lengths of
the feed lines.

a)

Tag AB
= Tag C
b) - Tag D
= Tag E

Fig. 9. Calculated angle dependency of the normalized a) energy range and
b) communication range. For normalization, a conventional transponder with
a single antenna and one RF front end (RFF) is used (Tag A,B).

For the calculation of the communication range, it is
assumed that all RFF of a transponder switch between the
same input impedances Zggr 5,5 independently of the incident
wave power, and that all RFF modulate their input impedances
synchronously with the same signal. In Fig. 9 b) the result-
ing normalized communication range is shown. Tag A and
Tag B remain here, due to the isotropic antennas and the
normalization, angle-independent at drx = 1. The behavior
of Tag C shows that for certain angles of incidence there is
an increase in the communication range by a factor of 1.41,
but there are also angles at which the transponder leads to a
considerably smaller communication range than conventional
transponders with one antenna. At 8§ = 30° the transponder
can, in principle, not be read even at an arbitrarily small
distance. For the practical deployment of a transponder this
can significantly affect the reliability of communication when
the orientation of the transponders is unknown and random.
The retrodirective transponders Tag D and Tag E do not exhibit
this angle-dependent behavior of dry. The automatic steering
of the backscattered signal, under the stated assumptions, leads
to an angle-independent increase of the communication range
by a factor of 1.41.

Up to this point, the transponders discussed utilize a max-
imum of two antennas. Expanding the array size is expected
to further enhance both energy and communication range.
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Fig. 10. Possible realization of an asymmetric 2 X 2 transponder with four
antennas, four RF front ends (RFF), and four hybrid couplers. Depending on
the direction of incidence the received power is focused differently onto the
RFF. The directional dependency is depicted at each RFF.

a)

<)

Fig. 11. PCB of the realized transponders implemented on FR-4. a) PCB
used for Tag A, Tag B, and Tag C. The Antennas are connectors on each
side of the PCB. They are connected to the transponder IC (U2) via two
baluns (U1, U3) and a matching network. b) PCB used for the symmetric
retrodirective transponder Tag D using a hybrid coupler (U4). ¢c) PCB used
for the asymmetric retrodirective transponder Tag E.

Theoretically, as shown in Appendix A, the communication
range can be increased by a factor of VN with an array of
N identical elements. The retrodirective behavior for linear
arrays occurs only in one plane. Accordingly, the behavior of
the transponders discussed so far has also been considered only
in this plane. For a transponder with a rectangular array of 2 x2
elements, the range of the RFID system can be doubled and
there is a retrodirective focusing of the backscattered signal
in space. This, however, requires a transponder IC with four
RFF instead of two.

A possible realization of a 2 x 2 transponder is shown in
Fig. 10. The four antennas are connected to four RFF via
four hybrid couplers. Again, asymmetries in the lengths of
the feed lines are employed to focus the distribution of the
incident power onto the RFF as a function of the direction of
incidence. For the four RFF, it is shown in Fig. 10 how the
incident power is distributed among them as a function of the
direction of incidence.

Linear arrays with more than two antennas, based on mul-
tiple hybrid couplers, can be retrodirective while at the same
time contributing to powering the transponder. Communication
range and energy range increase with VN under idealized
assumptions. Fig. 12 shows a possible structure for extending
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Fig. 12. Retrodirective transponder with 4 X 1 antennas and simulated energy
range.

to 4 x 1 antennas. With four antennas, a corresponding dou-
bling of both the communication range and the energy range
can be expected. Taking rectifier efficiency into account, an
increase in range of between 62 % and 100 % is expected from
simulation, as shown in Fig. 12. In App. B an extension to
transponders with up to 8 x 1 antennas is shown. These should
enable an increase in range by a factor of up to about 2.82.
However, there are crossings of the RF lines. Without proof,
we assume that these structures can be realized for further
doubling of the number of antennas. The extent to which the
technology can be realized crossing-free beyond 4 x 1 antennas
requires further investigation. Practically, very large arrays for
UHF RFID are likely of limited relevance, as the arrays would
become very large due to the long wavelength.

V. TAG DESIGN CONSIDERATIONS

To study the practical applicability of the previously
described techniques, the five transponders from Table I were
fabricated. For this, the transponder IC SL354021 from NXP
was used [28]. It features two RFF and is thus suitable for
constructing a retrodirective transponder. Fig. 11 a) shows
the PCB of the assembled Tag C. The SMA connectors are
used to connect the two antennas. The antennas are connected
via two baluns (Ul, U3) and two matching networks to
the transponder IC (U2). Commercially available monopole
antennas are connected to the two SMA ports on opposite
ends of the PCB. There is a distance of 178 mm between the
antennas. By using this PCB with only one antenna connected
to the left or right SMA port, Tag A and Tag B are created.

The symmetric retrodirective transponder Tag D is shown
in Fig. 11 b). Here the setup was extended by the hybrid
coupler (U4). By shifting the hybrid coupler and the associated
components, the asymmetric transponder Tag E is produced.
It is shown in Fig. 11 c). Due to the transponder IC used, the
five transponders under investigation are compatible with the
EPC Gen2 protocol [29].

VI. TAG CHARACTERIZATION

To practically study energy range and communication range,
the testing system Voyantic Tagformance is used in an
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a)

b)

s

Fig. 13. a) Test setup in an anechoic chamber with a reader on one side and
a transponder under investigation mounted on a turntable on the other side.
b) Assembled Tag E with two antennas mounted on the SMA connectors.

TABLE I

OVERVIEW OF THE MEAN NORMALIZED ENERGY RANGE JTag AND
COMMUNICATION RANGE drx OF THE FIVE TRANSPONDERS UNDER

INVESTIGATION
Tag | mean (JTag) mean (JRX)
A 0.90 0.96
B 1.09 1.04
C 1.05 1.12
D 1.08 1.19
E 1.15 1.19

anechoic chamber. The transponder under test is positioned
at a distance of 2.05 m from the reader on a rotating turntable
as depicted in Fig. 13 a). This allows varying the orientation
of the transponder relative to the reader. At a carrier frequency
of 868 MHz, the reader’s transmit power is incrementally
increased until a response from the transponder under test is
received. From this minimum transmit power, the normalized
energy range JTag is determined. The received power at the
reader observed at the minimum required transmit power is
used to determine the communication range dry. For normal-
ization, the measurement results of Tag A and Tag B are
averaged. Fig. 13 b) shows the assembled Tag E with the two
antennas.

Fig. 14 a) shows the measured, normalized energy range
JTag. Tag A and Tag B yield similar results. As expected, Tag
C contributes only very little to increasing €7Tag. Tag D and Tag
E, however, lead to an increase of the energy range, with the
angular dependence matching the expectation from Fig. 9 a).
The maximum of JTag is reached with Tag E and is 1.34.

Fig. 14 b) shows the measured, normalized communication
range dry. Tag A and Tag B again yield similar results.
Tag C, in accordance with the expectations from Fig. 9 b),
exhibits a strong angle dependence. Tag D and Tag E
increase the communication range compared with conventional

a) drag

180° \ | \ /
o\

240 300
270° Tag A
Tag B
b) dns - f‘g g
90° a9
= Tag E
120° 60

Fig. 14. Measured angle dependency of the normalized a) energy range and
b) communication range. For normalization, the mean ranges for the conven-
tional transponders (Tag A and Tag B) with a single antenna and one RF front
end (RFF) are used.

single-antenna transponders for every angle of incidence. Con-
trary to initial assumptions, the retrodirective behavior of these
transponders is not entirely angle-independent. The maximum
of dgy is reached with Tag C and is 1.41. Among the two
retrodirective transponders, the maximum is reached with Tag
E and is 1.38. Table II provides an overview of the average
improvement of energy range and communication range for
the five transponders studied.

Since the observed behavior of the two retrodirective
transponders only partially matches the expectations, it must
be assumed that the assumptions regarding the RFF are only
partially valid. In Sec. III it was assumed that the RFF operate
independently of the incident power and switch between the
same two input impedances. To investigate these assumptions,
the Tagformance is connected, via a circulator, directly to one
port of the PCB of Tag C. At this port, the change of the input
reflection factor |£ | is measured. During the measurement,
a signal with variable power Pl is fed into the second port
of the PCB. Fig. 15 a) shows that the difference of the input
reflection factors increases with larger power at the second
port. In the low-power region where the previous study of the
communication range takes place, the change is approximately
constant. The assumption that the behavior of the RFF is
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Fig. 15. a) Difference of the input reflection factors |£ ‘ depending on the
power Prx injected into the second port measured at one port of the PCB
of Tag C. b) Power of the backscattered signal Py measured directly at the
PCB depending on the power of the incident signal Prx. The same port of
Tag C is used for the single ant. case. In the non-retro. case the same port of
Tag D is used. For the retro. case the CW signal is injected into one port and
the backscattered signal is measured at the second port.

independent of one another seems to hold at least for small
incident power.

Fig. 15 b) shows the backscattered power Ppx from the
transponder IC as a function of the incident power Pi,. The
PCBs were again directly connected to the Tagformance, with
no additional signal fed into the second port. The PCBs from
Tag C and Tag D were used. It is evident that the backscattered
power does not increase linearly with the incident power.
Rather, the backscattered power saturates at first and even
decreases for a higher input power. The RFF exhibit strong
nonlinear behavior in this measurement. Modeling the RFF
with two reflection coefficients for absorbing and backscatter-
ing and a switching between them does not seem to reflect the
real behavior accurately. Since Tag D distributes the incident
power to both RFF, a larger input power P is required
than for Tag C to generate a response of the transponder.
The backscattered signal at the second port of Tag D (retro.)
is clearly stronger than at the fed port (non-retro.). This is
required for the retrodirective behavior of the transponder.

IEEE JOURNAL OF RADIO FREQUENCY IDENTIFICATION, VOL. 10, 2026

VII. DISCUSSION

The measurements have confirmed that retrodirective
transponders can extend the communication range of backscat-
ter systems. Compared to transponders with multiple antennas
directly connected to multiple RFF, there is a clear prac-
tical advantage in the angular independence. The studied
retrodirective transponders, however, exhibit a stronger angular
dependence than initially anticipated. The nonlinear behavior
of the RFF has been identified as the probable cause. The
behavior of an RFF does not depend solely on the input power
at that RFF, but also on the other RFF of the transponder IC. In
addition a small mismatch between the antennas and the RF
lines might contribute to the difference between model and
measurement for the retrodirective transponders.

The increase in energy range confirms the expectation.
Even though the behavior of a different rectifier was used for
modeling, there is a strong agreement between the modeled
angle-dependence and the measurements. The asymmetry has
the intended effect on the energy range.

Overall, the increase in energy range and in communication
range is smaller than expected. The maxima are at 1.34 and
1.38 for the retrodirective transponders. The cause is found
in the insertion loss of the hybrid coupler of about 0.5 dB
[30]. This leads to a reduction of the expected increase of
both ranges from 41 % to 34 %. This is in good agreement
with the measurements. Tag C, which does not require a
hybrid coupler, therefore achieves the maximum increase of
the communication range by a factor of 1.41.

VIII. CONCLUSION

Retrodirective transponders are suitable for extending the
communication range of UHF RFID systems. Unlike other
approaches in which multiple antennas are used in a transpon-
der, this approach does not lead to a stronger angular
dependence of the transponders. For practical deployment,
retrodirectivity therefore appears well suited. At the same
time, retrodirective transponders can contribute to an improved
wireless power delivery to the transponder. The use of multiple
antennas in the transponder thus also positively affects the
energy range of UHF RFID systems. However, the power-
dependent efficiency of the rectifier must be taken into account
in order to achieve the desired behavior for different angles of
incidence at the transponder. A transponder with N antennas
can increase the energy range and the communication range
by a factor of VN. With only two antennas an increase in
range up to 41% is possible.

For applications in the context of A-IoT and 6G, larger
transponders with more antennas could also be of interest. An
array of 2 X 2 or 4 x 1 elements can double the range. With
even larger arrays, correspondingly, even larger ranges for
backscatter systems with passive transponders can be achieved.
However, the size of the transponders also increases. Due to
the comparatively large wavelength of about 30 cm, UHF
RFID transponders with large arrays are certainly not suitable
for all applications where UHF RFID is used today. For the
realization and practical investigation of transponders with
more than two antennas, corresponding transponder ICs with
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more than two RFF are required, which, to our knowledge,
are currently not available.

For experimental validation, a retrodirective, EPC Gen2-
compatible UHF RFID transponder was built. Measurements
showed a maximum increase of the energy range by 34% and
a maximum increase of the communication range by 38%.

For future investigation, it is interesting to consider a third
range—the distance at which a transponder can correctly
receive the reader’s control signals. Since a retrodirective
transponder has multiple demodulators in the RFF that receive
this control signal, the connections inside the transponder IC
determine to what extent multiple antennas also positively
affects this third range of RFID systems.

For modeling and the thereby enabled optimization of
retrodirective transponders, a model of the nonlinear behavior
of the RFF is required. As the investigations have shown,
it is not sufficient to consider one RFF in isolation. Rather,
the input power at one RFF affects the behavior of the other
RFF, which increases the effort required for an appropriate
modeling.

For the construction of retrodirective arrays, identical anten-
nas are typically used, arranged symmetrically around a central
point. It can be interesting to investigate other arrays that
deviate from the symmetry condition, or in which different
antennas with individual radiation characteristics are used.

The behavior of retrodirective transponders in this work
has been studied only in pure line-of-sight channels. The
results in [31] and [32] suggest that retrodirective transponders
behave differently under multipath propagation than conven-
tional transponders with a single antenna. Further studies
could address the question of to what extent retrodirective
transponders in multipath channels can be read more reliably
than conventional ones.
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APPENDIX A
RETRODIRECTIVE BACKSCATTERING

A homogeneous, harmonic, plane wave with the propagation
direction e, and the power density Iy = P1xG1x == y d2 impinges
on the planar antenna array of a transponder located in the xy-
plane. For the unit vector pointing in the propagation direction
of this incident wave, we have

— sin(6i,) cos(¢in)
— sin(6;,) sin(¢in) | . (6)
—cos(Bin)

€in =

The power wave a; leaves the /-th element of this planar array.
For this wave we have

ar = +/ I - ATug : ej%n’[ . @)

2
Here, Aty = GTagAf—;V is the effective aperture of any one
antenna element of the transponder. The factor e depends
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on the phase of the received signal at the /-th antenna element.
It holds that

’[r : ein) ’ (8)
where p;, as the position vector, denotes the position of the
I-th element of the array and &y = % is the wave number of
the CW.

From the guided waves leaving the antenna elements, the
vector a is formed. The antenna elements of the planar array
are interconnected via a passive RF network, described by the
scattering matrix Sgrx. For the guided waves b traveling back
toward the antenna elements, it holds

b =Sgs-a. (9)

@ing =ko - (P

A receiver located at a distance d,,; and in the direction €,y
thus receives the power

2
. A
Pry, = [bT - e 9| GragGry (_CW )

10
47Td0ut ( )

The factor e 7o here describes the influence of the phase of
the signal received by the reader that is radiated by the [/-th
antenna element of the planar array. For the phase, it holds

Pours = ko - (P} * €ou) » (11)

where the unit vector e, is given by

Sin(Bout) cOS(Pour)
Sin(Bout) SIN(Pout)
c08(6out)

(12)

€out =

By substituting (7) and (9) into (10) we obtain

Aew ) Ly
Pryx = FRXPTXGTXGTagGRX( 4n ) (dindout) .

The factor Fry thus describes how strongly the backscattered
signal from the transponder is focused in a given direction e,
as a function of the direction of incidence e;,. For this factor
we have

13)

. T . 2
= ’(SRX cein) T g dom

(14)

To achieve retrodirective behavior, a passive RF network
with an exchange matrix as the scatter matrix Sgy is required.
For a transponder with two antennas this is

01
SRX:(I())'

For co-located transmitter and receiver in the reader 6;, =
Oout = 0 holds. Inserting the passive RF network from (15)
into (14) results in Frx = 4 independent of 6. A hybrid
coupler, with two ports connected to the antennas and two
ports connected to the mismatch of the modulating RFF,
generates this scatter matrix.

The factor Fryx is maximal, assuming a loss-less passive
network, with Frymax = NZ%. This leads to an increase in
communication range by the factor VFry = VN.

The power of the signals at the RFF of the transponder is
described by the vector Pr,. For this, it holds

15)

(16)

2
A
PTag = FTagPTxGTxGTag (ﬁ) .
in



322

RFF

RFF

RFF

RFF | RFF | RFF |

|RFF|RFF|RFF|RFF|RFF|RFF|RFF|RFF|

Fig. 16. Retrodirective arrays with a) 1 antenna, b) 2 antennas, c) 4 antennas,
and d) 8 antennas. The hybrid couplers and the connections between them
create the retrodirective behavior of the arrays. All interconnections have equal
length.

Here, the vector Fr,, describes how the incident power is split
among the RFF. For any /-th element it holds

SN2
(FTag)z = (Smug - ew"')z

The factor HFTag H is maximal Frymax = N under the
assumption of a loss-less passive network. This leads to an

JIFng] = ¥&

a7)

increase in the energy range by the factor

APPENDIX B
LINEAR TRANSPONDER ARRAYS WITH MULTIPLE
ANTENNAS

To extend the range of a backscatter system to a required
level, retrodirective transponders with a corresponding high
number of antennas can be used. Compared to a transponder
with a single antenna, a transponder with N antennas can
increase the range by a factor of VN. In Fig. 16, transponders
with 1, 2, 4, and 8 antennas are depicted. For N € {2"|n € N}
each uses log,(N) rows of | N/2] hybrid couplers. As seen in
Fig. 16, the construction of the array for the next power of
two is achieved by doubling the structure from the previous
power of two (highlighted) and adding another row of hybrid
couplers and appropriate interconnections between them. We
conjecture, without proof, that this construction rule can be
extended to larger arrays.

For N € {1,2,4}, in addition to the solution shown in
Fig. 16, a solution without crossings in the RF lines was
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found, with all RF front-ends lying side by side. For practical
realization this is beneficial, because a single IC containing all
RFF can be used and the effort of the RF design is simplified
by avoiding crossings. To what extent such solutions also exist
for N > 4 requires further investigation.
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