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Constrained Pole-Zero Synthesis of Phase-Oriented
RFID Sensor Antennas
Stefano Caizzone, Emidio DiGiampaolo, and Gaetano Marrocco

Abstract—Passive sensing by means of radiofrequency
identification has been extensively explored for various applications, such as gas detection, temperature change, and deformation.
The sensing indicator is generally based on the amplitude and
phase of the backscattered field. However, a degradation of
the communication performance must be usually accepted for
achieving the sensing capability. This work introduces a design
method suitable for phase-based RFID sensors that permits
to shape the phase response while preserving the impedance
matching between the antenna and the microchip. The RFID
sensor is modeled as a two-ports scatterer comprising a lumped
sensor at one of the ports and an RFID chip at the other port.
A pole-zero representation of the electromagnetic interaction
between the reader and the RFID sensor allows to introduce a
constrained design of the antenna with a full control on the sensor
dynamic range and on the communication performance. The
proposed method is numerically and experimentally validated
by means of a pair of strongly coupled dipoles connected to a
voltage-controlled varactor emulating a dynamic sensor response.
Index Terms—Antenna, array, Internet of Things, mutual
coupling, RFID, sensors, wireless communications.

I. I NTRODUCTION

W

ITH THE GROWTH of connectivity and the rapid
introduction of the next-generation Internet [the
Internet of Things (IoT)], the need and request for pervasive
sensors are also increasing rapidly [1]. Radiofrequency identification (RFID) technology is gaining an important role in
such a sector, thanks to its already widespread use in logistics.
Mass market production guarantees in fact low costs and an
already available standardization of devices and interfaces [2].
Sensing and communication platforms of general purposes (like
Arduino or Raspberry) have already fostered the development
of IoT thanks to their versatility and the effort of enthusiastic
users [3]. Moreover, dedicated RFID devices and systems have
been recently proposed to perform sensing and data logging
also far from the reader’s proximity. A possible approach using
a wireless powered data logger is shown in [4] and [5], while
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[6] describes a battery-assisted two-chip data logger for packaging surveillance applications. A generic RFID equipment to
be used as a sensing node once interfaced to an active sensor is presented in [7]. Although these devices show advanced
performance allowing digital recording of sensor data and the
possibility to manage a storage memory, they include either a
battery or complicated energy harvesting circuits for powering the microcontrollers: their cost is still prohibitive for true
pervasive applications.
Passive RFID sensors, instead, are in the latest years collecting a steady increase in interest thanks to the lower cost and
to the long lifetime, which are possible because of the absence
of the battery and of complicated circuitry. The basic operation
principle [8] requires a sensor or a sensor-like component capable of modifying the antenna properties (e.g., the impedance
or the gain) of the RFID tag. Such variation can be, therefore, remotely detected and stored by interrogating the RFID
sensor tag with a reader and by processing the backscattered
signal. This approach has clear advantages of simplicity, which
is key for low-cost sensing; however, it exhibits the drawback
of intrinsically implying a communication degradation (due to
the varying impedance or gain) aside with the sensing process. A tradeoff analysis for the two contrasting requirements
can be found in [9], with guidelines to minimize the communication degradation while amplifying the power oriented
sensing.
Recently, the authors have shown [10] how mutual coupling
effects between two closely spaced tags can help in compensating the impedance variation due to the sensing process (in
that case, a crack width enlargement). Engineered coupling can,
therefore, enable a stable communication while at the same
time obtaining sensing through variations of the phase of the
RFID signal. In that case, the two antennas played as transducers themselves converting the change of the environment
into a controlled modulation of the backscattered signal. In
other implementations, instead, it is preferred to include a specific sensor into the antenna, for instance a lumped element,
in order to provide a more specific detection of the physical phenomenon. Some examples are humidity-sensor polymer
drops [11], thermistors [12], and substrates [13] comprising
vapor-sensitive polymers.
This paper introduces a generic synthesis methodology suitable for RFID tags with an embedded lumped sensor that rely
on phase monitoring. Unlike the configuration in [10], only
a single RFID chip is required. The phase of the backscattered system is mathematically manipulated to make explicit
the effect of the change of the impedance of the lumped sensing
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signal received at the reader due to the antenna mode can be
written as
ON/OF F

VR,(n)

(Ψ )
ON/OF F

Znn + Zmm − 2Zmn + ZL (Ψ ) + ZCn

f (r) (1)
=
ON/OF F
2
Znn + ZCn
(Zmm + ZL (Ψ )) − Zmn

Fig. 1. Schematic representation of the two-port sensor, with one port being
connected to an RFID chip and the other to a variable passive sensor.

element. A suitable pole/zero representation, originating from
the multiport tag theory [14], [15], will, therefore, permit to
formalize a constrained synthesis of the RFID tag to balance
the minimum allowed read range with the dynamic range of
the phase sensing. The technique will require to properly place
zeros and poles into a complex plane nomogram. Since the
lumped sensor is only represented by its impedance response to
the external agent to be monitored, the proposed design method
will be of general extent.
The paper is organized as follows. Section II provides the
formulation of the problem with the explanation of the physical
parameters and their dependence on the variable load sensor.
Section III introduces an useful nomogram in the complex
plane of sensor impedance while the poles/zeroes synthesis is
described in Section IV. Finally the method implementation
is demonstrated in Section V by means of a simulated and
experimental test-bed including a varactor element.

II. M ATHEMATICAL R EPRESENTATION OF T WO -P ORT
TAG R ESPONSE
The family of devices that are here investigated can be
described as two-ports scatterers (Fig. 1), where one port is connected to the RFID microchip and a second port is connected to
a variable load, i.e., the passive lumped sensor of impedance
ZL . The radiating body could be implemented as either two
strongly coupled scatterers or by a unique conductor provided
with two terminals. In both cases, due to the electromagnetic
coupling among the two ports, the variation of the impedance
of the load will influence the induced current over the whole
system and thus the power collected by the microchip. As a
result, the amplitude and phase of the backscattered signals will
be accordingly modified.

A. Phase Response
The antenna mode signal due to a two-port RFID tag can be
expressed in terms of impedance matrix and chip impedance as
in [10]. Let us now consider the two ports of the tag (named
n and m) as sufficiently close to be electromagnetically coupled. If port n is loaded with an UHF microchip (Fig. 1), while
the port m is terminated on a load, which is variable according for instance to some chemical/mechanical receptor, then the

where Zmn {m, n = 1, 2} are, respectively, self (m = n)
ON/OF F
and mutual (m = n) impedances, ZCn
and ZL (Ψ ) =
RL (Ψ ) + jXL (Ψ ) are, respectively, the chip impedance in the
two ON and OFF states and the load impedance on port m,
with Ψ the analyte, i.e., the physical parameter to monitor.
f (r)is a function whose phase only depends on the readerto-tags distance r and on the effective heights of tags and
reader

−j2kr
λ2
rad /2G Rrad G (hˆ · hˆ )2 e
f (r) ∝ 2 Pin RR
(2)
R n
n n
R
π
4r2
where λ is the wavelength, Pin is the power supplied by the
rad
, ĥR , and GR are the radiation resistance, the
reader, RR
polarization unitary vector and the gain of the reader antenna,
respectively; Rnrad , ĥn , and Gn are instead the radiation resistance, the polarization unitary vector and the radiation gain
of the tag antenna when the port m is in open circuit condition.
The phase measured by the RFID reader can hence be
written as
OF F
ON
[ZL (Ψ )] − VR,(n)
[ZL (Ψ )]}
ϕn [ZL (Ψ )] = arg{VR,(n)

(3)

where the dependence from ZL (Ψ ) has been made clear.
It is assumed, for simplicity, that the radiating body has a
symmetric geometry with respect to the two ports, hence Z11 =
Z22 = ZS and Z21 = ZM . Phase becomes, therefore

OF F
2ZS − 2ZM + ZL (Ψ ) + ZCn

ϕn [ZL (Ψ )] = arg − 
OF F (Z + Z (Ψ )) − Z 2
ZS + ZCn
S
L
M

ON
2ZS − 2ZM + ZL (Ψ ) + ZCn

+
+ ϕ0
ON
2
ZS + ZCn (ZS + ZL (Ψ )) − ZM
(4)
ϕ0 = arg{f (r)} can be considered as a constant with
respect to variations of ZL (Ψ ), because the polarization unitary vector [hˆn in (2)] is defined when port m is in open circuit
and thus it does not depend on the load of port m. Moreover,
if the measurement setup is kept fixed along with the sensing
process, ϕ0 will not vary at all (as, besides open circuit parameters, it only depends on the distance between reader and tag).
The variations of the phase will then be due only to variations
of ZL (Ψ ) and hence information on such load variations will
be remotely retrievable by measuring the phase of the tag as
received by the reader.
B. Amplitude Response
On the other hand, communication properties for downlink limited passive systems are controlled by the realized
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gain, which can be conveniently expressed in the following
form [16]:
Gn [ZL (Ψ )] = Gn χn τn
=

ZS − ZM + ZL (Ψ )


ON (Z + Z (Ψ )) − Z 2
ZS + ZCn
S
L
M

ON rad
Gn 4RCn
RS

2

χn .
(5)

χn is the polarization factor and
τn =

ON rad
4RCn
RS

ZS − ZM + ZL (Ψ )


ON (Z + Z (Ψ )) − Z 2
ZS + ZCn
S
L
M

2

is the embedded power transfer coefficient. Equation (5) shows
how also the realized gain depends on the (variable) load of
the sensing port m and will, therefore, need to be properly
engineered to avoid substantial degradation along the sensing
process. It is worth clarifying that τn is a mathematical function, different from the conventional ratio between the power
absorbed by the chip impedance and the power collected by the
antenna.
Since the reader/tag is kept at fixed distance and the gains and
effective heights are defined in open circuit condition for port
m, the realized gain will only experience changes by means of
variations of the lumped impedance ZL (Ψ ) of the sensor.
C. Pole/Zero Representation
Equations (4) and (5) are the key equations for sensing
and communication properties, respectively. After simple mathematical manipulations, they can be rewritten in the more
compact form
ϕn [ZL (Ψ )] =

arg

2

cON cOF F

d · (ZL (Ψ ) − z)
(ZL (Ψ ) − POF F ) (ZL (Ψ ) − PON )


+ ϕ0
(6)

τn [ZL (Ψ )] =

ON rad
RS
4RCn

|cON |

2

ZL (Ψ ) − z
ZL (Ψ ) − PON

2

(7)

where
z = −ZS + ZM


− bON + a
P ON =
ON
 cOF F

− b
+a
OF F
=
P
cOF F
and
a = (ZS + ZM ) (ZS − ZM )


OF F/ON
bOF F/ON = ZS ZCn


OF F/ON
cOF F/ON = ZS + ZCn

 ON
OF F
.
d = ZCn
− ZCn

(8)
(9)
(10)

The performance features both for sensing and for communication can hence be expressed in terms of poles
({P ON , P OF F }) and zeroes (z), with the purpose of allowing
an easier and fully mathematical control of their trends.
It is worth noticing that the functions (6) and (7) both have
two coinciding zeroes. Equation (6) has two different poles
P ON and P OF F , while (7) has two coinciding poles in P ON .
The presence of poles in (7) may in theory allow the τn to
be arbitrary large for a suitable choice of the load impedance
ZL (Ψ ) (i.e., it may tend to infinite). However, this possibility vanishes for physically feasible antennas and passive loads.
Indeed, a feasible antenna impedance [17] requires that 1) the
self resistance RS > 0 due to passivity and 2) the self and
mutual impedance to be subjected to the constraints |RM | <
|RS |, |XM | < |XS |. Accordingly, it has been proved numerically that the poles will always lay in the negative resistance
half-space of the complex load impedance plane. As a consequence of the imposed constraints, also the zero z = −ZS +
ZM will have a negative real part.
In such conditions, therefore, the embedded power transfer coefficients will never grow indefinitely using only passive
devices, as expected from common sense: τn in fact would tend
to the pole only for negative values of RL , i.e., for negative load
resistances, not admissible for passive devices.
Although poles and zeroes belong to the RL < 0 half-plane,
nevertheless they will influence the phase and power transmission coefficient trends on the half-plane RL > 0 as well, as
shown in next Section.

III. T HE τn -ϕn N OMOGRAM
The concurrent control of the variation of the phase of
the backscattered signals (sensing) and of the embedded
power transfer coefficient (communication) is here implemented through the representation of all the involved functions
over the complex plane of the load impedance. The response of
the lumped sensor to the physical parameter under observation
can be hence mapped on the ZL -plane as an oriented con L (Ψ ) = RL (Ψ ) + jXL (Ψ ) with Ψ1 < Ψ < Ψ2 , where
tour Z
{Ψ1 , Ψ2 } are the initial and final states of the analyte as in
[9]. By plotting the isolines of τn and ϕn functions over the
ZL -plane, a nomogram is obtained (Fig. 2). The dynamic range
of the tag, in its behavior of phase-based sensor, and its read
distance are hence dependent on the intersection between the
 L (Ψ ) and the τn -ϕn nomogram.
sensor contour Z
The position of poles and zeroes on the ZL -plane will affect
the shape and orientation of isolines and their intersection with
 L (Ψ ) profile, and ultimately the device performance.
the Z
Phase and τn isolines have approximately a symmetrical circular shape, in particular, the symmetry axis of τn isolines
lays on the conjunction line between P ON and z, while the
phase, though having a more complicated behavior due to its
dependence also from P OF F , has a symmetry axis almost
perpendicular to black that of τn isolines.
Since phase isolines are almost perpendicular to τn ones,
phase and τn exhibit different trends along a specific path on
 L (Ψ ) draws a path that follows
the ZL plane: for instance, if Z
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IV. D ESIGN M ETHOD
The proposed pole/zero design method comprises two steps:
1) a mathematical placement of poles and zeros on the complex
plane to properly steer the τn -ϕn nomogram and 2) an electromagnetic design to shape a two-port antenna having the
required feasible impedance matrix that has been derived from
the first step. The overall design is constrained to conditions
over the sensing range and minimum communication distance.
A. Design Constraints

Fig. 2. Example of ϕ-
τn nomogram over a complex ZL plane, when z =
−10 − j110 Ω and P ON = −70 − j100 Ω and ZcON = 15 − j135 Ω,
OF F = 150. Phase isolines are plotted every 25◦ while τ
ZC

n isolines are
expressed in dB in all plots of this paper. The thick line indicates a qualitative
 L (Ψ) contour, while the blue line is the P ON − z axis.
Z

The placement of poles and zeroes in the ZL plane is subject
to desired requirements on sensing accuracy and communication distance. Such constraints are expressed in terms of
minimum power transmission coefficient τn,min
τn,min = 

λ
4πr0

2

pc,n

(11)

Pin Gn GR χn

that assures the required read range r0 , and the minimum span
of the measurable phase variation ϕn,min
Δϕn,min =

Fig. 3. ϕ-
τn nomogram over a complex ZL plane corresponding to a different
position of zero and poles with respect to Fig. 2 (e.g., z = −5 − j200 Ω and
P ON = −20 − j100 Ω) that produces a near 90◦ rotation of the P ON − z
axis (blue line).

δϕ
(Ψ2 − Ψ1 )
δΨ

(12)

that permits to achieve the required resolution δΨ in the measurement of the analyte [8], δϕ being the phase resolution of
the reader.
The aim of the design is, therefore, a radio-sensor satisfying
the following conditions:

ϕn [ZL (Ψ2 )] − ϕn [ZL (Ψ1 )] ≥ Δϕn,min
(13)
τn [ZL (Ψ )] ≥ τn,min
for the whole range of the sensing process, i.e., ∀Ψ [Ψ1 , Ψ2 ].
B. Positioning of Poles and Zeros

a single τn isoline, it will cross several phase isolines and vice
versa.
A change in the position of poles and zero, which is
controlled by the electromagnetic interaction among the two
ports of the sensor (ZS , ZM ) and by the chip impedance
ON/OF F
), thus provokes a rescaling and a rotation of the
(ZC
 L (Ψ ) of the sensor
nomogram with respect to the contour Z
response. For instance, by perturbing the values of zeroes and
poles of Fig. 2 (details in the captions), the map of Fig. 3 will
be produced. Now, the symmetry axes of the nomogram are
rotated with respect to the previous case, due to the rotation
of the line between P ON and z. The result is that the contour
 L (Ψ ) now intersects a region with much denser isolines of
Z
phase and accordingly the ϕ-τn response to the physical parameter to monitor will be sharper than in Fig. 2. It is, therefore,
intuitive that the sensor’s response and communication features
can be mathematically manipulated by a proper placement of
zero and poles on the complex impedance plane as described in
the next paragraph.

In general, a fully numerical pole/zero search procedure [18],
aiming at shifting and rotating the nomograms with respect to
 L (Ψ) can be applied to find the optithe sensor response Z
mal parameters {z, P ON/OF F } that satisfy the requirements
in (13). At each step of the search, self and mutual impedance
required for the two-port tag are derived from (8) to (10) by
using the following formulas:
ZS,w =

ON
− z2
P ON ZC
ON
2z − P ON − ZC

ZM,w = ZS + z

(14)
(15)

and conditions have to be enforced so that mutual impedances
are physically meaningful, as discussed in Section II.
A starting trial for the synthesis procedure may initiate from
the following heuristic observations. In order to obtain reliable
communication (i.e., high and stable τn ) and fine sensing (i.e.,
strongly variable ϕn ) and thus satisfy the requirements in (13),
 L (Ψ ) is far away from the
it is beneficial that the path of Z
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Fig. 5. (a) Dipole antennas with T-match circuit used for the demonstration of
design method. (b) Manufactured dipoles with the varactor (connected to the
voltage generator through the cables visible on the port on the left) as variable
load.

 L (Ψ ) over a complex ZL plane, respectively,
Fig. 4. Examples of load paths Z
for (a) resistive type sensor and (b) reactive sensor.

position of the zero where very low τn values are expected and
where the communication should be accordingly very poor. On
the other hand, having both τn and ϕn a common pole (P ON ),
 L (Ψ ) in its vicinity would guarantee strong phase
a path of Z
variation (as phase isolines are particularly dense in the vicinity
of the pole) and high τn values.
The two extreme cases of resistive and reactive behavior
of the sensor can be considered as reference (Fig. 4), i.e., by
investigating the configuration where the change of the analyte
mostly produces a variation of the resistance or of the reactance
of the sensor, respectively.
1) Resistive Sensor: as in case of thermistors [12], the
sensor impedance will mostly move along a horizontal line
 ) = RL (Ψ ) + jXL,0 in the ZL plane along the sensing
Z(Ψ
process [Fig. 4(a)]. It would be hence beneficial if P ON and
z had the same real part, i.e., they laid on the same vertical line in the ZL plane, while the imaginary parts are such
that Im(PON2)+Im(z) ∼ XL,0 . By doing so, the P ON − τn axis
would be substantially vertical. Accordingly, there exists a
 )
region of the plane where the τ̃n isolines run parallel to Z(Ψ
path so that τn barely varies, while phase exhibits strong
changes. This configuration will be thus advantageous both for
sensing and communication.
2) Reactive Sensor: as in the case of permittivity sensors,
 ) = RL,0 + jXL (Ψ ) will now mostly move
the profile Z(Ψ
along a vertical line in the complex ZL plane.

A favorable pole/zero placement is such that the pole reac L (Ψ ), e.g., |XP ON | ∼
tance is equal to the barycenter of Z
|(XL (Ψ1 ) − XL (Ψ2 )| /2, and pole and zeroes have similar real
part, namely Re(z) ∼ Re(P ON ). With this arrangement, the
 L (Ψ ) trajectory will fall in a region with high embedded
Z
power transfer coefficient and with strong phase variations
[Fig. 4(b)], thus providing the wished behavior both for sensing
and communication.
C. Geometrical Design of the Two-Port Antenna
Having optimally placed poles and zeroes, an electromagnetic optimization based on numerical simulation is finally
performed to synthesize an actual antenna geometry that is able
to provide the wished ZS,w and ZM,w . Denoting with α =
{α1 . . . αM } the set of geometrical parameters of the antenna
that have to be optimized, the electromagnetic design will have
to minimize the difference between the simulated impedances
and the wished ones around the working frequency fRF ID , by
minimizing the following goal function:
F (α) = w1 |ZS − ZS,w | + w2 |ZM − ZM,w |

(16)

where w1 and w2 are weight coefficients.
An example of the design of such wireless sensing system is
given in the next section.
V. N UMERICAL AND E XPERIMENTAL E XAMPLE
The proposed method is here demonstrated by using as twoport device a couplet of dipole-like tags, such as in Fig. 5(a).
The first dipole is connected to the NXP G2XM chip with
ON
OF F
= 16 − j156 Ω, ZC
= 150 Ω at
TSSOP8 packaging (ZC
fRF ID = 870 MHz). The variable load ZL is emulated by a
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Fig. 7. Simulated ϕ and τ
n behavior of the optimized layout.

voltage (Vg ) controlled varactor that is connected to the terminals of the second dipole, in series with a low-value resistor
(with RL = 5 Ω to take into account small parasitic resistances). A fully steerable reactance (Fig. 6) is hence obtained
so that the sensor impedance is ZL = 5 + jXL (Vg ) Ω with
XL ∈ [−300; −100] Ω (Fig. 6). The optimization of the sensor is restricted to the range 0 < Vg < 4 V so that XL ∈
[−200; −100] Ω, thus exhibiting a sharper slope.

A. Design
The constraints for both minimum embedded power transfer
coefficient and minimum phase variation as in (13) are fixed to
τn,min = −5 dB and Δϕn,min = 50◦ . By assuming a reader
resolution of δϕ = 3◦ , these requirements translate in a system
resolution δVg = δϕΔVg /Δϕn,min 0.25 V .
1) Pole/Zero Placement: Following the heuristic guidelines
in the previous section, optimal results satisfying the requirements specified above were obtained for z = −40 − j240 Ω
and PwON = −40 − j150 Ω (PwOF F = −22 − j180 Ω), so that
Re(z) ∼ Re(P ON ) and |XP ON | ∼ |(XL (Ψ1 ) − XL (Ψ2 )| /2,
as suggested in Section IV-B1. Accordingly, the mutual and
self impedance of the two dipoles were ZS,w = 26 + j192 Ω
and ZM,w = −13 − j48 Ω. Both ZS,w and ZM,w are compliant
with the electrical feasibility specified in Section II and hence
can be used in the goal function (16) to be minimized by the
e.m. optimizer.
The corresponding ϕ-τn nomogram is shown in
Fig. 4(b) together with the trajectory of the varactor response
 L (V ). Optimal performance is attained, as expected, in the
Z
range XL ∈ [−200; −100] Ω, i.e., in the proximity of the pole.
The variation of phase and power transfer coefficient in such
zone (with RL = 5 Ω) is plotted in Fig. 7.
In the whole impedance range XL ∈ [−300; −100] Ω, i.e.,
the full varactor range, two different regions can be observed:
for XL < −200 Ω, the influence of the zero is strong and, therefore, although a good phase sensitivity is recorded, low values
of power transmission coefficient are produced. On the other
hand, for XL > −200 Ω, the impact of the pole becomes dominant, allowing for good matching (i.e., good values of τn ), as
well as good variation for the phase (ϕ/ΔXL ∼ 60◦ /100 Ω).
In such zone, therefore, the RFID couplet is best suited for

Fig. 8. Fitness function chart for the couplet of Fig. 5. The cross marks the
position of the optimal result.

optimal communication and sensing capabilities, as expected
from the theoretical results of Section II.
2) Electromagnetic Design of the Couplet Geometry: The
shape of the two dipoles was then designed in order to synthesize the impedance matrix of the two-port network previously
derived.
By fixing the mutual spacing among dipoles to d = 4 mm
and considering the free geometrical parameters α = {b/a, l},
the fitness function F (b/a, l) in (16) was evaluated (Fig. 8) for
w1 = w2 = 0.5.
A useful result is achieved for b = 10 mm, a = 18 mm, l=
122 mm, where ZS = 35 + j208 Ω and ZM = −6 − j56 Ω at
fRF ID = 867 M Hz, thus pretty close to the required values
(ZS,w = 26 + j192 Ω and ZM,w = −13 − j48 Ω).

B. Prototype and Measurement
The manufactured RFID tags are shown in Fig. 5(b) together
with the cables to supply the varactor. The tags were placed
over a wooden desk and interrogated through a Thingmagic M6
reader [19], connected to a 6 dBi circularly polarized antenna
that was placed at a distance of 90 cm above the desk. Phase
and turn-on power (useful to calculate the measured realized
gain as specified in [15]) were collected from the RFID reader.
In order to calculate an average value of the phase signal, the
measurement was repeated 30 times per each voltage step at
the varactors terminals. Error bars in Fig. 9 represent, therefore,
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R EFERENCES

n versus XL for the manufactured dipole antenna
Fig. 9. Measured ϕ and G
couplet (at fRF ID = 867 MHz) for the varactor case.

the measured standard deviation of phase along each set of 30
measurements.
Also voltage values provided by the voltage generator were
recorded, as they determine the response XL (Vg ) of the varactor. The relationship between V and XL was shown in Fig. 6
and is a fixed property of the specific varactor used. The measured realized gain Gn = Gτn and phase response ϕn are
shown in Fig. 9 versus the load reactance, together with the
simulated results for comparison purpose.
The measured values are in good agreement with simulation. In the useful shadowed area, the phase variation is more
than 50◦ that, assuming a reader resolution of 3◦ , permits to
recognize at most 15 levels of the phenomenon (here the varactor voltage Vg ). At the same time, the gain is rather stable
and more than −5 dBi that means a read distance (in broadside
observation) exceeding 4.5 m.
VI. C ONCLUSION
This work has introduced a constrained synthesis methodology for phase-based RFID wireless sensing enabling to convert,
in a controlled way, a variation of a load impedance connected at an RFID antenna into a wireless readable phase
variation. It has been shown, both numerically and experimentally, that it is possible to optimize a two-port RFID tag so
that both strong phase variation (i.e., superior sensing performance) and near-constant communication properties (i.e., very
limited degradation in read range) can be obtained for the given
impedance range of the sensor. This method is of general application but requires the radiofrequency response of the sensor,
 L (Ψ) diagram, to be known. Since most of comnamely the Z
mercial off-the-shelf lumped sensors are fully characterized
 L (Ψ) curve
only in dc, the experimental determination of the Z
becomes the first step of the design.
It is moreover worth recalling that the proposed wireless
sensing modality, using the phase of the signal backscattered
by RFID tags, needs a fixed measurement setup (i.e., fixed
distance and orientation between reader and RFID couplet):
this is tolerable in many application cases, such as laboratory tests or with readers integrated into an infrastructure. The
extension to fully random reading procedures requires instead
additional research that is being conducted currently by the
authors.
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