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Real-Time Hand Motion-Modulated Chipless RFID
with Gesture Recognition Capability

Ashkan Azarfar, Nicolas Barbot, and Etienne Perret

Abstract—This paper presents a real-time identification process
for slow motion-modulated chipless RFID which can be applied
to human hand gestures to realize a full-practical long-range
RFID system with gesture recognition capability. Depolarizing
chipless tags configured by hand in three gestures are utilized
while different motion-induced modulation effects involved in
each gesture are analytically modeled. The identification based
on differential RCS and gesture recognition using deterministic
IQ trajectories is addressed according to the developed model.
The fast reading process for slow motion-modulated chipless
RFID is proposed based on the sequential fast frequency sweep
acquisitions by VNA while the sweep time is very short compared
to the period of motion. The identification time achieved using
this approach is about only a few periods of motion which is ideal
to implement hand gesture-modulated chipless RFID in real-time.
The designed gesture-modulated chipless tag is identified during a
few seconds at distances up to 3 m for the most efficient gesture.
Moreover, all the hand gestures are recognized at 2 m range
based on the received IQ signature. These achievements realize
the practical example of motion-modulated chipless RFID where
both tag identification and gesture recognition are simultaneously
provided.

Index Terms—Backscatter modulation, Differential Radar
Cross Section (RCS), Hand gesture recognition, Motion-
modulated chipless Radio Frequency IDentification (RFID)

I. INTRODUCTION

CHIPLESS technology has been introduced to present a
new low-cost paradigm for the RFID market based on the

principle of excluding electronic chips from tags structure [1]–
[3] which relatively alleviates the environmental impact of
massive usage of RFID tags [4]. Chipless RFID has been well
developed in aspects such as coding approach [5]–[7], coding
capacity [8], [9], and detection robustness [10]–[13] while
this technique essentially suffers from limited read ranges
of less than 1 meter. In fact, since chipless tags have no
source of modulation and behave as Linear Time-Invariant
(LTI) systems, their backscattering response cannot be easily
detected within the reflection from stationary background
objects [14].

Based on the landmark idea of backscatter communication
using moving reflectors presented by [15], [16], motion-
modulated chipless RFID has been recently introduced in [17]
where the time-variant feature of motion has been integrated
with chipless technology to break the LTI property of chipless
tags, and consequently, to significantly increase the reading
distance. Indeed, moving chipless tags behave as Linear Time-
Variant (LTV) transponders that modify the backscattered
wave such that the modulated reflection from the tag is simply
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differentiated from the static reflection of the background
environment which leads to read range enhancement [17]. Dif-
ferent kinds of motion-induced modulation such as load mod-
ulation [18], phase (or micro-Doppler [19]) modulation [20],
[21], polarization modulation [22], and directional amplitude
modulation [23] have been applied for motion-modulated
chipless RFID up to now, where a reading distance of several
meters has been achieved in all these works. Moreover, dif-
ferent motion sources such as mechanical rotation [18], [20],
[21], [23], mechanical vibration [24], translation of conveyor
belts [25], and natural vibration of human respiration [26] have
been employed in motion-modulated chipless RFID.

The classical reading process for motion-modulated chipless
RFID presented in [17] has been realized using a coherent
transceiver implemented by a signal generator and a spectrum
analyzer which are synchronized. According to the reading
method in [17], the coherent transceiver should change its
operating frequency sequentially to measure the differential
backscattered power (the modulated power around each carrier
frequency which defines the differential RCS [27], [28]) at all
required frequency points over the coding bandwidth of the
chipless tag. Accordingly, the obtained differential RCS as
a function of carrier frequency shows peaks associated with
resonance frequencies of the chipless tag which provides the
identification capability. However, based on the classical read-
ing method, for relatively large coding bandwidths and so large
number of sequential measurements, the total time duration
needed to identify the tag, called identification time, can be
very long, especially for slow movements like human motions.
Thus, although the total identification time has not been
addressed in [25], [26], a quite long identification time of a few
minutes can be expected in these works. This fact demonstrates
that the classical reading approach cannot be feasibly applied
for motion-modulated chipless RFID based on natural slow
motions (e.g. human body movements) which can be the
most common cases for real scenarios. Recently, a more time-
efficient reading process compared to the classical approach in
motion-modulated chipless RFID has been proposed in [29].
The technique is based on a complex reader bench composed
of a wideband vector signal generator and a wideband real-
time spectrum analyzer, while the identification time is still
more than one minute. In addition, a fast reading process for
motion-modulated chipless RFID has been introduced in [30]
based on the Vector Network Analyzer (VNA) measurement
in frequency-offset mode whereas it can be applied only for
rapid motions and not for natural slow movements.

Human hand motions, called hand gestures, are one of
the most common natural movements that have been applied
for wireless human-machine communication. Hand gesture
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Fig. 1. Three considered human hand gestures to realize motion-modulated chipless RFID based on different modulation effects. (a) Gesture 1 is to linearly
shake the hand where the main modulation effect is micro-Doppler. (b) Gesture 2 is to turn the hand in azimuth direction where the main modulation effect
is polarization modulation. (c) Gesture 3 is to turn the hand in elevation direction where the main modulation effect is directional amplitude modulation.

recognition based on micro-Doppler radar approaches has
been investigated in [31]–[37] (with the prominent example of
Google Soli [31]) where feature vectors are extracted in the
time-frequency domain using micro-Doppler measurement in
each hand gesture, and then classified based on Convolutions
Neural Networks (CNN) approach. Worth mentioning that, the
feature extraction process in all these works [31]–[37] is not
based on analytical approaches to predict the backscattering
signature of the hand in different gestures, but derived by
complex machine learning techniques to extract the gesture
information. Moreover, the achieved read range in [31]–[37] is
not more than several 10 cm. The classical chipless RFID tech-
nology has been also applied for gesture recognition in [38]–
[40] and [41] respectively based on touch-sensing and phase
multi-lateration approaches whereas the time-variant property
of the hand motion has not been involved in the recognition
process, which causes to have the same limited read range of
30 cm as classical chipless RFID. However, hand gestures have
a good potential to be applied for motion-modulated chipless
RFID [42], provided that a fast reading process is realized such
that slowly moving chipless tags can be identified in a few
seconds. In addition to providing identification capability at
large distances, the motion-modulated backscattering signature
of the moving chipless tags can be analytically obtained, in
contrast to that of the hand itself, which yields the gesture
recognition possibility without a database collection process.

This paper, as an extended version of [42], presents a
full-practical motion-modulated chipless RFID system based
on a fast frequency sweep reading process which is applied
for held-in-hand chipless tags modulated by different hand
gestures. In the proposed fast reading approach, the motion-
modulated signal samples associated with all the required
frequency points are captured by a sequence of fast frequency
sweep acquisitions during several periods of motion which

provides all the data needed for differential RCS calculation
and identification of tags at large distances. Moreover, the
analytically obtained backscattering In-phase/Quadrature (IQ)
signature of the hand gesture-modulated chipless tags is uti-
lized for gesture recognition which adds another way to com-
municate with the reader in addition to the tag identification.

The paper is organized as follows. Section II presents the
analytical model for motion-modulated wave backscattered
from the designed chipless tag in three different hand ges-
tures, while the tag identification and the gesture recognition
capability are demonstrated based on the model. Section III
describes the proposed fast reading process for slow motion-
modulated chipless tags in comparison with the classical
reading approach, where both methods are implemented using
VNA measurements and the great identification time reduction
provided by the proposed fast approach is demonstrated.
Section IV presents the measurement bench and discusses the
results in terms of identification time, read range, and gesture
recognition capability. Finally, Section V concludes the paper.

II. ANALYTICAL MODEL

The three different hand gestures utilized for motion-
modulated chipless RFID are illustrated in Fig. 1 where a
RF Encoding Particle (REP)-based chipless tag [43] with a
size comparable to a credit card is held in hand during each
gesture. The human hand is assumed to perform the gestures
at a distance of d from cross-polarized transmitting (TX)
and receiving (RX) antennas. The incident field from the TX
antenna is vertically (x) polarized and the RX antenna is
horizontally (y) polarized. The reference coordinate system
(CS) xyz is attached to the antennas and the local CS x′y′z′

is attached to the hand to describe the approximated hand
motion in each gesture and the tag configuration.



IEEE TRANSACTION ON MICROWAVE THEORY AND TECHNIQUES 3

A. Chipless Tag Design

The considered REP-based chipless tag in this work is
inspired by the structure presented in [44]. While in [44] each
resonant REP consists of multiple strip dipoles, the proposed
chipless tag here is composed of single grounded-dipole REPs
as shown in Fig. 2 (a) and (b). The strip dipole has a length
of l, width of w, and a thickness of hd which is printed on
a grounded dielectric substrate with permittivity of ϵr, the
length of ls, width of ws, and thickness of hs. The chipless
tag consisting of grounded-dipole REPs can be arranged in
a 45◦ tilted configuration respect to the x-polarized incident
field as it is shown in Fig. 2 (c) to realize a depolarizing
configuration. In fact, supposing that the hand itself does
not have any strong cross-polarized backscattering component,
using the depolarizing chipless tags leads to suppress the
backscattering from the hand in reception, and so, increase the
detection robustness of motion-modulated chipless tags [25],
[26]. In addition, due to the grounded structure of the tag,
the electromagnetic coupling between the tag and hand is
significantly suppressed. Consequently, as far the grounded-
dipole resonators are not directly touched by hand (e.g. by
fingers) and the tag is held from the substrate edge (as
shown in Fig. 1), the presence of the hand does not perturb
the tag performance which leads to improving the detection
robustness. As it is shown in Fig. 1, the x-polarized incident
plane wave at the frequency of f0 can be expressed as

E⃗i(z) = Ei
x x̂ e

jkz (1)

where k = 2πf0/c0 and c0 is the free-space light velocity.
Assuming the chipless tag is positioned by hand in its initial
depolarizing stationary state as shown in Fig. 1 and Fig. 2 (c),
the spherical backscattered wave is written as

E⃗s(z) = (Es
x x̂+ Es

y ŷ)
e−jk(z+2d)

z + d
(2)

where d is the distance between the tag and the reception point,
and the co/cross (Es

x and Es
y) field components are obtained

based on the polarimetric scattering matrix in terms of the
incident field components expressed as[

Es
x

Es
y

]
=

[
Sxx(f0) Sxy(f0)
Syx(f0) Syy(f0)

] [
Ei

x

Ei
y

]
(3)

Worth mentioning that, the backscattered field obtained by (2)
and (3) is associated with the initial depolarizing configuration
of the held-in-hand chipless tag, which is assumed to be
preserved during all hand gestures.

For ls = 50 mm, ws=30 mm, hs = 0.5 mm, hd = 0.01 mm,
w = 2.5 mm, and ϵr = 2.2 the structure of the proposed chip-
less tag is analyzed using Ansys HFSS full-wave simulation.
For l = 24 mm, the current distribution on the depolarizing
grounded-dipole at the first resonant mode (f0 = 4.14 GHz) is
shown in (Fig. 2) (d). The simulated cross-polarized scattering
parameter Syx(f) of the single-REP tag for different dipole
lengths (l = 18, 20, 22, 24 mm) is illustrated in (Fig. 2) (e)
as a function of frequency where clearly separated resonant
peaks associated to each length demonstrate how to design a
multi-REP chipless tag (e.g. the one shown in hand in Fig. 1).

Fig. 2. (a) Top view (b) Side view of single-REP chipless tag with grounded-
dipole resonator. (c) Backscattering from depolarizing configuration of the
chipless tag. (d) Surface current distribution on the depolarizing grounded-
dipole at the dominant resonant mode. (e) Cross-polarized scattering parameter
of 45◦ tilted grounded-dipole for different lengths as a function of frequency

According to the desired coding capacity, the number of
grounded-dipole REPs on the tag and their respective lengths
can be easily obtained using similar full-wave simulations.

B. Hand Gestures Description

Generally, hand gestures can be a combination of rotational
and vibrational motion respect to different axes. The three
hand gestures here are considered such that in each gesture
the motion can be approximated with either a single periodic
vibration or single periodic rotation with a period of Th.
Note that, the period of all gestures should not be necessarily
equal, however, for the sake of simplicity the motion period
Th is assumed to be same for all gestures. Accordingly,
the approximated hand motion trajectory in each gesture are
described as follows.

1) Gesture 1:
As it is shown in Fig. 1 (a), in Gesture 1, the human hand

is linearly shaken along z axis with an amplitude of D ≪ d
while the initial depolarizing configuration of the chipless tag
does not change during the hand movement. Thus, the motion
trajectory of the chipless tag can be approximated as

zh(t) ≈ −d+D sin (2πfht) (4)

where fh = 1/Th. Since it is assumed that the human hand
does not undergo any rotation during this gesture, the azimuth
ϕh(t) and elevation θh(t) angle of the chipless tag during time
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Fig. 3. (a) Side view of backscattering from the chipless tag while rotates in
elevation direction. (b) Normalized magnitude and phase of the cross-polarized
scattering parameter of the chipless tag while rotates in elevation direction.

is approximated to be constant as ϕh(t) = 0 and θh(t) = 0.
The corresponding sketch of zh(t) in Gesture 1 is shown in
Fig. 1 (a).

2) Gesture 2:
As it is shown in Fig. 1 (b), in Gesture 2, the human hand

is turned around z axis (around the elbow joint) such that its
azimuth angle variation can be approximated as

ϕh(t) ≈ ϕ1 + ϕ2

+∞∑
n=0

Λ[
t− (n+ 1

2 )Th
1
2Th

] (5)

where Λ(t) is the common triangular function, and ϕ1 and ϕ2
are the extreme rotation angles around the elbow joint that can
be reached respectively in clockwise and counter-clockwise
directions. Since it is assumed that the human hand is fixed
in distance and does not undergo any rotation around the y
axis, the relative distance zh(t) and the elevation angle θh(t)
are assumed to be constant as zh(t) = −d and θh(t) = 0 in
this gesture. The corresponding sketch of ϕh(t) in Gesture 2
is shown in Fig. 1 (b). Note that, the angular variation ϕh(t)
is considered to be linear as a first order approximation which
will be useful to accomplish the analytical expression of the
motion-modulated backscattered field.

3) Gesture 3:
As it is shown in Fig. 1 (c), in Gesture 3, the human hand

is turned around y axis such that its elevation angle variation
can be approximated as

θh(t) ≈ θ1 + θ2

+∞∑
n=0

Λ[
t− (n+ 1

2 )Th
1
2Th

] (6)

where θ1 and θ2 are the extreme rotation angles around the
elbow joint that can be reached respectively in forward and
backward directions. Since it is assumed that the human hand
is fixed in distance and does not undergo any rotation around
the z axis, the relative distance zh(t) and the azimuth angle
ϕh(t) are assumed to be constant as zh(t) = −d and ϕh(t) = 0
in this gesture. The corresponding sketch of θh(t) in Gesture 3
is shown in Fig. 1 (c) while the same linear approximation is
assumed for θh(t).

C. Motion-Modulated Backscattered Field

The motion-induced modulation on the backscattered wave
from a moving chipless tag depends on the motion trajectory
and how resonant REPs on the chipless tag change their
configuration respect to the incident field during motion [17].
The different kinds of modulation effects caused by a moving
chipless tag have been addressed as micro-Doppler modulation
for rotating [21] and vibrating tags [23], polarization
modulation for rotating tags [22], and directional amplitude
modulation for rotating tags [24]. In contrast to [17],
[22]–[24] where the utilized motion source is implemented
based on mechanical setups with motors and loudspeakers,
all kinds of presented motion-induced modulation effects
in [22], [23] and [24] are respectively realized in Gesture 1,
Gesture 2, and Gesture 3 using the natural hand motion which
can be easily applied in real RFID scenarios. In addition,
motion-modulated chipless tags in [23], [24] are configured
in non-depolarizing configuration that limits the detection
performance depending on the tagged object geometry.
However, the depolarizing configuration easily realized by
hand in Gesture 1 and Gesture 3 which significantly increases
the detection robustness here. According to the theoretical
model developed in [22]–[24], the corresponding cross-
polarized component (y component) of the motion-modulated
backscattered field in each gesture are obtained as follows.

1) Gesture 1: Due to the linear vibrational motion of
the hand in Gesture 1 given by (4), the main involved
motion-induced modulation effect in this gesture is the vi-
brational micro-Doppler which only modulates the phase of
the backscattered wave in +z direction expressed as [21]

Es(1)

y (z, t) = Syx(f0)E
i
x

e−jk(z+2d)

z + d
ejβ sin (2πfht) (7)

where β = 4πD/λ is the micro-Doppler modulation index
and Syx(f0) is the cross-polarized scattering parameter
of the chipless tag given in (3). Note that, in contrary
to [23], [26] where the vibrational displacement (less
than a few millimeters) is very small compared to the
operating wavelength resulting in very small modulation
index (Dvib/λ ≪ 1 → β ≪ 1), the hand displacement (more
than several centimeters) in Gesture 1 can provide very large
modulation index which enhance both differential RCS and
read range, as it will be shown in next parts.

2) Gesture 2: The azimuthal rotation of a chipless tag
in a plane normal to the incident wave direction has been
demonstrated in [22] to modulate the backscattered wave only
in terms of polarization. Accordingly, the motion-modulated
backscattered field in Gesture 2 based on the approximated
rotational trajectory in (5) can be obtained as [22]

Es(2)

y (z, t) = Syx(f0)E
i
x

e−jk(z+2d)

z + d
cos [2ϕh(t)] (8)

where the magnitude of the backscattered wave is modulated
proportional to the azimuthal rotation. Worth mentioning that,
the rotation considered in [22] is continuous with a single
direction while the hand rotation in Gesture 2 is in both
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clockwise and counter-clockwise directions between the two
extreme angles of ϕ1 and ϕ2.

3) Gesture 3: The concept of directional amplitude mod-
ulation in backscattering from moving scatterers has been
addressed in [24] based on Doppler suppression due to the
resonance effect. In fact, this modulation effect is caused
by the reradiation pattern of a scatterer during rotation. Ac-
cordingly, the rotation of the chipless tag in elevation during
Gesture 3 can modulate the magnitude of the backscattered
wave proportional to the reradiation pattern of the grounded-
dipole REP. However, in Gesture 3 the phase modulation
caused by the rotation is not completely suppressed like
what has been discussed in [24]. In addition, the reradiation
pattern of the grounded-dipole REP cannot be analytically
derived as in [24]. Accordingly, to obtain an approximation
for the motion-modulated backscattered field in Gesture 3, the
variation of the magnitude and the phase of the cross-polarized
backscattered field while the tag is rotated around y-axis as
shown in Fig. 3 (a), is calculated using Ansys HFSS full-
wave simulation. The simulation results are shown in Fig. 3
(b) as a function of rotation angle θ at the resonance frequency
of the grounded-dipole REP l = λ/2. As it is illustrated in
Fig. 3 (b), the normalized magnitude of Syx(θ) can be well
approximated as cos2 θ while the phase variation ̸ Syx(θ) is
observed due to the small rotational displacement. Neverthe-
less, since the phase variation is less significant compared to
the magnitude variation, the motion-modulated backscattered
field in Gesture 3 can be approximated by considering only the
directional amplitude modulation, which is expressed as [24]

Es(3)

y (z, t) ≈ Syx(f0)E
i
x

e−jk(z+2d)

z + d
cos2 θh(t) (9)

Note that, similar to Gesture 2, the rotation in Gesture 3 is
a bidirectional rotation, in contrast to [24], which is limited
between the two extreme angles of θ1 and θ2.

D. Chipless Tag Identification Based on Differential RCS
The original concept of differential RCS has been intro-

duced for UHF RFID tags in [27] which shows how much the
used electronic chip can effectively modulate the backscattered
wave based on the load modulation. After that, the definition
of the differential RCS has been generalized in [28] for any
kind of LTV transponders. Based on the general definition
given by [28], the differential RCS of the motion-modulated
chipless tags has been derived in [17] based on the both time-
domain and frequency-domain analysis of the backscattered
field or the received signal. Accordingly, the differential RCS
of the hand gesture-modulated chipless tags can be calculated
in each gesture using (7)-(9).

By looking at the obtained expressions for motion-
modulated backscattered field in Gesture 1, Gesture 2, and
Gesture 3 respectively shown by (7), (8), and (9), a general
expression can be proposed for motion-modulated backscat-
tered field that is fitted to all the gestures presented here and
is written as

Es(p)

y (z, t) = Syx(f0)E
i
x

e−jk(z+2d)

z + d
ψ(p)(t) (10)

where ψ(p)(t) for p = 1, 2, 3 is the complex periodic
modulation function respectively in Gesture 1 , Gesture 2,
and Gesture 3. According to the time-domain definition of
the differential RCS in [28], the general expression of the
differential RCS for all three hand gesture-modulated chipless
tags is obtained using (1) and (10) that is expressed as

σ
(p)
d (f0)=

4πd2

Th

Th∫
0

|Es(p)

y |2 dt− |
Th∫
0

Es(p)

y dt|2

|Ei
x|2

(11)

where Es(p)

y = Es(p)

y (z = 0, t). Then, equation (11) can be
rewritten as

σ
(p)
d (f0) = 4π|Syx(f0)|2 (en[ψ(p)]− |a0[ψ(p)]|2) (12)

where

en[ψ
(p)] =

1

Th

Th∫
0

|ψ(p)(t)|2 dt (13)

a0[ψ
(p)] =

1

Th

Th∫
0

ψ(p)(t) dt (14)

are respectively the norm and the average of the complex
modulation function ψ(p)(t) in each gesture for p = 1, 2, 3.
Based on the approximated motion trajectories in each gesture
given by (4)-(6), the analytical expression of en(ψ) and a0(ψ)
for each gesture is calculated in terms of gesture characteristics
using (13) and (14) which are indicated in Table I. Note
that, the general expression of the differential RCS for hand
gesture-modulated chipless tags given in (12) can be also
calculated using the frequency-domain representation of the
motion-modulated backscattered field based on

σ
(p)
d (f0) = 4πd2

−ϵ∫
−∞

|Es(p)

y |2 df +
+∞∫
+ϵ

|Es(p)

y |2 df

|Ei
x|2

(15)

where Es(p)

y = Es(p)

y (z = 0, f) is the time Fourier transform
of Es(p)

y (z = 0, t) for p = 1, 2, 3 and [−ϵ, ϵ] is the zero-
excluding integration bandwidth to remove the static portion
of the backscattered power located at f = 0. It can be shown
that (15) yields the same general expression as (12) for the
differential RCS of the hand gesture-modulated chipless tags.

Worth mentioning that, equation (12) clearly demonstrated
how the identification data encoded into the backscattering
frequency response of the stationary chipless tag |Syx(f0)|2
is translated into the differential RCS response of the hand
gesture-modulated chipless tag using the motion induced mod-
ulation. Thus, the identification capability is clarified by (12).
In addition, the key factor which shows how much the motion-
induced modulation is efficient can be defined as Motion-
Induced Modulation Efficiency (MIME) expressed as

MIME[ψ(p)] = en[ψ
(p)]− |a0[ψ(p)]|2 (16)

for p = 1, 2, 3 corresponding to Gesture 1, Gesture 2, and
Gesture 3. For the typical gesture characteristics indicated in
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Fig. 4. Normalized IQ components of the motion-modulated backscattered
field in three gestures obtained from model. The IQ variation during one
period is shown at the left and the corresponding IQ paths and IQ trajectories
are shown at the right.

Table II, the value of MIME is noted for the three gestures
which demonstrates that Gesture 1 has the most efficient
motion-induced modulation while Gesture 3 is not so efficient
for motion-modulated chipless RFID. Accordingly, with an
equal transmitted power level for all gestures, Gesture 1 is
expected to provide the largest reading distance for the motion-
modulated chipless tag, while Gesture 2 and Gesture 3 are
respectively placed at the second and third rank. However,
note that the MIME in Gesture 1 depends on the operating
frequency band whereas the MIME in Gesture 2 and Gesture 3
are independent of frequency, which can be taken into account
as an advantage for these two gestures.

E. Gesture Recognition Based on IQ Signature

Based on the obtained analytic expression of the motion-
modulated field backscattered from the hand gesture-
modulated chipless tag in (7), (8), and (9) respectively as-
sociated with Gesture 1, Gesture 2, and Gesture 3, the de-
terministic time domain IQ signature of the moving chip-
less tag can be derived in each gesture which is uti-
lized for hand gesture recognition. Accordingly, the nor-
malized IQ components of the motion-modulated backscat-
tered field I(t) = real{Es(p)

y /max(|Es(p)

y |)} and Q(t) =

imag{Es(p)

y /max(|Es(p)

y |)} for p = 1, 2, 3 are obtained based
on (7)-(9) and they are shown in Fig. 4 during one period
of gesture. In addition, Fig. 4 presents the corresponding
IQ diagram for each gesture where the IQ paths are shown
in pink color and the IQ trajectories are illustrated by the
black dashed line in each case. In fact, the IQ path shows
where the IQ points are located in the IQ diagram while

Fig. 5. (a) Basic architecture of a coherent IQ transceiver. (b) Schematic
illustration of the internal architecture of a two-port VNA.

the IQ trajectory shows how the IQ path is followed by the
signal during time. To make a relation between the values
and positions of the IQ components along the IQ paths and
the IQ trajectories in Fig. 4, the start and stop points are
respectively marked with triangle and square marker while
the direction of follow is indicated by arrows on the IQ
trajectories. Note that, for Gesture 3 the data obtained from
both the analytical expression in (9) and that from simulation
are shown in Fig. 4 where the agreement between the results
verifies the approximated directional amplitude modulation in
Gesture 3. The IQ trajectories shown in Fig. 4 associated with
the three gestures can be clearly recognized from each other
which proves the gesture recognition capability based on hand
gesture-modulated chipless RFID. Worth mentioning that, in
contrast to the methods presented in [31]–[37], the feature
vectors applied for CNN-based classifier (IQ trajectories here)
can be analytically determined in motion-modulated chipless
RFID. In other words, a simple classifying algorithm such as
Support Vector Machine (SVM) can be directly applied to the
analytically obtained IQ trajectories (without needing a huge
data collection process for feature extraction) to realize gesture
recognition based on held-in-hand chipless tags. Moreover,
the proposed approach can be applied to any more complex
gestures since all possible motion-induced modulations due
to hand gestures can be considered as a combination of the
three considered modulation effects respectively in Gesture 1
to 3 [17].

III. READING PROCESS

A. Classical Approach

The basic reader architecture that can be used to identify
LTV transponders such as UHF RFID tags and motion-
modulated chipless RFID tags is shown in Fig. 5 (a) where
a coherent IQ transceiver with a single local oscillator is
employed to retrieve the data signal from the modulated
carrier. In motion-modulated chipless RFID, to measure the
differential RCS of the tag at N frequency points, the reader
should change its operating frequency sequentially (for N
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TABLE I
MOTION-INDUCED MODULATION FUNCTION FOR HAND GESTURES

ψ(t) en(ψ) a0(ψ)

Gesture 1 ejβ sin(2πfht) 1 J0(β)

Gesture 2 cos [2ϕh(t)] 0.5 +
sin(4ϕ2)−sin(4ϕ1)

8(ϕ2−ϕ1)
sin(2ϕ2)−sin(2ϕ1)

2(ϕ2−ϕ1)

Gesture 3 cos2 θh(t) 0.375 +
[sin(4θ2)−sin(4θ1)]+8[sin(2θ2)−sin(2θ1)]

32(θ2−θ1)
0.5 +

sin(2θ2)−sin(2θ1)
2(θ2−θ1)

Fig. 6. (a) Proposed reader bench for motion-modulated chipless RFID using
VNA. (b) Classical reading approach in motion-modulated chipless RFID
realized by VNA. (c) Fast reading process for slow motion-modulated chipless
RFID realized based on FS-FT approach using VNA.

times) to acquire the modulated backscattered power around
each carrier frequency. This is the classical reading approach
for motion-modulated chipless RFID which has been realized
using a signal generator and a spectrum analyzer in [17], [21],
[23]–[26], [29]. Since the signal generator and the spectrum
analyzer work based on their own independent local oscil-
lators, the two instruments have been synchronized in [17],
[21], [23]–[26], [29] using a common reference signal to
realize a coherent transceiver. Worth mentioning that, the
total identification time tID (the time required to measure
differential RCS of the motion-modulated chipless tag over its
whole coding bandwidth BW at N frequency points) has not
been addressed in none of these works [17], [21], [23]–[26],
[29].

B. VNA Measurement Modes

The schematic internal architecture of a 2-port VNA is
illustrated in Fig. 5 (b) where four coherent IQ transceivers
have been configured with the directional couplers such that
reference incident signals (R1 and R2) and reflected signals
(A and B) are respectively measured in Port 1 and Port 2 of

TABLE II
MODULATION EFFICIENCY OF HAND GESTURES

Hand gesture characteristics MIME

Gesture 1 D = 5 cm (@f0 = 4.5 GHz) 0.97

Gesture 2 ϕ1 = −135◦ ϕ2 = 45◦ 0.52

Gesture 3 θ1 = 0◦ θ2 = 90◦ 0.125

the VNA. Although the local oscillator of a VNA commonly
works in frequency-sweep (FS) mode, it can be also fixed
at one specific frequency while the port signals (R1 , R2 ,
A , B) are measured during time. This operation mode of
a VNA is usually called CW-Time sweep mode (here called
as CW-TS mode) or zero-span mode. Accordingly, a VNA
in the CW-TS mode can be perfectly used to realize the
classical reading process for motion-modulated chipless RFID
presented in [17], [21], [23]–[26], [29], while there is no need
for external synchronizing reference.

The proposed reader bench based on VNA for motion-
modulated chipless RFID is shown in Fig. 6 (a) where the TX
and RX antennas are respectively connected to the Port 1 and
Port 2 of the VNA, and the data transfer operation is controlled
by a PC. The hand gesture-modulated chipless tag with the
motion period of Th is assumed at the distance of d from
the antennas. To optimize the VNA measurement performance
in terms of phase noise, the bistatic configuration with the
measurement of [S21] scattering parameter is proposed here.
In fact, the ratioed parameter S21 = B/R1 leads to a kind
of phase noise cancellation due to the ratio process. Basically
in a VNA, the time duration associated with the single point
measurement tspm, regardless of being in FS or CW-TS mode,
is directly proportional to the Intermediate-Frequency (IF)
bandwidth bw

IF
which is set on the VNA. Accordingly, for

VNA measurement in CW-TS mode, tspm determines the
acquisition sampling rate of the motion-modulated signal. In
addition, the IF bandwidth bw

IF
directly affects the signal-to-

noise ratio (SNR) of the measurement which should be taken
into account in the reading process. As it is shown in Fig. 6
(a), to address the identification time in the proposed reader
bench based on VNA, there are two main time intervals that
should be considered: the acquisition time corresponding to
the sweep time tsw taken by the VNA and the transfer time
ttr to send data from the VNA to the PC. The transfer time
ttr includes both times associated with the data transfer itself
and also the data storage time on the PC, which depends on
the used communication protocol between the VNA and the
PC and can vary from a few milliseconds to several hundred
milliseconds for different data sizes.
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C. Classical Reading Approach Based on VNA

Fig. 6 (b) shows the classical reading approach for motion-
modulated chipless RFID based on VNA measurement in
CW-TS mode, which corresponds to the method presented
in [17], [21], [23]–[26], [29] based on the synchronized signal
generator-spectrum analyzer bench. Supposing that the differ-
ential RCS of the motion-modulated chipless tag is requested
in N frequency points f i0 , i = 1, 2, ..., N , the VNA in CW-
TS mode sequentially (one by one) generates each carrier
frequency at Port 1 while the [S21] scattering parameter is
acquired at Port 2 during t(TS)

sw sweep time with a sampling
rate of SR(TS) = 1/tspm. The power of carriers is defined by
the output power Pt at Port 1. The sequentially transmitted
carriers are shown as R1(f) with red impulses in Fig. 6
(b) and the corresponding measured [S21] at each carrier
frequency are shown as S21(t) with blue color in Fig. 6 (b).
The IF bandwidth bw

IF
set on the VNA should respect the

Nyquist–Shannon sampling criterion based on the maximum
frequency of the motion-modulated signal (up to several times
of fh). In addition, to provide sufficient number of samples
in time and consequently sufficient frequency resolution, the
sweep time t(TS)

sw should lasts for at least several periods of
motion (t(TS)

sw = several Th) [shown by yellow color on the
motion trajectory in Fig. 6 (b)] while the data transfer time
t(TS)
tr lasts for only a small portion of period [shown by black

color on the motion trajectory in Fig. 6 (b)]. Obviously, during
the transfer time t(TS)

tr , the classical reading process miss the
motion-modulated signal since it is not acquired by the VNA.
At each carrier frequency (N carrier frequencies), the signal
samples (m samples) are acquired during time by the VNA.
The acquired data is transferred to the PC and then is arranged
in rows as it is shown by shaded green bars and green paths
in Fig. 6 (b) to form the complex motion-modulated received
signal as

sr(tq)
∣∣∣
@fi

0

=
√
Pt S21(tq)

∣∣∣
@fi

0

(17)

for q = 1, 2, ...,m and i = 1, 2, ..., N where tq = (q−1) tspm.
The Power Spectral Density (PSD) of the motion-modulated
backscattered signal at each carrier frequency is calculated
as |Sr(f)|2 where Sr(f) = FFT{sr(t)} and the differential
backscattered power from the motion-modulated chipless tag
is obtained as

Pbs d(f0) =

−ϵ∫
−∞

|Sr(f)|2 df +

+∞∫
+ϵ

|Sr(f)|2 df (18)

for f0 = f i0 , i = 1, 2, ..., N where [−ϵ, ϵ] is the zero-excluding
integration bandwidth like what is defined in (15). Finally,
based on the differential backscattered power given in (18),
the measured differential RCS at each carrier frequency f0 is
expressed as

σd(f0) =
(4π)3d4 Pbs d(f0)

λ2GrGtPt
(19)

for f0 = f i0 , i = 1, 2, ..., N where Gt and Gr are respectively
the gain of the TX and RX antennas.

Assuming the FFT calculation time negligible compared
to the sweep time t(TS)

sw and the data transfer time t(TS)
tr , the

identification time t(TS)
ID required to complete the classical

reading process based on VNA measurement in CW-TS mode
can be calculated by

t(TS)
ID = N × [t(TS)

sw + t(TS)
tr ] = N × [(m× tspm) + t(TS)

tr ] (20)

where tspm ∝ 1/bw
IF

and t(TS)
tr ∝ m. Thus, the three impor-

tant parameters that define the identification time in motion-
modulated chipless RFID based on the classical reading ap-
proach are respectively the number of requested frequency
points N (which depends on the coding bandwidth BW of
the chipless tag), the required time sweep t(TS)

sw that should
lasts for several periods of motion, and the IF bandwidth set
on the VNA (bw

IF
) which should be determined respect to

the motion period Th. However, the most important result
from (20) is that the identification time is linearly proportional
to N which means, the greater the coding bandwidth, the
longer is the identification time. For example, to identify a
hand gesture-modulated chipless tag with a motion period of
Th = 0.5 sec over a coding bandwidth of BW = 1 GHz
at N = 100 frequency points, supposing the sweep time of
t(TS)
sw = 5 × Th = 2.5 sec and transfer time t(TS)

tr of several
10 ms, the required identification time calculated using (20) is
more than 250 seconds which is not at all feasible for a real
RFID application. Accordingly, the very long identification
time (about a few minutes), especially for slow motions with
relatively large periods (more than a few 100 ms), is the
main drawback of the classical reading approach (which is
realized here based on VNA measurements in CW-TS mode)
for motion-modulated chipless RFID. However, in contrast to
the reader bench used in [17], [21], [23]–[26], [29] based
on the synchronized signal generator-spectrum analyzer setup,
the built-in coherent frequency sweep acquisition capability
of a VNA can be effectively utilized to propose a novel
reading method for motion-modulated chipless RFID in which
the identification time can be significantly reduced for slow
motion cases like hand gestures. This novel approach is
discussed in the next section.

D. Frequency-Sweep Frozen-Time Approach Based on VNA

The novel proposed reading process for motion-modulated
chipless RFID based on the Frequency-Sweep Frozen-Time
(FS-FT) approach is realized using a VNA in FS mode and it is
illustrated in Fig. 6 (c). The basic idea in this approach is to use
the fast frequency sweep functionality of a VNA to acquire the
motion-modulated backscattered signal during very short time
slots compared to the motion period (t(FS)

sw << Th) such that
the data associated with a large number of frequency points is
acquired by a sequence of frequency sweeps. In this way, the
acquisition in successive fast frequency sweeps can be used to
reconstruct the motion-modulated signal samples during time
for all the frequency points while the total identification time
is significantly reduced. As it is shown in Fig. 6 (c), the VNA
in FS mode sends N frequency points f i0 , i = 1, 2, ..., N at
Port 1 during each frequency sweep [shown as R1(f) with
red impulses in Fig. 6 (c)] and acquires [S21] in Port 2 at the
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Fig. 7. Measurement setup in a real closed environment for hand gesture-
modulated chipless RFID. The fabricated prototype of the chipless tag with
ws = 30 mm, ls = 50 mm, hd = 18 µm, w = 2.5 mm, l1 = 24 mm,
l2 = 22 mm, l3 = 20 mm, and l4 = 18 mm is shown in the inset.

corresponding N frequency points [shown as S21(f) with blue
color in Fig. 6 (c)] during the sweep time of t(FS)

sw. In contrast to
the classical reading approach, as it is shown by yellow color
on the motion trajectory in Fig. 6 (c), the sweep time t(FS)

sw

is much smaller than the period of movement (t(FS)
sw << Th).

This is why the proposed approach is called “Frequency-Swept
Frozen-Time” referring that the frequency sweep acquisition
is done while the moving chipless tag can be assumed frozen
in time during t(FS)

sw. To capture the motion-modulated signal
for several periods of motion, the frequency sweep (with N
frequency points) is done successively for m times to obtain
m samples of the backscattered signal during motion for all
frequency points. Indeed, compared to the classical approach
where for N frequency points the CW-TS acquisition is done
sequentially to obtain m signal samples in time, the FS-FT
approach is arranged in a revers manner where to obtain m
signal samples in time, the frequency sweep acquisition is
done sequentially for m times with N frequency points in the
sweep. However, after each frequency sweep, the data acquired
for N frequency points should be transferred to the PC during
t(FS)
tr as it is shown by black color on the motion trajectory in

Fig. 6 (c). Accordingly, the equivalent sampling rate in FS-FT
approach is SR(FS) = 1/[t(FS)

sw + t(FS)
tr ] which should respect the

Nyquist–Shannon sampling criterion based on the period of
motion Th. Note that the sweep time is t(FS)

sw = N×tspm where
tspm ∝ 1/bw

IF
and the transfer time t(FS)

tr ∝ N . Therefor, the
number of frequency sweep points N and the bw

IF
should be

chosen such that the equivalent sampling time of t(FS)
sw + t(FS)

tr

is much smaller than the period of motion Th. After that
the successive frequency sweep acquisitions is done for m
times, the samples of the motion-modulated received signal
sr(t) at each frequency points (f0 = f i0 , i = 1, 2, ..., N )
are reconstructed based on the in-column arrangement of the
acquired samples as it shown by shaded green bars and green
paths in Fig. 6 (c). Accordingly, the complex received motion-
modulated signal sr(t) in FS-TS approach at each frequency
point can be obtained as

sr(tq)
∣∣∣
@fi

0

=
√
Pt S21(f

i
0)
∣∣∣
@tq

(21)

Fig. 8. Measured timing parameters of Keysight PNA N5222A. (a) Single
point measurement time as a function of IF bandwidth. (b) Data transfer time
from the VNA to the PC as a function of number of transferred data points.

for q = 1, 2, ...,m and i = 1, 2, ..., N where tq = (q−1) [t(FS)
sw+

t(FS)
tr ]. Similar to the classical approach, by applying FFT to

the obtained sr(t) at each frequency points, the PSD of the
motion-modulated signal |Sr(f)|2 is calculated and based on
that, the measured differential RCS of the motion-modulated
chipless tag at each frequency point is reached using (18) and
(19).

Worth mentioning that, the main difference between the
classical and the FS-FT approaches is that, in classical ap-
proach the differential RCS of the tag at each frequency point
can be calculated immediately after the time sweep acquisition,
whereas for FS-FT approach the differential RCS of the tag
cannot be calculated for any frequency point until the end of m
times frequency sweep acquisition. In addition, in the classical
approach the sampling rate is just a function of bw

IF
which

can be controlled arbitrarily, while the sampling rate in FS-
FT approach is a function of both bw

IF
and the transfer time

(SR(FS) = 1/[(N×tspm)+t(FS)
tr ]). According to the usual transfer

times of a few 10 ms, it is concluded that the sampling rate
in FS-FT approach is mostly limited by the transfer time (and
not by the bw

IF
) and it cannot go beyond several 10 Hz. Thus,

the FS-FT approach can be successfully applied for motion-
modulated chipless RFID based on slow motions with a period
greater than one-tenth of a second (equivalently with motion
frequencies of less than 10 Hz). This fact should not count as a
limitation for the FS-FT approach while most of the common
natural movements in real life (like human body motions
and objects carried by conveyor belts) produce modulation
frequencies of less than several Hz.

The most important advantage of the FS-FT approach
compared to the classical approach is addressed in terms of
identification time. Similarly by neglecting the FFT calculation
time, the total identification time of a motion-modulated
chipless tag based on the FS-FT approach can be expressed
as

t(FS)
ID = m× [t(FS)

sw + t(FS)
tr ] = m× [(N × tspm) + t(FS)

tr ] (22)

which is the required time to successively do the frequency
sweep acquisition of N points (covering the coding bandwidth
BW of the tag) for m times to capture all the data points
needed to measure the differential RCS of the tag. For the same
example with Th = 0.5 sec, BW = 1 GHz, and N = 100,
both the frequency sweep time t(FS)

sw and the transfer time t(FS)
tr
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can be around a few 10 ms (let’s say 50 ms in summation),
with m = 100, the data associated with ten periods of motion
is captured while the achieved total identification time can be
only t(FS)

ID = 5 seconds. This is a great reduction compared to
t(TS)
ID = 250 seconds of identification time based on the classical

approach. Indeed, equation (22) explicitly demonstrates that,
in the FS-TS approach, the total identification time (m times of
frequency sweep) should be around several periods of motion
whereas in the classical approach, the time sweep at each
frequency point (which is done N times) should last for several
periods of motion. Accordingly, the FS-FT reading approach
using VNA measurements proposes an effective solution to re-
alize a fully practical motion-modulated chipless RFID system
based on natural slow motions like hand gestures. It should be
mentioned that, although the FS-FT approach is demonstrated
here using VNA, it can be generally implemented based on
a dedicated reader design (e.g. the data transfer time can
be removed in an optimized design) while even much better
performances can be achieved in terms of identification time.

IV. RESULTS AND DISCUSSION

A. Measurement in Real Environment

The measurement setup for motion-modulated chipless
RFID based on hand gesture in a real closed environment is
illustrated in Fig. 7 where the Port 1 and Port 2 of the VNA
(Keysight PNA Network Analyzer N5222A) is respectively
connected to the TX and RX antennas (A.H. Systems SAS-
571) and the [S21] parameter is measured. The TX and
RX antennas are configured in cross-polarization and closely
positioned to realize the mono-static scattering measurement.
A prototype of the designed chipless tag has been fabricated
on the ROGERS RT/duroid 5880 substrate with ϵr = 2.2,
tan δ = 0.0004, and hs = 0.508 mm using normal PCB
technology with 8 grounded-dipole REPs as it is shown in the
inset of Fig. 7. The whole coding bandwidth of the fabricated
chipless tag is [3 : 6] GHz. The first four resonances of the
chipless tag are considered in this measurement which are
associated with the grounded-dipoles marked by the yellow
boxes in Fig. 7 that occupy the acquisition bandwidth of
BW = [4.2 : 5.2] GHz. The geometrical characteristics of
the four grounded-dipole REPs and the fabricated chipless tag
are indicated in the caption of Fig. 7. A human subject holds
the chipless tag in his hand with depolarizing configuration
and performs the three gestures (Gesture 1, Gesture 2, and
Gesture 3) in accord with the described trajectories presented
in Fig. 1 at the distance d from the antennas. The period of
all hand gestures is tried to be around Th = 0.8 sec and the
gesture characteristics are also tried to be compatible with the
typical values indicated in Table II. The output power of the
VNA is Pt and the VNA is controlled by a PC (DELL Latitude
7490 Core i7). The PC defines the parameters of the CW-TS
and FS mode respectively in classical approach and FS-FT
approach and also measures the sweep tsw and transfer ttr
time at each step using timing functions of MATLAB. Fig. 8
presents the measured timing properties of Keysight PNA
N5222A where Fig. 8 (a) shows the single point measurement
time tspm as a function of IF bandwidth bw

IF
and Fig. 8

Fig. 9. Measured differential RCS of the hand gesture-modulated chipless
tag in the three gestures.

TABLE III
VNA MEASUREMENT PARAMETERS

Classical approach FS-FT approach

BW 1 GHz 1 GHz

N 81 81

m 3000 50

bwIF 1 kHz 1 kHz

tsw t(TS)
sw = 2.8 s t(FS)

sw = 74 ms

ttr t(TS)
tr = 54 ms t(FS)

tr = 31 ms

tID t(TS)
ID = 230 s t(FS)

ID = 5.7 s

(b) shows the transfer time ttr as a function of number of
points (in CW-TS or FS mode) at bw

IF
= 1 kHz. It should be

mentioned that, although the maximum available IF bandwidth
in N5222A is 15 MHz, to have enough SNR in reception, the
data shown in Fig. 8 (a) is limited for bw

IF
up to 100 kHz.

In addition, the transfer time ttr is almost independent of IF
bandwidth and consequently, it has been measured in a typical
bw

IF
= 1 kHz using SCPI over TCP/IP protocol. As it was

described in Section III and it is observed respectively in Fig. 8
(a) and (b), tspm is inversely proportional to bw

IF
and ttr is

directly proportional to the number of transferred data points.

B. Identification Performance

The differential RCS of the hand gesture-modulated chipless
tag is measured over BW = [4.2 : 5.2] GHz using the
described VNA measurement setup for the three gestures based
on both the classical and FS-FT reading approaches. The
measurement parameters for both approaches are indicated
in Table III while the respective timing parameters have
been measured by the PC. As the most important result,
the achieved identification time based on FS-FT approach
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(t(FS)
ID = 5.7 sec) is reduced by a factor of 40 compared to what

is reached using classical reading approach (t(TS)
ID = 230 sec).

This is a great advancement in terms of identification time for
slow motion-modulated chipless RFID which is realized here
using hand gestures. Worth mentioning that, all the measured
timing parameters for both approaches are in accord with the
data given in Fig. 8 and the measured identification times
t(TS)
ID and t(FS)

ID are respectively in agreement with what can be
predicted using (20) and (22).

For Pt = 10 dBm and d = 1 m, the measured differential
RCS of the hand gesture-modulated chipless tag has been
obtained using (19) and (21) based on FS-FT approach for
the three gestures which are shown in Fig. 9 as a function
of carrier frequency. The measurement has been done in each
gesture for two cases: 1) when the human subject holds the
chipless tag in hand and performs the gestures (called as “With
tag” in Fig. 9) and 2) when the human subject performs the
gestures without holding the tag in hand (called as “No tag” in
Fig. 9). According to the results shown in Fig. 9, the first four
resonance of the hand gesture-modulated chipless tag can be
perfectly identified in all three gestures based on the measured
differential RCS which verifies the identification capability.
Obviously, due to the depolarizing configuration of the hand
gesture-modulated chipless tag, the cross-polarized differential
RCS of the tag is significantly higher than that of the hand
itself which enhance the detection robustness. In addition, the
respective order of the measured differential RCS for the three
gestures is in accord with what was predicted by the model
and indicated in Table II in terms of MIME. In fact, since the
MIME of Gesture 3 is quite lower than that of Gesture 1 and
Gesture 2, the identification performance is a little bit degraded
in Gesture 3 as shown in Fig. 9.

C. Hand Gesture Recognition

The gesture recognition capability based on motion-
modulated chipless RFID is experimentally verified with the
results shown Fig. 10. The IQ components of the motion-
modulated received signal at the first resonance frequency
of the chipless tag f0 = 4.35 GHz is captured during
2.5 sec for each gesture at the distance of d = 2 m with
Pt = 10 dBm, and the corresponding IQ diagrams are shown
in Fig. 10 for each hand gesture during one period of motion
(Th ≈ 0.8 sec). Note that, the IQ data shown in Fig. 10
are obtained based on FS-FT approach with the measurement
parameters indicated in Table III which yields a sampling
rate of SR(FS) = 1/[74 ms + 31 ms] = 9.5 S/s. However,
to show the measured IQ diagrams more precisely in Fig. 10,
the captured samples are interpolated with a factor of 4 to
have more data points of the IQ components. Similar to
Fig. 4, on the selected period of gestures in Fig. 10, the
start and end points are respectively marked with triangle and
square marker in both the IQ variation plot and the IQ path
diagram. The measured IQ trajectories shown in Fig. 10 for
each gesture is in agreement with what has been obtained
using model that have been shown in Fig. 4. Moreover, clearly
different deterministic IQ trajectories associated with each
hand gesture (respectively circular, linearly double round-trip,

Fig. 10. Measured IQ components of the motion-modulated backscattered
signal with corresponding IQ trajectories in the three gestures which can be
applied for gesture recognition.

and semi-linearly single round-trip for Gesture 1, Gesture 2,
and Gesture 3), proves the hand gesture recognition using
the motion-modulated chipless RFID. Note that, the repetitive
profile of the IQ components in the time domain representation
(left side figures in Fig. 10) associated with the period of each
gesture verifies the repeatability of the gesture recognition
process using held-in-hand chipless tags.

D. Maximum Achievable Read Range

Assuming that the hand itself has no cross-polarized
backscattering component, the maximum reading distance of
the hand gesture-modulated chipless tag can be easily pre-
dicted using radar equation as

dmax ≤ 4

√
PtGtGrλ2σd(f0)

(4π)3Prmin
(23)

where Prmin is the IQ transceiver sensitivity and σd(f0) is the
measured differential RCS shown in Fig. 9. For example, for
Gesture 1 the differential RCS of the moving chipless tag at the
resonance frequencies is about σd ≈ 6×10−3 m2 which yields
the maximum read range of dmax = 11.5 m for Pt = 10 dBm
and Prmin = −95 dBm. However, in a real situation, the
cross-polarized backscattering component of the hand itself is
not negligible which directly affects the maximum achievable
read range. To demonstrate this fact, the PSD of the received
signal |Sr(f)|2 in Gesture 1 at the first resonance frequency
of the tag f0 = 4.35 GHz is measured using FS-FT approach
(with the measurement parameters indicated in Table III,
Pt = 10 dBm, bw

IF
= 1 kHz, and at d = 1 m) in three cases

as shown in Fig. 11 (a). The three cases are respectively “With
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Fig. 11. (a) The measured PSD of the motion-modulated backscattered field
in Gesture 1 at the first resonance frequency of the tag for two cases where
the tag is held by hand and there is no tag in hand. (b) Measured differential
backscattered power in Gesture 1 at the first resonance frequency as a function
of distance.

tag”, “No tag”, and “Environment” where the two former are
those already defined in the previous part and the latter is
associated with the backscattering from environment when the
human subject and his hand do not move at all. As it can be
observed in Fig. 11 (a), although the level of the PSD in “With
tag” case is higher than “No tag” case, the cross-polarized
differential backscattered power from the hand itself is not
negligible at all, which means at larger distances this undesired
modulated power can limit the detection range of the chipless
tag. This fact is illustrated by the results shown in Fig. 11
(b) where the differential backscatter power Pbs d associated
with the three cases is measured as a function of distance
using (18). While Pbs d of the stationary “Environment” is
much lower than that of “With tag” case, Pbs d of “No tag”
case (generated by the hand itself in Gesture 1) is getting
close to that of “With tag” at larger distances which limits
the detection range. Accordingly, to predict the maximum
achievable read range in Gesture 1, Pbs d of “With tag” case is
also theoretically calculated based on the radar equation shown
as “With tag (Theory)” case in Fig. 11 (b). The point where
Pbs d of “With tag (Theory)” case intersects with that of “No
tag” case determines the maximum achievable reading distance
of dmax = 3.1 m for Gesture 1. Using the same procedure, the
maximum achievable read range of the other gestures can be
also predicted.

Finally, Fig. 12 presents the measured differential RCS of
the hand gesture-modulated chipless tag in the three gestures
at their maximum achievable read range which are respectively
d = 3 m, d = 2 m , and d = 1.5 m for Gesture 1, Gesture 2,
and Gesture 3 with Pt = 10 dBm. The four resonances of the
chipless tag are successfully identified in the three gestures
while they are shown by red arrows in Fig. 12.

Fig. 12. Measured differential RCS of the hand gesture-modulated chipless
tag in the three gestures where the chipless tag is identified at the correspond-
ing maximum achieved read range.

V. CONCLUSION

The real-time identification of slow motion-modulated chip-
less tags based on hand gestures has been realized using
the FS-FT reading approach. The FS-FT reading process has
been demonstrated to reduce the identification time with a
factor of 40 compared to the classical reading approach. The
hand gesture-modulated chipless RFID based on three hand
gestures have been analytically modeled while different kinds
of motion-induced modulation (micro-Doppler, polarization,
and directional amplitude modulation) were considered in each
gesture. The identification capability based on the differential
RCS has been verified by experiments in a real environment
for all the gestures with an identification time of about 6
seconds. The hand gesture recognition capability has been
addressed based on the obtained deterministic IQ signatures in
each gesture and the concept has been verified by measurement
for three different hand gestures at 2 m range. Finally, the
maximum achievable read range for hand gesture-modulated
chipless tags has been discussed while the tag has been
identified at 3 m distance with the most efficient gesture.
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