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Theory and Implementation of Wireless Transponders
Dai Enguang, Member, IEEE

Abstract—A theoretical analysis for the surface-acoustic-wave-
based wireless transponder in a wireless system has been proposed
in this paper. Radio transponders were also implemented based
upon the theory of coupling of modes. The proposed theory can be
employed in the simulation of amplitude- and phase-coded devices
with different segments.

Index Terms—SAW, telemetry, transponders.

I. INTRODUCTION

I T HAS LONG been known that the surface acoustic wave
(SAW) transponder is suitable for mainly two applica-

tions: passive identification and passive sensing [1]–[4]. The
schematic layout of the transponders is that the SAW transducer
connected to a receiving antenna receives an electromagnetic
wave burst emitted from the interrogation unit. The SAW is
then excited and transported along the piezoelectric crystal.
When the SAW is intercepted by coded reflectors and reflects
parts of the incoming wave, these echoes will be transported
back into an electromagnetic signal at the same transducer.
Using an on/off keying with 16 reflectors, 2objects can be
identified. However, for sensing purposes, fewer reflectors are
enough. Unlike identification systems, the echo impulse in
sensing systems is evaluated by its phase with the transmitted
signal rather than by its amplitude, in which the phase shift can
be calculated from two components with high resolution.

There are many kinds of structures that can be employed
in the implementation of coded transponders. The staggered
structure shown in Fig. 1(a), the in-line architectures shown in
Fig. 1(b) and (c) are commonly adopted. The barcode device
is, in general, different from that of a phase encoder with one
segment. However, if each phase-coded reflector is separated in
space, the basic theory model will be similar for both the am-
plitude and phase encoders with distributed and separated re-
flectors. Although transponders have been fabricated in some
laboratories, there has yet to be a theory reported for the design
of transponders. In this paper, taking the in-line structure with
reflectors on one side of the transducer as an example, the author
will establish the theory for the design of wireless transponders.

II. THEORY AND IMPLEMENTATION

SAW-based wireless and passive transponders are com-
monly pulse operated. A versatile coupling-of-mode (COM)
approach can also be employed for the analysis of the overall
transponder. Fig. 2 represents the corresponding building
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Fig. 1. (a) Transponder of a staggered structure. (b) Transponder of an in-line
structure with reflectors on both sides of the transducer. (c) Transponder of an
in-line structure with reflectors on one side of the transducer.

Fig. 2. SAW transponders in terms of its building blocks.

blocks of the transponder shown in Fig. 1(c) with three re-
flectors. denotes the transducer, while is its image
transducer located at the place of the real transducer. It is not
a real transducer; it is only a model for the analysis of the
transponder. In these building blocks, , , and are
2 2 transmission matrices of the three reflectors, respectively.

, , and are acoustic transmission-line matrices in
which is the transmission matrix between the first reflector
and transducer, while and denote the transmission
matrixes between the first and second reflectors and the second
and last reflectors, respectively.

If we denote the amplitude of the forward- and the backward-
going SAW by and , the COM equation can be expressed
as

(1)

(2)

(3)
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where is the self-coupling coefficient and is the mode
coupling coefficient, respectively, is the capacitance per unit
length, is the voltage, denotes the busbar current, and

is the transduction coefficients. Based upon the differential
equations, both the matrix of the interdigital transducer
(IDT) and the grating matrix can be determined [5]–[7] as
follows:

(4)

The elements of the matrix are given by

Assuming that the finger reflection effects can be neglected

where is the center frequency, the symmetry parameter for
the IDT with electrodes

Here, is the metal resistance of the transducer.
Radiation conductance are obtained as [5]

The radiation susceptance is

Here, is load resistance

where

and

where is static capacitance per electrode pair, is the total
IDT capacitance, and is the electromechanical coupling con-
stant. The detuning parameter in the region of the transducer can
be expressed as

where is the phase velocity in the transducer.
The acoustic submatrix is

The electrical signal leaving the IDT is given by

(5)

where

and

As far as the reflector is concerned, the reflection effects be-
tween strips are included in the model. The scattering matrix []
presents the solutions to the COM equations

The solution for the reflector can be derived from (1)–(3).
The detuning complex parameter in the region of reflectors is

obtained as

Here, is the SAW phase velocity in the grating andis the
attenuation coefficient. Considering the reflectivity coupling,
the detuned version of is

is the reflectivity coefficient from one electrode andde-
notes the length of the reflector. The elements of the scattering
matrix are

where is a wavenumber of SAW propagation and
is the radian frequency of the wave. Using the reciprocity for

the matrix, the remaining formulas are found as follows:

The forward and backward SAW , are associated
with the th reflector. The transmission equation is given as

The transmission matrix



ENGUANG: THEORY AND IMPLEMENTATION OF WIRELESS TRANSPONDERS 825

The elements of the transmission matrix are

In addition

and

The equation for acoustic waves at the ( )th and th ref-
erence planes is

(6)

where is the input electrical signal at theth plane and is
the acoustic submatrix.

From (6), the transmission equation associated with the trans-
ducer is given by

(7)

The acoustic wave transmission can be described as

(8)

where the transmission-line matrix is

, is the acoustic transmission-line length of the
th reflector between appropriate reference planes. The overall

acoustic matrix [ ] is now obtained as the product of the com-
posite building blocks

(9)

(10)

As there is no SAW externally incident on the transducer and
gratings, set

(11)

The output of the transducer is given by

(12)

The electrical output voltage is

(13)

and the phase response is

(14)

(15)

Fig. 3. Calculated frequency response of the transponder.

Fig. 4. Calculated impulse response of the transponder.

Fig. 5. Experimental impulse response.

In the simulation of the 400-MHz LiNbO -based
transponders with three reflectors, source and load resistance
were 50 and the finger pairs of the transducer was 20.
From (13) and (14), the amplitude and phase response can be
calculated. Fig. 3 shows the theoretical frequency response
of the transponder. Based upon the predicted amplitude re-
sponse and phase response, an inverse fast Fourier transform
(FFT) was employed to calculate the theory impulse response
shown in Fig. 4. In this figure, three envelopes of the burst
pulse denote three real pulses. It should be noted that when
implementing a practical transponder, impedance matching
and optimum reflective efficiency should be considered. The
experimental response of the transponder is depicted in Fig. 5.
The comparison between experimental and predicted pulse
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TABLE I
EXPERIMENTAL AND PREDICTED PULSE

ECHO DELAY (UNIT: microseconds)

echo delay is listed in Table I. The minimum relative error is
1.4%, corresponding to the second pulse, the maximum error is
7%, coming from the last echo, which resulted mainly from the
fabrication errors and SAW velocity discrepancy between the
calculation and experiment. Though the echo delay for the three
pulses can be simply determined, this consistence can prove
the validity of the model. The relative amplitude of the impulse
response of these reflectors can be figured out by Fig. 4. If more
sample points were used, the pulsewidth can be determined
by this figure. In fact, for the calculation of the time position
of the reflective pulses, we do not need any new theory. It can
be calculated very quickly merely based upon SAW velocity
and the distance between the transducer and reflectors. In this
paper, the time position calculation can prove the effectiveness
of the overall modeling. To predict the absolute reflection loss
of the device accurately, we need loss and attenuation related
accurate parameters such as the grating loss coefficient, grating
mutual coupling coefficient, and other factors, including the
matching and fabrication conditions. In most circumstances,
these parameters that relate with a concrete device were not
accurate enough to precisely predict the absolute echo loss.
Thus, the reflective loss comparison between theory and exper-
iment is not made in this paper. If accurate COM parameters
are available, based upon the approach developed here, precise
prediction of reflective loss can be realized.

In [4], a special single-phase unidirectional transducer
(SPUDT) with different ring-to-rung periodicity was designed.
An electrode width-controlled SPUDT is rarely employed
in SAW transponders for its finger width. If the passive
sensing technology combines with sensor array technology, a
more sophisticated multitag array capable of discrimination
between different parameters can be built [8].

It should to be noted that the image IDT concept, separating
the transducer in an in- and out-coupling transducer, is not ab-
solutely necessary for the modeling of the overall transponder.
The device can be calculated as it is, i.e., a one-port device. We
can take the standard SAW calculation method for the SAW
transponders, calculate , and apply a Fourier transforma-
tion. However, as far as this reflective one-port device is con-
cerned, it is more convenient to establish a cascaded matrix for
the overall device. Since the single transducer does function as

the coupling in driving signal and coupling out reflective im-
pulses, introducing the concept of image IDT into the theory
will be helpful for the modeling of one-port SAW device, espe-
cially the one-port transponder.

III. CONCLUSIONS

The theory for the implementation of SAW-based wireless
transponders has been established. The proposed theory can be
employed in the simulation of distributed amplitude- and phase-
coded devices with different segments. The basic model of the
theory can be further evolved. If second-order effects such as
bulk wave interference, electromagnetic feedthrough, diffrac-
tion, etc. are included in the COM-based model, a more pre-
cise prediction can be achieved. The author only established the
theory model; other factors can be embedded into the frame
according to different calculation precision or system require-
ments.
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