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Feasibility of Ultra-Wideband SAW RFID Tags
Meeting FCC Rules
Sanna Härmä, Victor P. Plessky, Senior Member, IEEE, Xianyi Li, and Paul Hartogh

Abstract— We discuss the feasibility of surface acoustic wave
(SAW) radio-frequency identification (RFID) tags that rely on
ultra-wideband (UWB) technology. We propose a design of a
UWB SAW tag, carry out numerical experiments on the device
performance, and study signal processing in the system. We also
present experimental results for the proposed device and estimate
the potentially achievable reading distance.
UWB SAW tags will have an extremely small chip size
(< 0.5 x 1 mm2 ) and a low cost. They also can provide a large
number of different codes. The estimated read range for UWB
SAW tags is about 2 m with a reader radiating as low as
< 0.1-mW power levels with an extremely low duty factor.

T

I. I NTRODUCTION

HE currently emerging ultra-wideband (UWB) radio
technology enables short-range communications with
high speed and low power [1]. The use of wide-band (spread
spectrum) and UWB signals in surface acoustic wave (SAW)
sensors and SAW-device-based communication systems has
been discussed by many authors [2]–[7]. However, the possibility of using UWB signals in SAW identification tags has not
yet been addressed in detail in the literature, although the use
of spread spectrum signals for tags has been discussed in a few
publications [8]–[13]. Meanwhile, this possibility is especially
attractive because, for SAW tags, the used frequency band B is
of primary importance. The number of different codes that can
be obtained is determined by the product BT [14], where T
is the coding time duration. In SAW devices, T is normally
limited to 2 µs to 4 µs because of high propagation loss at
gigahertz frequencies. The availability of a rather wide ISM
band (B = 82.5 MHz) at 2.45 GHz is the main argument for
using this frequency band for ”global SAW tags” [15], where
in combination with a few microseconds of coding time, a 64bit SAW tag has been demonstrated and 256-bit tags seem to
be achievable.
However, using UWB signals allows for much wider bands
and the same BT product can be achieved with significantly shorter delays. For example, at frequencies higher than
1.99 GHz, we can use, according to the FCC regulations [16],
[17], signals with a fractional bandwidth greater than 20%
and a power of -41.3 dBm/MHz (when SAW tags are treated
as ”surveillance systems”). Using a band of 500 MHz from
2.0 GHz to 2.5 GHz would satisfy the criterion on bandwidth.
With B = 500 MHz, achieving a BT of 200 only requires a
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coding time of 400 ns instead of the 2 µs typical for 2.45-GHz
SAW tags. Such a short delay corresponds to a propagation
path length of only about 1.6 mm. The total length of a SAW
tag that uses reflectors for encoding can thus be shorter than
1 mm. Moreover, with these frequencies, we remain in the
area of standard SAW technology with optical lithography.
SAW technology is thus perfectly mature for manufacturing
such devices at low cost [4] and in big volumes.
Another attractive possibility related to the use of UWB
technology is performing signal processing within a SAW tag.
Using a chirp transducer in the tag allows for a matchedto-signal processing of the tag response. In this case, the
dispersion of the interrogation signal is modified within the
tag. The tag response thus differs from the reflections of the
interrogation signal from other objects. This makes the system
more resistant to echoes from the surroundings. Typically, an
initial delay of 1 µs is needed in ordinary SAW tags for the
decay of environmental echoes. With UWB tags, this delay
can be significantly shorter.
A shorter total delay also implies lower propagation losses.
A propagation time of 400 ns corresponds to only about -3 dB
of propagation loss. In ordinary SAW tags, the total delay is
about 2 µs to 4 µs, and propagation loss correspondingly on
the order of -20 dB. UWB SAW tags may then have a reduced
total loss despite the increased loss in the dispersive transducer.
Finally, the reader power may be very low for UWB tags.
In the below example, the total power radiated by a reader
is lower than 40 µW. This is undeniably an attractive level,
although the reading range is expected to be limited to about
2 m to 5 m depending on integration time and other reader
characteristics. For short reading distances, the interrogation
signal will be radiated for about 1 ms per one reading. This
puts the average power at the nanowatt level, assuming reading
of one tag per second sufficient for many applications.
In what follows, we will propose a design of a UWB
SAW tag, carry out numerical experiments on the device
performance using the Matlab software and a FEM-BEM
simulator, and study signal processing in the system. We will
also present experimental results for the proposed device and
compare those with a simulated response. Finally, we will
estimate the potentially achievable reading distance.
II. P ROPOSED UWB SAW TAG AND N UMERICAL
E XPERIMENTS
We propose a SAW tag consisting of a chirp transducer, for
processing linear frequency modulated (LFM) signals, and a
series of wide-band code reflectors, as depicted schematically
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Fig. 1. A schematic drawing of a SAW tag consisting of a chirp transducer
and an array of wide-band code reflectors.
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A. Simulation with Ideal Signals
We first illustrate the operating principle of the proposed
SAW tag by using ideal theoretical signals. The length of the
chirp transducer on the tag corresponds to a SAW propagation
delay of Tchirp , and the pitch of transducer electrodes changes
gradually such that the instantaneous frequency corresponding
to the electrode structure is linearly dependent on time. In this
example, Tchirp = 100 ns and B = 500 MHz (BTchirp = 50).
With fc = 1 GHz, this corresponds to a transducer with
100 pairs of electrodes and a length of about 400 µm.
For ”interrogation”, we use Matlab software to simulate upand down-chirps with the parameters B and Tchirp specified
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in Fig. 1. The code reflectors include only one or a few narrow
open-circuit electrodes each [18].
As discussed above, the initial delay (corresponding to the
round-trip propagation of SAWs between the transducer and
the first code reflector) can be drastically reduced from 1 µs,
typically used for ordinary SAW tags. In our examples, we use
an initial delay of either 50 ns (in Section II-A) or 150 ns (in IIB). These correspond to respective distances l1 of 100 µm and
300 µm (on 128◦ -LiNbO3 ) from the transducer to the first code
reflector.
We have chosen to use a band of B = 500 MHz and, hence,
the shortest possible pulse is about 2 ns wide. This is also
the minimum time slot for positioning the code reflectors.
One time slot of 2 ns roughly corresponds to a 4-µm slot
on the substrate surface. With a coding time of 400 ns, we
have 200 time slots. Using time position encoding [19] with
5 slots per group [18], we can have up to 40 reflectors, which
corresponds to at least 64 bits available for coding. Such a
device will be about 1 mm long and 0.5 mm wide. With singlemetal-layer photolithography, this chip will not be expensive.
Below, we will first illustrate the principles of signal processing within the proposed SAW tag using ideal LFM signals.
We will then take a more practical approach and study SAW
tag performance by carrying out numerical experiments using
a FEM-BEM simulator. The studied devices operate at a center
frequency of fc = 1 GHz but the same principles can be
transferred to the 2-GHz range. A relatively low frequency
was chosen in order to keep the running time of the FEMBEM simulation (reported in Section II-B) reasonable. For
higher frequencies, a significantly larger number of transducer
electrodes is needed to produce a chirp of certain duration.
The simulation time increases quickly with the increase of the
number of electrodes.
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Fig. 2.
Interrogation process. (a) An up-chirp LFM signal is used for
interrogation. (b) The signal is compressed by the chirp transducer, reflected
by the code reflectors, and expanded by the transducer. The output has a
dispersion opposite to that of the interrogation signal. (c) Reflections from
surrounding objects have the same dispersion as the interrogation signal.
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for 0 ≤ t ≤ Tchirp . In (1) and (2), the chirp rate µ is defined
as µ = B/Tchirp .
For simulating one of the possibilities of ”reading” the tag,
we imagine, that the chirp transducer on the SAW tag is
excited with a chirp pulse having a dispersion opposite to that
of the transducer (to create a situation where the transducer is
matched to the signal). For the tag depicted in Fig. 1, an upchirp would be used for interrogation (see Figs 2a and 2b). In
this way, the signal propagating on the surface of the substrate
will be a compressed pulse of width 1/B = 2 ns. In order to
improve the sidelobe level of the compressed pulse, we weight
the interrogation signal using a cosine window. The above tag
is thus actually excited by a pulse of form
¶
µ
π
πt
−
Aup,w (t) = Aup (t) cos
.
(3)
Tchirp
2

The spectrum of the compressed pulse can be presented as a
product of the spectrum of the interrogation pulse Aup,w (f )
and the frequency response Adown (f ) of the chirped transducer
Acompr (f ) = Aup,w (f )Adown (f )L.
(4)
A loss factor L is included here to account for transduction,
mismatch, propagation, and other losses.
The compressed pulse is then partially reflected by code
reflectors. In this example, the tag has three reflectors, placed
at round-trip time delays of t1 = 50 ns, t2 = 100 ns, and
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Fig. 3. Real parts of the tag output and the environmental echoes. Matlab
simulation.
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In the time domain, this is an expanded pulse with a dispersion
opposite to the original interrogation signal (see Fig. 2b),
according to which it is recompressed at the reader.
The environmental echoes, that is, the reflections of the
interrogation signal from surrounding objects (outside the tag),
are modeled by summing many reflected pulses with random
amplitudes Ri and random delays τi as follows:
N
X
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>

(5)

where a reflectivity of R0 = 10% is assumed for each reflector.
The reflected pulse train will be received by the chirp transducer, which in our example will first output high frequencies
and then low frequencies. The spectrum of the output signal
will have the form

E(f ) =
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Fig. 4. Real parts of the tag response and the environmental echoes after
being processed with a dispersive delay line matched to the tag response.
Matlab simulation.

t3 = 125 ns from the transducer. These time delays roughly
correspond to distances of l1 = 100 µm, l2 = 200 µm, and
l3 = 250 µm (on 128◦ -LiNbO3 ). We describe the contribution
of the reflectors as
R(f ) = R0
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In this equation, the amplitudes are supposed to decay with
increasing delay. The total level of environmental echoes is
adjusted to the level of the above described tag response, which
determines the number N of included environmental echoes.
In this example, N = 200.
The chirp pulse reflected by surrounding objects has a
spectrum of
Aenv (f ) = Aup,w (f )E(f ).
(8)
As illustrated in Fig. 2c, the environmental echoes have
the same dispersion as the original interrogation signal, and
hence opposite to the dispersion of the tag response. As a
result, while the tag response is compressed at the reader, the
environmental echoes are not.
The simulated tag response Aout (t) and the environmental
echoes Aenv (t) are shown in Fig. 3. For clarity, the two
signals are separated in time in this example, but they could

as well coincide. The studied tag device has three reflectors
and the response contains three overlapping chirp signals.
The environmental echoes are supposed to be comparable in
amplitude with the tag response, but after being processed
with a dispersive delay line matched to the tag response, the
amplitude of the tag response is clearly increased above that
of the environmental echoes, as can be seen in Fig. 4.
Another possibility to read the tag is to use a short delta
pulse as an interrogation signal (see Fig. 5). In this case,
the signal propagating on the chip surface is an expanded
pulse having the same dispersion as the transducer. When
signals reflected from the code reflectors are received by the
transducer, the beginning of the reflected signal is output
first, while the end must travel through the entire transducer
before being output. The duration of the tag response will
then correspond to twice the time length of the transducer.
The response is compressed using an LFM signal with a band
of B = 500 MHz and a duration of 2Tchirp = 200 ns. One
more possibility to read the tag would be to use an up-chirp
interrogation signal with a band of B and a duration of 2Tchirp .
This would result in short compressed pulses being reflected
back by the tag. These examples illustrate that there are many
ways of reading a tag having a chirp transducer. All these
methods profit from the fact that the tag response is different
from the interrogation signal and its parameters are known in
advance so that a matched-to-signal reading is possible.
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Fig. 6. |S11 | in the frequency domain for the entire single-reflector SAW
tag device and for the chirp transducer alone. FEM-BEM simulation.

Fig. 8. |S11 | in the time domain for the entire single-reflector SAW tag
device and for the case where the direct EM reflection from the transducer
has been excluded. FEM-BEM simulation.
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Fig. 7. |S11 | in the frequency domain for the single-reflector SAW tag device
after subtraction of the signal directly reflected from the chirp transducer.
FEM-BEM simulation.

B. Numerical Experiments Using a FEM-BEM Simulator
We numerically simulated the performance of a SAW tag
similar to that sketched in Fig. 1. The simulated device consists
of a chirp transducer and a single open-circuit electrode acting
as a code reflector. The dispersion of the transducer is as
illustrated in Fig. 1. It has the high frequency sections closest
to the code reflector, that is, it is a down-chirp device that
first generates high frequencies and then low frequencies. The
transducer has the same parameters as in the previous example:
B = 500 MHz, Tchirp = 100 ns, µ = 5 MHz/ns, and fc = 1 GHz.
It has Np = 100 pairs of electrodes and a length of about
400 µm. The distance between the transducer and the code
reflector is l1 = 300 µm, which roughly corresponds to a
round-trip time delay of 150 ns on 128◦ -LiNbO3 . The metal
thickness relative to wavelength is 3%, and the metal ratio for
the transducer structure is 0.5. The code reflector has a width
of 1.2 µm.
1) Results of FEM-BEM Simulation: We simulated the
structure with FEMSAW, a FEM-BEM-based [20] simulation
software that produces the S11 parameters of the device.
The simulation was separately run for the entire singlereflector tag described above and for its chirp transducer alone.
Fig. 6 shows the absolute value of S11 for both of these cases.
The results of the latter simulation were used to eliminate

the contribution of the direct reflection of the electromagnetic
(EM) signal from the transducer. The S11 of the transducer
was subtracted from the S11 of the entire single-reflector tag.
The subtraction was performed in linear scale for the real and
imaginary parts of S11 . Here we profit from the advantages of
numerical experiments: the transducers are perfectly identical
in the two simulations, which would not necessarily be the
case in a real experiment with two separate packaged devices.
Fig. 7 presents the result of the subtraction.
Fig. 8 shows the impulse response of the tag for two cases:
first, |S11 | for the entire tag and, second, for the case where
the direct EM reflection has been eliminated. As expected, the
reception of the signal reflected from the code reflector starts
at 150 ns and ends at 350 ns. The chirp duration is doubled
compared to the propagation time inside the chirp transducer
since this inverse-Fourier-transformed signal corresponds to
the case where the initial interrogation signal is a delta pulse.
As can be seen from Figs. 6 to 8, we have not tried to optimize
the device performance. The objective of this paper is merely
to prove a concept.
The tag response of Fig. 8 could now be compressed using
a cosine-weighted up-chirp with a duration 2Tchirp (see e.g.
Fig. 5). However, we use here theoretical LFM signals for
interrogation in order to illustrate signal processing in different
steps.
2) Chirp Interrogation of Simulated Device: We ”interrogate” the simulated tag device with the up-chirp signal
introduced in (3). The tag response is shown in Fig. 9. The
interrogation pulse is 100 ns long, and the signal observed
between 0 ns and 100 ns thus is the direct reflection of the
interrogation pulse from the tag’s transducer. The transducer
length also corresponds to a delay of 100 ns, that is, a
compressed pulse is completely formed (and regenerated) at
the delay of 100 ns, where a sharp peak can be observed. The
distance between the transducer and the reflector corresponds
to a round-trip delay of 150 ns. Hence, the reflection of the
compressed pulse from the code reflector is output between
250 ns and 350 ns. High frequencies are output first and low
frequencies last.
Although the origin of the peak at 250 ns still demands
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investigations, further simulations give reason to assume that
the peak is caused by an end effect of the transducer edge.
Inside the transducer, the effective region [21] is surrounded
by regions that receive the pulse out of phase. The edge of the
transducer, however, has such a region on one side only. The
number of electrode pairs Neff in the effective region can be
obtained from
Neff (f ) =

fc

p

f
Np .
BTchirp

(9)

For example, at the center of our chirp transducer, there
are about 14 effective electrode pairs. The end effects were
reduced when the simulated transducer was prolonged by
adding Neff /2 electrode pairs to both ends of the transducer.
The added electrodes were alternately connected to the two
busbars and had a gradually decreasing width. This gave
a correspondingly decreasing coupling into surface acoustic
waves.
The tag response of Fig. 9 is compressed using a theoretically simulated ideal up-chirp correlator (Eq. 1). Fig. 10
shows the result of compression. The direct reflection from
the transducer (from 0 ns to 100 ns in Fig. 9) now has the
same dispersion as the correlator and no compressed peak
is observed. Also the wide-band peak observed at 100 ns in

III. E XPERIMENTAL RESULTS
We also designed a SAW tag device having the same
transducer as the above described tags but 10 code reflectors.
Encoding was based on groups of 5 slots, as described above,
with a slot width of 5 ns and an initial delay of 150 ns.
The device was simulated using FEMSAW and fabricated
on 128◦ -LiNbO3 using electron beam lithography and liftoff
process. The fabricated device is shown in Fig. 11 and its chirp
transducer in Fig. 12.
The experimental tag device is ”interrogated” using the
procedure described in context with Figs 9 and 10. The tag
response to the up-chirp signal of (3) is shown in Fig. 13.
The immediate compressed pulse is observed at 100 ns.
The response signal contains 10 overlapping chirped code
reflections between about 250 ns and 550 ns.
Figs 14 and 15 show the compressed responses in the simulated and experimental cases, respectively. These responses
are obtained by applying an ideal chirp correlator with band
B = 500 MHz and chirp duration 2Tchirp = 200 ns directly to
the simulated or measured S11 data. The level of compressed
peaks is comparable between the two cases. The compressed
peaks are 15 dB to 20 dB above the noise level, but the
reflector strengths have not been optimized in this case.
Some energy evidently passes through the entire device. Both
responses illustrate the fact that the total delay is significantly
shorter than with ordinary SAW tags.
IV. R EADING R ANGE E STIMATION
In this section, we roughly estimate the achievable reading
distance for a UWB SAW tag that operates within the 2.0-GHz
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Fig. 14. Compressed response of a SAW tag device having 10 code reflectors.
Simulated data.
0

where λ is the electromagnetic wavelength (0.13 m at
2.25 GHz), Pt,reader is the power transmitted by the reader,
Greader and Gtag are the respective gains of the reader and tag
antennas, and Ti is the signal integration time, accounting for
the accumulation of signal due to multiple readings. Ltot is
the total loss in the system including SAW propagation losses
and losses in the tag but excluding losses due to propagation
and spreading of EM waves. k is the Boltzmann constant,
T0 is the absolute temperature, and F is the noise figure
deteriorating the sensitivity of the receiver. SNR is the signalto-noise ratio required for the desired probability of the correct
deciphering of the code [24], [25]. A high SNR guarantees a
high probability of correct reading of the code, but reduces
the reading distance, as can be seen from (10).
The radiated power is limited by the FCC rules for ultrawideband applications. The three important points are [16],
[17]:
• The equivalent isotropically radiated power (EIRP), that
is, the product of the power supplied to the antenna
Pt,reader and the antenna gain Greader in a given direction, is limited to -41.3 dBm/MHz at frequencies higher
than 1.99 GHz for ”surveillance systems”.
• At this frequency range, emissions are to be measured
using a resolution bandwidth of 1 MHz.
• Within a 50-MHz bandwidth centered on fM (the frequency corresponding to the maximal spectral density
of the signal power), peak emissions are limited to
0 dBm EIRP (or, if a resolution bandwidth RBW other
than 50 MHz is used, to 20· log(RBW /50) dBm, where
RBW is in MHz).
In a 500-MHz band (2.0 GHz to 2.5 GHz), the continuously radiated power Pt,reader Greader must not exceed
10−4.13 · 500 mW = 37 µW. However, the reader might have a
low duty factor and be silent for most of the time. How can the
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to 2.5-GHz frequency range and satisfies the FCC rules.
The reading range r is determined by the radar equation
[22], [23]:
s
λ 4 Pt,reader G2reader G2tag Ti
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Ltot · kT0 F · SNR
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Fig. 15. Compressed response of a SAW tag device having 10 code reflectors.
Experimental data.

above cited rules then be interpreted? The emission measurement method is also determined in the FCC rules [16]. For
power level measurements of signals with frequency higher
than 960 MHz, a ”1 millisecond or less averaging time” is
specified. That means that the first point above basically limits
the total energy radiated during 1 ms to 37 µW · 1 ms = 37 nJ.
Actually only this total radiated energy Pt,reader Greader Ti
enters the equation (10) and determines the reading range.
Substituting this energy into (10), we obtain a reading distance
of 2.4 m. Fig. 16 shows the reading range r as a function of
the integration time Ti . In these estimations, we have used the
following values: Greader = 10 dBi, Gtag = 0 dBi, T0 = 300 K,
and F = 5 dB. Ltot is estimated as 40 dB and SNR is taken
as 1.
If the radiated signals have a shorter duration than 1 ms,
the peak power can be higher. According to the third point
above, the peak power can reach 0.1 W in a 500-MHz
band but then the total duration of emission must be about
0.37 µs within a repetition time of at least 1 ms. Using such
relatively high power pulses may be a better option for a
reader, especially if accumulation of readings during many
milliseconds is acceptable. Although key issues in a UWB
SAW tag system, the reader and antenna technologies fall
outside the scope of this paper.
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Fig. 16. Estimated read range r as a function of reader integration time T i
for a 2.25-GHz UWB SAW tag satisfying the FCC rules.

V. D ISCUSSION AND C ONCLUSIONS
Recently, a UWB SAW correlator operating within the
FCC [16] designated band for developmental UWB communication devices was demonstrated [6], and we believe that also
SAW RFID tags ideally match with UWB technology. In this
paper, we have shown through simulations, experiments, and
estimations that UWB SAW tags meeting the FCC rules are
feasible. We have presented experimental evidence, that UWB
SAW tags can have a reasonably large data capacity of one
million different codes in a chip length of about 1 mm. Our
estimations also show that UWB SAW tags can be interrogated
with low-power readers and a reading range of a few meters
can be achieved, depending on the integration time and other
reader characteristics.
UWB SAW tags combine a small chip size with a reasonably large data capacity. In addition, the on-tag signal
processing permitted by LFM signals and a chirp transducer
allows for a strong resistance to environmental interference.
UWB SAW tags also have much shorter delays than standard
SAW tags. This will result in significantly lower propagation
losses. These great advantages should overcome numerous
difficulties related to design, loss level, temperature sensitivity,
etc. that we are prepared to meet in the ongoing experimental
realization of UWB SAW tags. The unusual substrate materials, such as 41◦ -LiNbO3 , having excellent coupling but
some additional ”leaky” loss mechanisms, can be considered
valid candidates for substrates [26] for UWB devices. UWB
technology opens an attractive perspective of development of
extremely small, cheap, and completely passive tags operating
with readers radiating only microwatts of power.
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