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Abstract— Filters based on employing single-phase
unidirectional transducers (SPUDTSs) consisting of
A/4 and wider electrodes are presented. The design
variants exploit the significant difference between the
reflectivity of short-circuited \/4 electrodes and that
of floating wide electrodes on 128° LiNbOj3. The
SAW devices operating at 2.45 GHz have critical di-
mensions of about 0.3—-0.4 um, accessible to standard
optical lithography. When matched, the fabricated
SPUDT filters exhibit minimum insertion losses of
5.5—7.9 dB together with 3 dB passbands of 89—102
MHz. The majority of the insertion loss can be at-
tributed to the attenuation on free surface and inside
the grating, and to the resistivity of the electrodes.

I. INTRODUCTION

Wireless communication has become a field of
worldwide business with exceedingly high commer-
cial interest. The solutions formerly developed for
high-end niche applications have impinged in var-
ious customer products and services. Along with
the development of technologies, the growth of busi-
nesses and subscriber numbers, the transmitting ca-
pacity, characterized by, e.g., the frequency band-
width and signal power, has become an important
issue. The frequency spectrum is allocated for new
standards before systems operating according to
their regulations emerge. Different continents have
different existing standards and systems which ren-
ders the introduction of global systems difficult.
When the range of the system envisaged is short,
one possibility is to pursue operation in the bands
allocated for industrial, scientific and medical (ISM)
purposes.

Wireless radio-frequency (RF) identification (ID)
has attained plenty of attention recently. The op-
tical readout systems have the advantages of low
cost, widespread use and established status but they
require unrestricted line-of-sight and proper align-
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Fig. 1. Schematic of a SAW ID tag after Ref. [1].

ment. Even though they undoubtedly will persist,
their shortcomings call for more flexible systems.
Various approaches for the replacement of bar codes
and the improvement of logistics management in
target applications are being developed. One of the
proposed solutions is a global surface-acoustic wave
(SAW) ID tag system operating in the 2.45 GHz
ISM band [2].

An ID tag requires a facility to modify the incom-
ing RF signal using a preprogrammed code and an
antenna for receiving the interrogation signal and
for transmitting the response. An ID tag may be
passive or it may contain active components, in
which case the power needed for biasing has to be
supplied to the tag either by a battery or by the
interrogation signal. A SAW ID tag consists of a
transducer connected to the antenna, and a num-
ber of reflectors placed on the propagation part of
the transmitted acoustic wave, see Fig. 1. The ad-
vantage of SAW ID tags is that the device is passive,
an advantage for power budget and range. Further-
more, the device is rugged and compact. The signal
picked up by the antenna is converted in a trans-
ducer into a SAW which propagates on the sub-
strate, is reflected from tailored ID structures and
reconverted by the same transducer into an electric
signal and, finally, retransmitted by the same an-
tenna.

Due to the diffraction, a SAW ID tag needs a wide



aperture. In order to maximise the range of the sys-
tem, the tag must exhibit as low losses as possible.
To comply with these requirements, single-phase
unidirectional transducers (SPUDTS) [3], transceiv-
ing the acoustic energy predominantly in one direc-
tion on the crystal surface, are often used. A further
requirement is that the transducer structure should
be feasibly manufacturable in large quantities. The
majority of SPUDT approaches utilize structures
where the critical dimension is on the order of 1/8
of the acoustical wavelength (Ag). This is a severe
limitation for the high-frequency operation. Since
the SAW velocity is typically 3-4 km/s, a Ag/8-wide
distance at 2.45 GHz equals 0.15-0.2 pm, which is
inaccessible to standard optical lithography. Some
SPUDT configurations achieving wider critical di-
mensions have been envisaged [4,5].

A novel SPUDT principle employing Ag/4 and
wider electrodes was recently proposed [6]. Here,
the applicability of the structure and its variants is
demonstrated for SPUDT filters consisting of two
SPUDT transducers aligned in the same acoustic
channel with their forward directions opposite to
each other. Preliminary results of this work were
reported in Ref. [7].

II. SPUDT STRUCTURES

In this work, SPUDT structures introduced in
Ref. [6] are employed as transducers in simple fil-
ter structures. The unit cell in the basic structure
of Fig. 2, reproduced from [6], comprises a pair of
A/4-wide transducer electrodes and a floating \/2-
wide reflector electrode on 128° LiNbOs. The unidi-
rectional operation of the structure is based on the
considerable difference in reflectivity between the
weakly reflecting narrow short-circuited electrodes
and the wide floating electrodes with high reflec-
tivity [8]. In Fig. 2, the forward direction is to the
right. The great advantage of the critical dimension
of A/4, is that the structures are feasibly fabricated
with standard optical lithography for frequencies up
to 2.5-3 GHz.

The unit cell of this basic structure, referred to in
what follows as type B, is 2A\¢ = 4pg wide. It incor-
porates one center of reflection, placed roughly at
the center of the reflecting electrode, and one cen-
ter of excitation, located in the middle of the gap
between the transducer electrodes. The difference
in reflectivity is maximized by selecting the widths
of the reflector and transducer electrodes as a/py
= 0.8 and b/pg = 0.4, respectively [8]. However,
the structure is quite sparse, which serves to re-
duce its efficiency in terms of the electromechanical
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Fig. 2. Geometry of the basic SPUDT element (B). The unit
cell B consists of a floating reflector electrodes (a/po =
0.8) and a pair of narrow transducer electrodes (b/po =
0.4). The length of the section is 2\g.

coupling and reflectivity per wavelength. Therefore,
more efficient variants where the reflectivity of a sin-
gle floating reflector is compromized are proposed.
The requirement of manufacturability prohibits the
increase of the density of the structure by simul-
taneously increasing the length of the unit cell by
one wavelength and adding floating 0.8pg-wide elec-
trodes: centering such electrodes half a wavelength
apart leads to a gap 0.2py wide between them. How-
ever, the numerical simulation results suggest that,
for aluminium thicknesses 5-8% of h/Ag, the reflec-
tivity of a 2-electrode open-circuited grating is de-
creased by mere 1-2 %-units if the metallisation ra-
tio is reduced from a/py = 0.8 to a/py = 0.6 [8].
The use of narrower reflector electrodes allows a
center-to-center distance equal to pg between them.
For a/pop = 0.6, the minimum gap width within the
structure becomes 0.4pg, equal to the width of the
transducer electrodes. Reducing the critical dimen-
sion for the nominal 0.5pg to 0.4pg only slightly lim-
its the operation frequency feasible for standard op-
tical lithography. For 128° LiNbOQOsg, at 2.45 GHz,
the critical dimension of 0.4pg = 0.2Ag roughly cor-
responds to 0.325 pm.

Examples of denser variants of the basic structure
are illustrated in Figs. 3 and 4. Figure 3 shows a
variant C where one unit cell is 3\g = 6py wide.
The unit cell C comprises three 0.4pp-wide trans-
ducer electrodes and two floating 0.6pg-wide reflec-
tor electrodes. Thus, instead of a single source
of the basic variant (B), there are two excitation
sources. In addition, due to the inclusion of sec-
ond reflector electrode, the total reflectivity in the
unit cell C is likely to be larger than that in the
unit cell B. In Fig. 4, another variant, E, having
a unit cell 4\g = 8pp wide, is sketched. The unit
cell E encompasses four 0.4pg-wide transducer elec-
trodes (implying three sources of excitation) and
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Fig. 3. Variant C of the SPUDT finger structure. The unit
cell C consists of two floating reflector electrodes (a/po
= 0.6) and three narrow transducer electrodes (b/pg =
0.4). The length of the section is 3\g. The dashed rec-
tangles indicate the positions of transducer fingers in a
synchronous structure.
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Fig. 4. Variant E of the SPUDT finger structure. The unit
cell E consists of three floating reflector electrodes (a/po
= 0.6) and four narrow transducer electrodes (b/pg =
0.4). The length of the section is 4\g. The dashed rec-
tangles indicate the positions of transducer fingers in a
synchronous structure.
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three 0.6pg-wide reflector electrodes. The variants
C and E, and longer unit cells utilizing a number
of A/2-spaced fundamental-mode floating electrodes
as reflectors may be regarded as elements of a group-
type SPUDT structure [9].

Test devices were fabricated and their frequency
characteristics were measured directly on wafer us-
ing a wafer prober and a network analyzer. Six
filter variants are considered here. One SPUDT fil-
ter, labeled 9SecB, consists of two identical trans-
ducers with opposite directivities having 9 sections
of type B, see Fig. 2. The filter 7SecC has trans-
ducers utilizing 7 sections of type C, see Fig. 3.
The transducers of another variant, 5SecE, com-
prise 5 sections of type E, see Fig. 4. In all the
cases, the periodicity pg and the aperture were 0.8
pm and 75 pm, respectively. The measurement
results obtained in the 50-Q2 system were numeri-
cally matched with parallel inductances in the in-
put and the output and transformed to the 350-2
impedance system. Three more filter variants ex-
hibiting two identical acoustical tracks in parallel
(2W9SecB, 2W7SecC and 2W5SecE) and manifest-
ing matching conditions close to 150 € were in-
cluded. The schematic of the double-aperture vari-

ant of the SPUDT structure B, used in the filter
2W9SecB, is shown in Fig. 5.
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Fig. 5. Double-aperture variant of SPUDT structure B.

The filters were fabricated for the metallisation
thicknesses of 5, 6.5, and 8% of h/)\o.

III. EXPERIMENTAL RESULTS

The responses of the measured SPUDT devices
have been studied numerically, and partly statisti-
cally. The frequency responses measured in the 50
environment are numerically matched to illustrate
the optimal characteristics of the devices. Wafer-
level averages and standard deviations have been
evaluated for the minimum insertion loss and the 3
dB bandwidth.
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Fig. 6. Time gating used to obtain a smooth passband signal.
Only one half of the response is shown.
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Fig. 7. Definitions of the parameters used to characterize

the SPUDT filters.

Since the multiple-transit signals render the de-
termination of the minimum insertion loss difficult,
our approach is, for both matched and unmatched
devices, to cut the contribution of the higher-order
transit signals by time gating, see Fig. 6.

The minimum insertion loss is obtained from the
smoothened response. The -3 dB frequency points
and the 3 dB bandwidth are then determined, and
the center frequency is taken to be the center of the
3 dB band, see Fig. 7.

The frequency response of the filter 9SecB for the
thickness h/Ao = 5% is shown in Fig. 8. For the
matched filter, the minimum insertion loss is 6.8
dB and the 3 dB bandwidth at 2.42 GHz is 101
MHz. Both values are wafer-level averages. For the
corresponding variant with two acoustical channels
in parallel (2W9SecB, Fig. 5, responses not shown),
the minimum insertion loss is about 1 dB higher,
and the 3 dB bandwidth is practically the same, see
Table 1.

The best variant in the matched environment for
the thickness h/Ag = 5% seems to be the device
2WSechE, for which the average insertion loss is
5.9 dB at the center frequency 2412 MHz. The av-
erage matched 3 dB bandwidth is 96 MHz. For
the thickness 6.5%, see Fig. 9, the average insertion
loss at the center frequency 2389 MHz is 5.8 dB
and the 3 dB bandwidth is 104 MHz. A drawback
of the slightly enhanced properties is that the de-
vice is then matched to 200 2 instead of the 150 2
for the lower thickness. The wafer-level averages of
the characteristic values of all filter variants for the
thickness h/\g = 5% are enlisted in Table I.

In order to address losses present in the SPUDT
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Fig. 8. Measured characteristics of the SPUDT filter 9SecB
for h/Ao = 5%. Top: Transmission response of the filter
(dB). Middle: Detailed view of the passband. Bottom:
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S11 on the Smith chart.

TABLE 1
MINIMUM INSERTION LOSS (MATCHED), 3DB BANDWIDTH
(MATCHED) AND THE MATCHED IMPEDANCE SYSTEM FOR THE
MEASURED DEVICES

Device, | Min IL, dB | 3dB BW, MHz | Zum,
h/Xo = 5% | (matched) (matched)

9SecB 6.8+0.1 101+£2 350
2W9SecB 7.9£2.3 102+4 150

7SecC 5.9£0.1 89+2 350
2W7SecC 6.8+0.9 90+3 150

5SecE 5.5+0.2 95+2 350
2W5SecE 5.9+0.3 96+3 150

structure, a simulation using a numerical tool char-
acterizing the substrate by Green’s functions and
utilizing the finite element method (FEM) to de-
scribe the fields in the electrodes [10, 11] was car-
ried out. A comparison of the experimental data to
a simulated response of the structure 5SecE, impos-
ing the same matching conditions, manifests that,
in the simulations, attenuation is excluded from the
Green’s functions and the resisitivity of the elec-
trodes is neglected, see Fig. 10. The losses are about
4 dB higher in the experiment than in an ideal filter
consisting of 2 SPUDT transducers. The majority
of the loss difference may be attributed to the prop-
agation attenuation (on the free surface and inside
the electrode structures) and to the resistivity.

The distance between the transducers (free sur-
face) is about 600 pm, which corresponds to a delay
of about 0.15 pus. Estimating the loss as 6.5 dB/pus,
a value extracted from our measurement results of
delay line test structures with identical IDTs and
different separation betweeen them, one arrives at 1
dB of additional free-surface propagation loss. The
propagation inside a metallic grating is character-
ized by a higher loss level. In the modelling, the
attenuation parameter v &~ 3 - 1072 Nepers/)\¢ is
used, corresponding at 2.4 GHz to the loss 8.68 - 3 -
1073 - 2400 = 62 dB/us, or to 0.026 dB/X\g. The
length of the transducer (device 5SecE) is about
20Ag. Considering the center-to-center propagation,
i.e., assuming the loss to arise from the propagation
through half the length of each IDT, we arrive at a
propagation loss on the order of 0.5 dB inside the
IDTs in the device.

Attenuation in Nepers/Ag attributed to the re-
sistive losses is proportional to the square of the
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Fig. 10. Comparison of simulated and experimental fre-
quency responses of a SPUDT transversal filter (5secE).
For both transducers, Neepg®)/ipT = 5-

aperture in g [12]:

2w W8 po 4 (W
o =2l = 5l (5)
(1)
where a is the finger width, pp = Ao/2 is the period,
and po = 0.04/h(in pm) [Q] is the sheet resistiv-
ity of aluminium. The normalized coupling coeffi-
cient ay, is on the order of 10_3(\/5)_1. The met-
allisation ratio of the transducer fingers is a/py =
0.4. Substituting the numerical values, we arrive at
the attenuation value of 0.007 Nepers/\g, or 0.064
dB/Xog, due to the resistivity. Assuming that the
floating electrodes do not contribute to the resistiv-
ity, one obtains for 10 active finger pairs per trans-
ducer a total additional loss (2 SPUDTSs) of 1.3 dB.
The estimated total loss due to the propagation
attenuation on free surface and inside the grating
and the resistivity of electrodes are 1 dB + 0.5 dB
+ 1.3 dB = 2.8 dB, which is less than the 4 dB
obtained from the comparison of the experimental
and simulated results. These estimates indicate the
presence of other loss mechanisms not accounted for
in the simulations.

IV. DiscussioN

A novel SPUDT structure employing A/4 and
wider electrodes is proposed. The operation of the
structure and its variants is based on the signifi-
cant difference between the reflectivity of A\/4-wide
short-circuited electrodes and that of floating wide
electrodes on 128° LiNbOg3 [8]. SAW filters, tags,

sensors and other SAW devices utilizing these uni-
directional transducers, operating at 2.45 GHz, will
have critical dimensions of about 0.3-0.4 pum, ac-
cessible to mass production with standard optical
lithography. The fabricated SPUDT filters exhibit
a relatively low insertion loss (down to 5.5 dB) and
wide passband (about 100 MHz). Comparison to
simulated results reveals that the majority of the
losses can be attributed to attenuation on free sur-
face and inside the grating and to the resistivity of
the electrodes.
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