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Abstract— This paper describes the development, operating 
principles, and experimental performance of sixteen uniquely 
identifiable, wirelessly interrogable, passive surface acoustic 
wave (SAW) humidity sensors, and a prototype wireless tran-
sceiver capable of reading the set of sensors and interpreting 
individual sensor responses.  The set of sensors was produced 
using a combination of discrete frequency coding and time 
diversity, and can operate simultaneously in groups of 8 or more 
while retaining the ability to individually identify and read each 
sensor.  Nanostructured polyvinyl pyrrolidone/lithium chloride 
doped titanium dioxide sensing layers developed in collaboration 
with researchers from Temple University were utilized on the 
SAW die to produce sensors that demonstrate large, rapid, 
reversible quantitative responses to humidity exposure in 
laboratory conditions.  The transceiver implemented a differen-
tial time integrating correlator based system architecture.  The 
system operates in a manual mode for sensor selection, and 
utilizes a PC-based LabView user interface for data acquisition 
and system control.  This system was shown to be capable of 
reading the humidity sensors wired and wirelessly over short 
range (up to 10 feet) under laboratory conditions.  Toggling of 
transmit (Tx) and receive (Rx) antenna operation was required 
to eliminate high Tx to Rx crosstalk levels caused by continuous 
transmission and reception, which otherwise would prevent 
wireless reading of passive sensors.  The wireless sensor system 
was successfully demonstrated at NASA Kennedy Space Center 
in November, 2011. 

I. INTRODUCTION 
Surface acoustic wave (SAW) devices have been 

recognized as a promising technology for passive, wireless 
sensing for a range of physical parameters for about two 
decades [1].   Such devices are advantageous when wired 
sensor installation is problematic, when battery use is 
undesirable, and in harsh environment applications.  Individu-
ally coded SAW devices can be configured to sense 
measurand(s) of interest, to act as passive wireless interfaces 
to external sensors known as “sensor-tags”, or to serve both 
of these functions simultaneously.  These devices enable 
wireless multi-sensor systems, where each device (sensor or 
sensor-tag) responds to a wireless interrogation signal with 
the device ID and measured parameter(s).  Historically, the 
primary use of passive wireless SAW sensors has been 
limited to making physical measurements, including 

temperature, pressure, and torque.  Sensing of chemicals in 
vapor and liquid phase using acoustic wave sensors has been 
demonstrated extensively [2-5], principally using wired 
sensor systems.  The work described herein presents the use 
of passive wireless SAW sensors for the quantitative 
measurement of a water vapor. 

Prior passive wireless SAW multi-sensor systems 
utilized one of several types of sensor identification schemes, 
including code division multiple access (CDMA), frequency 
division multiple access (FDMA), time division multiple 
access (TDMA), orthogonal frequency coding (OFC), and 
discrete frequency coding (DFC) [6-11].  In each case, the 
reader architecture was selected based on the scheme used.  
However, such systems often suffered from code collision 
interference, and SAW wireless sensor systems capable of 
reading more than six individual sensors simultaneously 
operating in the field of view of a single reader had not been 
realized until quite recently.  A combination of DFC and time 
diversity was utilized by the authors for individual sensor 
coding, along with a novel transceiver system architecture, to 
produce a 16-sensor passive wireless SAW humidity meas-
urement system.   

The humidity sensitive film formation procedures, SAW 
sensor diversity techniques and device structure used, and 
wireless transceiver system architecture are described below.  
Experimental results showing wireless measurement of 
humidity are presented. 

II. HUMIDITY SENSITIVE FILM PREPARATION 
The selection and preparation of humidity-sensitive 

materials with desirable properties is one key step in the 
fabrication of humidity sensors.  There are several types of 
materials commonly used as the sensitive layer of humidity 
sensor devices including polymers, ceramics (typically 
oxides), metals, and metal/polymer composites.  Twenty 
different coatings were considered based on published use in 
humidity sensors.  Three coatings (polyvinyl alcohol [PVA], 
poly(vinylpyrrolidone) [PVP], and doped titanium dioxide 
[TiO2]) were selected for development and testing [12].  The 
morphology of the humidity sensitive film plays a significant 
role in overall sensor performance, and several different 
nanostructures were considered, including nanowires, nano-
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Figure 1. (a) SEM image of TiO2/LiCl film deposited onto a LiNbO3 substrate; (b) typical AFM 3D-image 
used to determine film thickness; (c) AFM cross-section showing profile of the film edge. 

rods, round nanoparticles, meso-porous materials, and others 
[13].  While the PVA and PVP films performed satisfactorily, 
nanostructured polyvinyl pyrrolidone/lithium chloride doped 
titanium dioxide (PVP/LiCl-TiO2) sensing layers developed 
by researchers from Temple University were determined to 
be superior, producing sensors that demonstrate large, rapid, 
reversible quantitative responses to humidity exposure in 
laboratory conditions.   

Lab Procedure:  All glassware was cleaned by piranha 
solution (3:1 (v/v) concentrated sulfuric acid/30% hydrogen 
peroxide), rinsed in DI water (18 MΩ) and dried in a dry N2 
stream. Tetrabutyl titanate (Ti(OC4H9)4 > 95%), 
poly(vinylpyrro- lidone) (PVP) (Mw: 1,300,000), ethanol, 
acetic acid, and LiCl were purchased and used as received.  
Under continuous stirring in a dry sealed vial, 1.5 g of 
Tetrabutyl titanate was mixed with 3 mL of acetic acid and 3 
mL of ethanol to form a working solution.  A second solution 
was formed by adding 0.45 g of PVP and 0.20 g of LiCl to 
7.5 mL of ethanol in a second sealed vial with stirring.  The 
working solution was then added to the PVP solution, 
followed by stirring for 30 min at room temperature.  SAW 
devices with center frequency of 250 MHz (described below) 
were fabricated on standard 3 inch YZ-LiNbO3 wafers 
(Crystal Technology, Inc.).  After dicing, the SAW die were 
O2 plasma cleaned (50 Watts RF power, 400 mTorr, 50 sccm 
O2, 30 sec.).  Kapton tape was used to protect the metallized 
regions of the cleaned SAW die, to confine deposition of the 
hygroscopic film to the desired portion of the acoustic 
propagation path, and to affix the SAW die onto silicon 
support wafers for spin coating.  Small volumes (≈ 0.5 μl) of 
the resulting solution were dropped onto the SAW sensors 
with a micropipette and spin-coated at 7,000 to 10,000 rpm 
using a WS-400BZ spinner from Laurell Technologies Corp. 
After film deposition, the kapton tape was carefully removed, 
and the die were placed on clean silicon wafers and annealed 
in the quartz tube of a Carbolite semiconductor furnace under 
ambient air at 300°C or 500°C for 3 hours or 24 hours in 
order to remove organic film components.   

The humidity sensitive material obtained consists of 
coin-shaped nanoparticles 100-200 nm in diameter and less 
than 50 nm thick (Fig. 1(a)).  The 
average thickness of the film was 
estimated by atomic force 
microscopy (AFM) to be 140 nm, 
as shown in Fig. 1(b).  Humidity 
sensing properties of the film and 
sensor response time were studied 
using conducto-metric and surface 
acoustic wave (SAW) sensor 
techniques, and revealed fast 
(under 1 second), reproducible, 
quantitative, and reversible 
responses to calibrated humidity 
levels.  Compared with more 
expensive methods of synthesizing 
sophisticated nano-structures for 
sensor applications, such as 
physical or chemical vapor 
deposition (PVD or CVD) and 

glancing angle laser assisted deposition (GLAD), among 
others, the solution-based method used represents a relatively 
simple and inexpensive technique to produce competitive 
SAW humidity sensor devices.  

III. SAW SENSOR SYSTEM IMPLEMENTATION 
In order to produce multiple sensors capable of operating 

simultaneously in the field of view of a reader with each 
sensor individually identifiable, both code and time diversity 
were used.  Discrete frequency coding involves relaxing the 
mathematical orthogonality restrictions of OFC [10] in order 
to achieve less spectral overlap between code chips in the 
frequency domain [11].  Sculpting of chip passband responses 
to produce steep transition bands, as compared to the sin(x)/x 
response of traditional OFC code chips, creates codes with 
chips that are virtually independent, significantly reducing the 
inter-chip interference and code collisions observed with 
OFC.  DFC chip design can be achieved with adjacent chip 
passbands crossing at approximately -6 dB for optimal 
spectral efficiency and reduction of chip interference effects. 

A set of eight “good” codes was designed using DFC 
techniques.  Each of these codes was then re-used with 
different SAW propagation delays, with time-adjacent code 
responses separated by at least the time width of the code 
autocorrelation peak.  Eight time delay slots were used, to 
produce a set of 64 unique devices.     

A. Coded SAW Sensor Configuration 
During this work, ASR&D demonstrated a new SAW 

sensor device structure suitable for use in chemical sensing 
applications and other uses where the primary sensor change 
in response to variation in a measured parameter is a change 
in attenuation of the reflected power spectral density.  This 
sensor has two acoustic propagation paths, one of which is 
left bare, and the other of which is coated with the humidity 
sensitive film (Fig. 2).  Tapered transducers used are tapered, 
meaning that the electrode spacing varies monotonically 
laterally across the transducer, with the widest spacing 
producing the lowest frequency acoustic wave, and the 
smallest electrode spacing producing the highest frequency 
wave. Both tapered transducers in the device are implemented 
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Figure 2.  Chemical sensor device structure using tapered transducers. 

 
Figure 3: Schematic of time wireless transceiver system architecture. 

using sub-transducers, each of which produces an acoustic 
wave in a track, where it propagates and interacts with the 
corresponding sub-transducer in the other transducer.  As 
shown in Fig. 2, one transducer is designed so that the sub-
transducers are aligned (the uncoded transducer).  The second 
(coded) transducer is designed such that each of the sub-
transducers is offset along the direction of propagation, 
producing different delays for each section when the wave is 
received by the aligned transducer.  The delay position of 
each frequency component of the response produces the DFC 
code.  Note that spreading the DFC chips laterally across the 
die allows longer chip that can overlap significantly in time. 

The frequency response of these devices consists of eight 
frequency channels, each created in one of the acoustic paths 
produced by the subtransducers of the tapered transducer.  
Since the channels occur sequentially in frequency across the 
die, the lower four channels are on one side of the die, and the 
upper four channels are on the other side of the die.  Thus, a 
film sensitive to the vapor of interest can be used to coat one 
half of the propagation path between the transducers on the 
die (as shown in Fig. 2), and the film will only affect wave 
propagation in the half passband that was coated.  The un-
coated half passband remains unaffected by the chemically 
sensitive film, and serves as a reference path.  This reference 
path can be used to determine approximate distance of the 
sensor from the transceiver (based on response amplitude) 
and temperature (based on response delay).  The amplitude of 
both half passbands will be affected the same way by changes 
in location (or wireless propagation distance).  Additional 
changes in attenuation of the response of the coated half 
passband due to absorption of the vapor of interest can be 
measured relative to the reference half passband response 
amplitude, providing a measure of the vapor of interest.  For 
the sensors developed under this project, the lower half 
passband was used as a reference response, and the upper half 
passband higher frequency) was coated with a humidity 
sensitive LiCl doped TiO2 film.  When exposed to increased 
RH levels, the lower frequency components of the response 
are unaffected, while the high frequency components are 
attenuated significantly with increasing humidity levels. 

B. Wireless Transceiver System  
The transceiver system developed by ASR&D measures 

the integrated energy in each half passband of the sensor 
response, and the ratio of these energies is a measure of the 
humidity.  As shown schematically in Fig. 3, the system 
generates a repeating PN-code sequence.  This signal is used 
in the reference path, where it passes through two matched 
filters (for the upper and lower half passbands), and is also 
delayed by a selectable time and transmitted to the sensors.  
Each sensor interacts with the transmitted signal, and reflects 
back a signal consisting of the PN code convolved with the 
response of that sensor.  The combined response from all 
sensors is received by the transceiver, where it is split into in-
phase and quadrature signals, multiplied by the upper and 
lower half passband reference responses, and integrated.  It is 
well known that the product of any two signals that are 
identical will be positive (or zero) at all times, and will 
integrate to a positive value over time.  Signals that are 
unlike, or are similar but out of phase, will (particularly for 

noise-like signals) multiply and integrate to zero over time.  
The portion of the composite signal reflected from all sensors 
that comes from one particular sensor will be identical to the 
reference response path signal going through the matched 
filters for that sensor, provided the reference and sensor path 
delays are identical.  This sensor response will integrate up to 
a positive value, while all other signals (which are noise-like 
by design, and are out of phase or at the wrong delay) will 
integrate to zero over time.  The voltage controlled oscillator 
(VCO) provides a tunable frequency signal, which is used to 
clock the PN-code generator.  This produces a repeating PN-
code with a time length that is variable, and controlled by the 
VCO frequency.  Tuning of the VCO is used to modify the 
PN code length such that the signal returning from the sensor 
of interest is exactly aligned with an integral repetition of the 
PN code being sent through the reference signal path.  Thus, 
this system is capable of synchronizing to read each randomly 
located sensor individually, while remaining fairly immune to 
multipath and channel noise.      

The system developed operates in a manual mode for 
sensor selection, and utilizes a PC-based LabView user 
interface for data acquisition and system control.  This system 
was shown to be capable of reading the humidity sensors 
wired and wirelessly over short range (up to ten feet) under 
laboratory conditions.  Longer ranges were not tested due to 
time limitations.  Toggling of transmit (Tx) and receive (Rx) 
antenna operation was required to eliminate high Tx to Rx 
crosstalk levels caused by continuous transmission and 
reception, which otherwise would prevent wireless reading of 
passive sensors.  
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                       4a.                    4b.                       4c. 

Figure 4: Wireless system response measured at 30 inches; System is reading one individual sensor, with three sensors in the field of view.   Upper traces 
show in-phase and quadrature components of the reference (green and blue) and sensor (smaller, red and white) signals.  The middle row of plots shows 
the response of the reference channel for the sensor of interest, while the bottom row of plots shows the response of the humidity sensitive channel.    
4a. Dry environment; 4b. Intermediate humidity; 4c. Room RH (approx. 70%). 

IV. EXPERIMENTAL RESULTS 
The sensors were tested individually and in sets, while 

spaced arbitrarily within the field of view at distances up to 
10 feet from the reader.  Up to three sensors can be read at 
one time without code collision causing significant inter-
ference.  Fig. 4 shows the response of one sensor to three 
levels of humidity, as read by the system with two other 
sensors present.  Tests confirmed that the response levels 
seen correspond fairly well to those observed with the single 
sensor of interest alone in the field of view.  With more than 
three sensors present in the field of view of the reader, the 
reference and humidity responses of each sensor are distorted 
significantly, making even an estimation of humidity level 
difficult.  It was determined that splitting the 8-chip coded 
transducer response into two separate acoustic tracks (each 
with 4 chips) effectively reduced the code length of each 
response, thereby reducing the orthogonality of the codes and 
causing worse code interference than initial simulations 
predicted.  While responses can be seen for all sixteen 
sensors, only select sub-groups can be used together without 
interactions causing problems.  Post-processing of the sensor 
data will be needed to calibrate the sensors for operation in 
larger groups.  Redesign of the sensors to use longer codes as 
initially intended would help to alleviate this problem.      

V. CONCLUSION 
Rapid reversible quantitative passive wireless detection of 

humidity was demonstrated using individually coded SAW 
sensors with integrated nanostructured films. A novel wireless 
transceiver system with sixteen humidity sensors was de-
veloped and demonstrated.  Up to three sensors can operate at 
one time in the field of view of the reader without suffering 
excessively from code-collision induced errors. Groups larger 
than 3 can be identified, but errors caused by code collision 

make sensor calibration impractical.  Additional details on this 
work provided in [14] are beyond the scope of this paper.   
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