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Abstract—Wireless surface acoustic wave sensors are an 
attractive solution to harsh environment sensing. In this paper we 
explore several different compact antenna designs for use with 
langasite SAW devices. We find that folded dipole and meander 
dipole antennas represent a good compromise between physical 
size and efficiency of coupling between the antenna and the SAW 
device. Wireless operation has been achieved up to 650 ˚C with a 
meander dipole that is about one quarter wavelength in the 
largest dimension.  
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 INTRODUCTION 
Presently about 50% of the US electric power is provided 

by coal combustion power plants. To reduce the environmental 
impact of coal plants, sensors are needed to monitor the 
exhaust of the combustion systems so they can operate 
efficiently.  Surface acoustic wave (SAW) sensors are very 
suitable for operation in the high-temperature environment of 
the exhaust duct. In addition SAW sensors can operate in 
wireless mode, considerably simplifying interconnection of the 
sensor and the electronics.  

Langasite SAW delay lines had been observed to work up 
to 1000 ˚C by Mrosk et al. [1] and extended operation at high 
temperature has been demonstrated, especially when 
appropriate metallizations are used [2]. Previously we reported 
oxygen gas sensing up to 700 ˚C [3] and wireless temperature 
sensing up to 700 ˚C [4], both using langasite SAW devices. In 
this paper we will report on compact antenna designs for 
wireless sensing at high temperatures, with particular emphasis 
on the impedance match between the antenna and the SAW 
device. 

SAW DEVICE FABRICATION AND CHARACTERISTICS 
SAW devices were fabricated on a 500 μm thick langasite 

wafer purchased from Roditi International. The electrodes of 
the interdigitated transducers (IDTs) were fabricated using the 
liftoff technique with a thickness of 10 nm titanium as an 
adhesion layer followed by 50 or 100 nm of platinum. 

Parameters for two different designs used in this study are 
shown in Table I. The individual electrodes are 2 μm wide with 
2 μm spacing, resulting in a surface acoustic wavelength of 8 
μm. Two different SAW devices on langasite of Euler angle (0, 
138.5, 27) and (0, 138.5, 117) were fabricated. The Euler angle 
(0, 138.5, 27) has near-zero temperature coefficient near room 
temperature and a monotonic temperature coefficient of 
velocity above room temperature, and is most commonly used 
for temperature sensing. These devices operate at about 325 
MHz when at room temperature. The device F9 is shown in 
Figure 1; the emitting IDT is in the center, with two reflecting 
IDTs on the right and three reflecting IDTs on the left.  

 
Figure 1. Mask design for SAW device F9. 

 
These SAW devices are intended to be operated in the wireless 
transponder (radar) mode. In that mode a short RF pulse is 
created by the interrogation unit attached to an antenna. The 
signal received by an antenna attached to the SAW device is 
converted to a surface wave by the emitting IDT, reflected by 
other IDTs, and then reconverted to an electrical signal. For 
evaluation of the efficiency of the antenna/ SAW device 
combination, we will calculate the power transfer from the 
SAW device to the antenna. The SAW device terminal 
impedance has been previously measured [5] for IDTs of the 
same geometry as device F9 (Table I). For purposes of 
calculation of the power transfer from the SAW device to the 
antenna, we model the SAW device as a voltage source in 
series with this internal impedance. 



TABLE I. PARAMETERS OF SAW DEVICES. 

mask 
ID 

Euler 
angle aperture electrode 

thickness 
transmitter 

(pairs) 
reflectors 

(distance/pairs) 

A8 (0,138.5,117) 100λ 50 nm 20 2.0 mm/20 

F9 (0, 138.5, 27) 50λ 100 nm 50 

2.56 mm/30, 
3.20 mm/30,  
3.84 mm/30, 
4.48 mm/50,  
5.44 mm/50 

LOOP ANTENNAS 
We first consider loop antenna designs. A circular loop that 

is small in size compared to a wavelength has a radiation 
resistance given by Rr = 31200(S/λ2)2 in series with an 
inductance L = bμ0(ln(16b/d)-1.75), where S is the area, λ is the 
free space wavelength, b is the radius of the loop, μ0 is the free-
space permeability, and d is the diameter of the wire [6]. For a 
circular loop with radius 4 cm the antenna presents a load Z = 
1.085 + j488 Ω (not including resistive losses in the antenna). 
This impedance is a poor match to the SAW device F9, which 
has an input impedance of 23.5 − 94j Ω.  Figure 2 shows two 
designs for a matching network between the circular loop 
antenna and the SAW device. The capacitor and inductor 
values are small enough for fabrication as thick-film 
components on a ceramic substrate. These thick-film 
components can be used at temperatures as high as 800 ˚C; 
however resistive losses in these components are high, 
especially at elevated temperatures and at frequencies where 
the skin effect is important [7].  

8.2 nH

24 pF

7 nH

29 pF

 
Figure 2. Two matching network designs for the circular loop antenna. 

 
An related design is the capacitively loaded loop antenna 

(Figure 3). A loop antenna resonates at the frequency where the 
perimeter is equal to the wavelength λ.  When the perimeter is 
decreased, the resonant frequency increases. A capacitance 
load can be added at the end to tune the reactance to zero, 
shifting the frequency back down to the desired operating 
frequency. Figure 4 shows the simulated real and imaginary 
parts of the antenna impedance for an antenna 6.7 cm square 
with several different values of the loading capacitance. This 
simulation was performed using the RF module 
Electromagnetic Waves (rfw) mode of Comsol 3.5a. A loading 
capacitance of 0.92 pF results in resonance (zero imaginary 
part) at 329 MHz. While the antenna impedance is purely 
resistive at the SAW sensor frequency, the antenna radiation 
resistance is still very small (0.68 Ω). 

 
Figure 3. Capacitively loaded loop antenna. The antenna is driven at one port 

and the other port is loaded with a capacitor. 
 

 
 

Figure 4. Simulation results for capacitively loaded loop antenna for four 
different values of the loading capacitance. 

 
Such an antenna will operate (although inefficiently) even 

when no matching network is used. A prototype antenna 
constructed from copper foil was attached to SAW device A8 
(Table I). Stable phase difference measurements were observed 
up to 14 cm from an exciting antenna. The performance of this 
antenna design could be improved by adding a matching 
network; however as noted earlier, high-temperature 
components for a matching network are likely to be lossy. We 
therefore considered other designs as described in the next 
section.  

FOLDED AND MEANDER DIPOLE ANTENNAS 
We now consider antenna designs derived from a dipole 

antenna. A folded dipole antenna (Figure 5, top) or a meander 
dipole antenna (Figure 5, bottom) reduces the total physical 
size of the antenna compared to a resonant λ/2 dipole. The 
impedance at resonance of these antennas is somewhat smaller 
than that of the λ/2 antenna. Consequently it is possible to 
design an antenna which is more compact than a λ/2 dipole 
while nearly matching the resistive component of the SAW 
impedance.  

 



 

 
Figure 5. Folded dipole (top) and meander dipole (bottom) antenna designs.  

 

For the folded dipole antenna the simulated dimensions are 
10.1 cm on each side of the driven terminals with a 6.5 cm 
perpendicular segment and a 9 cm folded segment as shown in 
Figure 5, top. For the meander antenna the length on each side 
of the driven terminals was 10.1 cm on each side with four 
meanders on each side and an overall height of 5.5 cm (Figure 
5, bottom).  Both antennas are about �/4 in total length so they 
represent an appreciably decrease in size compared to the half-
wave dipole. The simulated terminal impedance for the folded 
dipole antenna is shown in Figure 6 and for the meander 
antenna in Figure 7. The real part of the antenna impedances 
are close to 20 ohms at resonance and therefore represent a 
good match to the real part of the SAW impedance. In both 
cases if the length of the antenna is increased the antenna 
impedance becomes inductive. The inductive component can 
be made large enough to equal in magnitude to the capacitive 
SAW impedance. This is highly advantageous because a good 
match can be obtained without the need to fabricate a matching 
network that will necessarily be lossy at the high temperatures 
of interest. The simulated antenna impedances for two different 
lengths of meander antenna are shown in Figure 7, where the 
longer antenna exactly cancels the capacitive component of the 
SAW impedance. 

 
Figure 6. Simulated impedance of a folded dipole antenna.  

 

 
Figure 7. Simulated impedance of a meander dipole antenna. 

 
We compare the performance of various antenna designs in 

Table II. The efficiency η was calculated using the equivalent 
circuit of Figure 8. We compare the power transferred from the 
SAW device to the antenna relative to the power transferred to 
a load that represents an ideal conjugate match. The meander 
dipole offers a near-perfect match and the folded dipole is 
nearly as good. 

 
 

Figure 8. Equivalent circuit for evaluation of power transfer to the antenna. 
 

TABLE II. COMPARISON OF PERFORMANCE OF DIFFERENT 
ANTENNA DESIGNS. 

antenna type length 
(cm) 

series 
L Z(antenna) η(%) 

half-wavelength dipole 40.4 0 ~ 50 Ω 33 
> λ/2 dipole 47.4 0 113+97j Ω 55 
λ/4 dipole 20.2 74 nH 8 Ω 7.4 
λ/4 dipole (additional L) 20.2 95 nH 8.1+95j Ω 74 
meander dipole 20.2 0 21.5+94j Ω 99.9 
folded dipole 20.2 0 17+94j Ω 95.7 

PERFORMANCE OF MEANDER ANTENNA 
The meander antenna was fabricated using a 0.8 mm 

diameter alumel thermocouple wire fastened onto a 5 cm × 5 
cm CoorsTek Al2O3 ceramic substrate with high temperature 
cement. A langasite SAW device with mask ID F9 in Table I 
was bonded to the substrate using Cermet conductor paste type 
9595-A from ESL Electroscience. The antenna was connected 
to the device using the same conductor paste and thermocouple 
wires with diameters of 0.2 mm. The completed antenna was 
annealed at 650 ˚C. The configuration is shown in Figure 9. 
The entire assembly fabricated in this way can tolerate 
temperatures at least as high as 900 ˚C. 



 
Figure 9. Meander antenna made from thermocouple wire bonded onto an 

alumina substrate with high temperature cement. SAW device is connected to 
antenna with conductor paste and thin thermocouple wire. 

This meander antenna configuration has been operated at a 
distance up to at least 225 cm when interrogated by a half 
wavelength dipole antenna connected to a Rohde and Schwartz 
ZVB4 network analyzer transmitting at a power of 13 dBm. 
For high temperature testing the device was then put in a tube 
furnace (Lindberg/Blue M model STF55433C-1). The metal 
front panel of the furnace was replaced with a sheet aluminum 
box of dimensions 52 cm × 40 cm × 52 cm.  A half wavelength 
dipole antenna was placed 40 cm away from the meander 
antenna inside the box and connected to the interrogation 
electronics. Reflections were observed at room temperature in 
Figure 10 and up to 650 ˚C as shown in Figure 11. The two 
strongest reflections occur at a time delay of 2.4 μs and 3.4 μs. 
These reflections correspond to the IDTs on the right of the 
emitting IDT. As the temperature increased the time delay of 
the reflections increased and the magnitude of the reflected 
pulses decreased. This is consistent with our previous reports 
on langasite SAW devices operated as temperature sensors [4].  

 

 
 

Figure 10. Reflections at room temperature measured wirelessly using the 
meander antenna. 

The arrangement for operating the SAW device in the 
furnace is non-optimal. Even with the front cover removed, the 
hot zone is behind a metal barrier with an opening somewhat 
smaller than one-half wavelength. Electromagnetic simulations 
show that penetration of the RF energy is greatly reduced by 
this barrier. When operating the sensor in a large exhaust duct 
there would be no corresponding barrier, and consequently 
operation at higher temperatures and/ or greater distances can 
be expected.  

 
 

Figure 11. Reflections at 650 ˚C measured wirelessly. 

CONCLUSIONS 
In this paper, we have investigated several designs of 

compact antennas for wireless SAW sensors. The input 
impedance of loop-type antennas has a very small real part. As 
a result matching networks are needed for good efficiency and 
the fabrication of low-loss matching networks from high 
temperature materials is difficult. In contrast, the folded dipole 
and meander dipole have input impedances with a real part 
nearly equal to the real part of the SAW impedance. By slightly 
increasing the length of these antennas, the input impedance 
becomes inductive, cancelling the capacitive part of the SAW 
impedance. A meander-dipole antenna has been fabricated 
using high-temperature materials and has been operated with a 
langasite SAW device up to 650 ˚C.   
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