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ABSTRACT 

 
In this paper, we present simultaneous strain and temperature sensing using a single 

microstrip patch antenna fabricated on commercial printed circuit board (PCB). 
Temperature and strain are extracted from the resonant frequencies of the patch antenna 
as these frequencies are dependent on the dielectric constant of the PCB and the patch 
dimensions, which are subject to change with applied strain and temperature variations. 
The principle of operation of the patch antenna is first discussed, followed by the design 
and fabrication of the instrumented test specimen. Finally, thermal and mechanical tests 
were conducted to validate the strain and temperature sensing performance of the 
antenna sensor. 

 
 
INTRODUCTION 

 
Patch antennas have been studied not only for wireless communication, but for 

structural health monitoring (SHM). Since the resonant frequency of a patch antenna 
depends on its dimensions and the dielectric constant of the substrate, any change in 
these parameters will cause a shift in the resonant frequency of the antenna. 
Therefore, one can use patch antennas as sensing elements by measuring changes in 
the patch dimensions and the dielectric constant of the PCB. In the past, patch 
antennas have been used for single-modality sensing of temperature, strain, crack, 
etc. [1] - [4]. They are convenient for SHM applications due to their low profile, ease 
of fabrication, low production cost, simple configuration, lightweight, and 
conformability to surfaces [5].  

Wireless sensing using microstrip patch antennas is becoming increasingly popular 
as it eliminates the high maintenance cost usually associated with cable connections, 
especially for high temperature applications [5], [6]. Wireless sensors can be grouped 
into two categories: chip-based and chipless wireless sensors. In general, the main 
limitation of chip-based wireless sensors is the need for a battery on board to provide 
power to the microcontroller [7], [8]. As such, they are not suitable for harsh temperature 
SHM applications due to the limitation of the electronics on board. Moreover, their 
lifespan is limited by the battery life on board. In harsh temperature SHM applications, 
passive wireless sensors are the only feasible solution. Several passive wireless sensors 
have been proposed for SHM applications.  Reindl and Shrena [9] proposed wireless 
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Surface Acoustic Wave (SAW) sensors for temperature sensing. However, it is difficult 
to miniaturize SAW sensors due to their low operation frequency. Also, SAW sensors 
can have high insertion loss, which limits their interrogation distance [10]. Wireless 
temperature sensing based on the antenna backscattering was demonstrated while 
achieving an interrogation distance of a few meters [11] - [13]. Due to mismatch of 
impedance between the antenna and the resistive load, the amplitude of the antenna 
backscattering will vary with temperature. Other wireless interrogation techniques for 
the antenna sensor were proposed. These techniques are: RFID-enabled techniques 
[14],[15], normalized Time Domain Reflectometry (TDR) [16], amplitude modulation 
and Frequency Modulated Continuous Wave (FMCW) interrogation [17]. The general 
limitation of these wireless interrogation techniques is that they require electronics at 
the sensor node. For high temperature SHM applications, Yao et al. in [1] demonstrated 
far-field interrogation of an antenna sensor without electronics by using a patch antenna 
as sensing element and a UWB antenna with a Reactive Impedance Surface (RIS) 
ground plane for wireless transmission [18]. The temperature information was encoded 
in the backscattered signals of the sensor node, and a TD gating technique was 
developed to extract the resonant frequency of the antenna sensor from the 
backscattered signal. 

In this paper, we investigate multi-modality sensing of temperature and mechanical 
strain using a single microstrip patch antenna sensor fabricated on commercial substrate. 
Since we have previously demonstrated wireless interrogation of a high temperature 
antenna sensor without electronics [1], the anticipated outcome of this study is a wireless 
strain and temperature sensor that is easy to manufacture, and can be wirelessly 
interrogated from a long distance without electronics.  

 
 
PRINCIPLE OF OPERATION 

 
For this study, a rectangle was selected as the geometry of the microstrip patch 

antenna (RMPA). The RMPA consists of two conductive layers between which there 
is a dielectric substrate. Figure 1 illustrates a typical RMPA example. A RMPA does 
resonate at two precise fundamental frequencies that are distinguishable by the 
direction of the current flow. When current flows along the length and width 
directions of the RMPA, we have the TM010 and TM001 modes respectively. Per the 
transmission line model, the TM010 mode resonant frequency, f10, can be calculated 
as  
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where c, L, DL, and ere represent the speed of light, the length of the patch antenna s, 
the line extension due to fringing, and the effective dielectric constant respectively 
[19]. The effective dielectric constant of the antenna ere and the line extension DL can 
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The effective dielectric constant can be reduced to the dielectric constant of the 
substrate, and the line extension DL can be ignored if the height of the substrate is 
significantly smaller than the radiation patch dimensions (i.e. the patch antenna 
length and width). Given these assumptions, equation (1) can be simplified as 
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Expressing the patch antenna frequency shift df10 in terms of changes in the patch 
length L and the substrate dielectric constant er gives 
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∂f10/∂er and ∂f10/∂L can be derived from (4), and the normalized resonant frequency 
shift df10/f10 can be expressed as 
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Both the patch antenna dimensions and the dielectric constant of the substrate are 
affected by temperature. In addition, the dimensions of the RMPA will change when 
strain is applied on the antenna sensor. Therefore, equation (6) can be further 
expanded into two parts to separate the contribution due to temperature and the 
contribution due to applied mechanical strain. Equation (6) can be rewritten as 
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where 𝜀" is the applied strain along the patch length, 𝛼$ is the coefficient of thermal 
expansion of the substrate, 𝛼% is the thermal coefficient of dielectric constant (TCDk) 
of the substrate [20]. Following the same approach, one can easily derive the 
normalized frequency shift of the TM001 mode. Assuming uniaxial loading 
conditions, a general equation of the normalized resonant frequencies for the TM010 
and TM001 can be written as 
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Figure 1. An illustration of a rectangular microstrip patch antenna 

 
  



where v represents the Poisson’s ratio, KL and KW represent the strain sensitivities along 
the patch length and width, and KTL and KTW represent the overall temperature 
sensitivities along the patch length and width respectively.  

 
 
ANTENNA SENSOR DESIGN AND FABRICATION 

 
Substrate Selection and Sensor Design 

 
Based on equation (8) derived above, the substrate must be carefully selected to 

avoid the temperature sensitivity from overwhelming the strain sensitivity. For this 
study, we selected Rogers RT/duroid 5880 PCB given its material properties. The 
selected PCB has a dielectric constant er  of 2.2, a TCDk of -125 ppm/oC, and CTE values 
of 31 ppm/oC, 48 ppm/oC, and 237 ppm/oC in x-, y-, and z- direction respectively. The 
sensor was designed to operate at 5 GHz and 6 GHz in the TM010 and TM001 modes 
respectively. Given the desired resonant frequencies of operation, the substrate 
thickness was selected as 0.79 mm to satisfy the requirement that the patch dimensions 
must be significantly greater than the substrate height. The antenna sensor is 
approximately 20 mm long and 16 mm wide. This gives an approximate width to height 
ratio of 20 and an approximate length to height ratio of 25. The radiating patch was fed 
by a transmission line that was matched to the TM010 mode and positioned at a distance 
xo of 3.8 mm from the edge (see Figure 1).  

 
Instrumented Test Specimen Design and Fabrication 

 
To apply mechanical load on the antenna sensor, we designed a dog-bone specimen 

(DBS) on which the sensor will be bonded. The DBS was designed per the ASTM 
standards E8-04 and has a thickness of 2.3 mm and a gauge width of 40 mm. To 
determine a suitable gauge length that ensures uniaxial strain condition at the gauge 
area, the DBS was simulated using a finite element simulation tool ANSYS. First, a 
DBS with a gauge length of 60 mm was simulated and its stress distributions are shown 

		 	
 
 

Figure 2. Simulated stress distribution on an aluminum dog bone with a gauge length and width of 
60 mm and 40 mm respectively; (a) stress along the loading direction; (b) transverse stress. 

 
  



in Figure 2. Taking advantage of the symmetry of the DBS, only a quarter of the DBS 
was simulated. While the stress distribution along the loading direction is uniform at the 
center of the DBS (see Figure 2(a)), there seems to be stresses along the transverse 
direction and this stress distribution is not uniform, as shown in Figure 2(b). Clearly, the 
curvature at the transition between the gauge area and the gripping area generates 
transverse stress in the gauge area. Subsequently, a parametric study on various gauge 
lengths was carried out by keeping the gauge width at 40 mm and increasing the gauge 
length to 85 and then 100 mm. As shown in Figure 3, the transverse stress reduced 
substantially as the gauge length was increased to 85 mm. Further increase of the gauge 
length did not change the magnitude of the transverse stress; but the stress distribution 
is more uniform at the gauge area. Given the limitation of the tensile tester, we chose a 
gauge length of 85 mm for the DBS design.  The new design was fabricated from an 
aluminum alloy 6061-T6. After fabricating the antenna sensor using chemical etching, 
the antenna sensor was bonded on the dog-bone sample using LOCTITE superglue. To 
ensure the symmetric configuration of the instrumented specimen, the same substrate 
used for fabricating the antenna sensor was also bonded on the back of the DBS. The 

	

	 		 	
 

   Figure 3. The effect of gauge length on the simulated stress distribution of an aluminum dog bone; (a) 
85 mm; (b) 100 mm. 

	

					
 

   Figure 4. Aluminum 6061 dog-bone sample with the antenna sensor; (a) front view; (b) back view. 
 

 



front and back views of the instrumented specimen are shown in Figure 4. OMEGA 
SGD5/350 LY13 strain gauges were bonded on the substrate in the back to measure the 
strains in both transverse and loading directions, as shown in Figure 4(b).   

 
 

EXPERIMENTAL SETUP AND RESULTS 
 
Mechanical Testing of the Instrumented Test Specimen 

 
A QTest 150 tensile tester was used for mechanical testing of the new DBS and the 

experimental setup is shown in Figure 5. A personal computer running LabVIEW was 
used to acquire measurement data from the NI 9237 strain gauge module. The S-
parameters of the antenna sensor were acquired using a Rhode & Schwarz ZVA24 
Vector Network Analyzer (VNA) with a resolution set at 75 kHz.  Tensile loads were 
applied on the DBS in increments of 450 lbf (1000 N). At each load, the DBS was let to 
rest for 43 seconds before taking any measurements. 5 readings were taken at each 
applied load and the results are presented in Figure 6. The antenna sensor displayed a 
strain sensitivity of 0.79 ppm/microstrain along the loading direction and a transverse 
strain sensitivity of 0.29 ppm/microstrain. The ratio between the transverse and 
longitudinal strain sensitivities is 0.36, which is in good agreement with the Poisson’s 
ratio of 0.33 for Aluminum 6061-T6. These results validate that the selected dog-bone 
gauge length is suitable for future thermo-mechanical testing as it ensures uniaxial 
loading on the antenna sensor. The antenna frequency along the transverse direction 
displays some fluctuations, as shown in Figure 6. We believe that these fluctuations are 
due to the lack of annealing for the adhesive material. Despite the fluctuations, the R-
square values for the antenna frequencies along the loading and transverse directions 
are 0.9865 and 0.9595, respectively, indicating both antenna frequencies varied linearly 
with the applied strain.  

 
 
 
 

 
 

Figure 5. Experimental set up for mechanical testing of the antenna sensor  
 

 



 
Thermal Testing of the Instrumented Test Specimen 

 
 After validating the antenna sensor’s performance for strain measurements, thermal 

tests of the DBS were conducted inside a high temperature furnace from Thermo Fisher, 
as shown in Figure 7. The S-parameters of the antenna sensor were acquired using the 
R&S ZVA24 VNA, and temperature was measured using an OMEGA T-type 
thermocouple. The experiment was controlled using a personal computer running 
LabVIEW. Each temperature and sensor scattering parameters reading were time 
stamped for ease of data analysis, and to minimize the time difference between the 
temperature and sensor reading. The sample was first subjected to a few cycles of 
heating and cooling before measurements. The sensor was heated up at a slow rate of 
2oC per minute. At each temperature reading, 4 sensor’s measurements were acquired.  
Figure 8 shows the experimental results obtained from the sensor. The data display good 
linearity with a sensitivity of 30 ppm/oC for the TM010 mode and 26 ppm/oC for the 
TM001 mode. The expected sensitivity is 39.1 ppm/oC given the manufacturer’s 
specified TCDk value of -125 ppm/oC, and 23.4 ppm/oC for the coefficient of thermal 
expansion of the Aluminum 6061-T6. As per the manufacturer, the TCDk needs to be 
calibrated based on experiment. Based on the experimental results, we can derive the 

	
Figure 6. Measured relationship between the antenna resonant frequencies and the applied strain. The 

ratio between the strain sensitivity in both directions agrees with the theoretical prediction.  
 

	
 

Figure 7. Experimental set up for thermal testing of the antenna sensor. 
 
 



average TCDk to be -106.3 ppm/oC. These results demonstrate that the TCDk of the 
substrate material is sensitive to temperature variations yet is not too large to overwhelm 
the strain sensitivity of the antenna sensor.  

 
 
CONCLUSION 
       

In this paper, we have demonstrated temperature and strain sensing of the proposed 
sensor by subjecting the fabricated antenna sensor to thermal and mechanical tests. 
Given the results presented, we are confident that the proposed sensor will perform well 
while being subjected to simultaneous strain and temperature testing. Also, since we 
have demonstrated wireless capability of the antenna sensor in the past, the anticipated 
outcome of this research is a wireless temperature and strain sensor that can be 
interrogated from a long distance without electronics at the sensor nodes. This research 
will likely impact the design of future patch antenna sensor for harsh environment SHM 
applications. In the future, the present sensor will be subjected to thermo-mechanical 
tests. In addition, the wireless capability of the sensor will be demonstrated. Finally, a 
high-temperature PCB material will be developed to achieve higher temperature 
wireless sensing capability. 
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Figure 8. Measured temperature sensitivity of the antenna sensor. 
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