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Abstract

The goal of this master thesis was to model and evaluate a new RFID sensor technology 

developed at GE research. The sensor uses an ordinary RFID tag to simultaneously sense 

the temperature and conductivity of a liquid placed on the other side of a plastic 

membrane. This is accomplished by using a reader antenna and a network analyzer to 

perform a frequency sweep to calculate the impedance at the different frequencies. 

Because the resonant circuit properties change with temperature and the conductivity of 

the liquid the resulting spectrum can be used to calculate the temperature and 

conductivity. This is done using a mathematical method called Principal Component 

Analysis (PCA). The model used to describe the system is a simple circuit involving two 

smaller circuits connected inductively through two coils. This model was then used 

together with measurements to find the temperature and conductivity dependence of the 

different components in the model. The resulting simulation captured the bulk of the 

behavior of the system. PCA analysis was performed on the simulated data and compared 

to measurements. Considerations of noise was added and evaluated. This shows that even 

through there are some issues with the model it can predict certain behaviors of the 

sensor. 





Table of Contents

1 Introduction.........................................................................................................1
2 RFID Sensing Components.....................................................................................2

2.1 RFID tag.......................................................................................................2
2.2 Pickup antenna and analyzer...........................................................................3

3 Principal Component Analysis.................................................................................5
3.1 Gathering data..............................................................................................5
3.2 Preforming calculations...................................................................................5
3.3 Expressing data.............................................................................................6

4 Modeling.............................................................................................................7
4.1 Equivalent circuit...........................................................................................7
4.2 Measurements...............................................................................................8
4.3 Temperature and Conductivity Dependence.......................................................9

4.3.1 Changing Conductivity...........................................................................10
4.3.2 Changing Temperature...........................................................................11
4.3.3 Changing Distance.................................................................................12

5 Simulation.........................................................................................................14
5.1 Spectrum....................................................................................................14
5.2 PCA............................................................................................................15
5.3 Predictions..................................................................................................17

6 Conclusions........................................................................................................19
7 Acknowledgments...............................................................................................20
8 References.........................................................................................................21





1 Introduction

The following thesis was done at GE Healthcare Life Sciences. They are a leading supplier 

of tools for the manufacturing of biological pharmaceuticals. As the drugs usually have 

complex forms they have to be made by bacteria or cells. These are cultivated in an 

enclosure called a bioreactor. In order to get maximum efficacy from the process, the 

environment has to be controlled within fine limits. This requires many and accurate 

sensors.

One manufacturing technique that is on the rise is the use of disposable bioreactor 

systems in which the cells are grown in a plastic bag and the filtration system for 

concentrating the product is also single use. Growing was previously mostly done in 

stainless steel vats with non throwaway filtration systems. But these can be time 

consuming and hard to clean when it is time to grow different cells under different 

conditions. Using a disposable system saves time. This is especially true early in the 

process development stage when it is necessary to find the optimal growing conditions 

which usually takes many iterations with smaller volumes. 

To monitor the process good and inexpensive sensors are needed. It has been 

shown that regular radio frequency identification (RFID) tags usually utilized as 

replacement for bar codes or key passes can together with sophisticated reading 

apparatus be used as temperature and conductivity sensors[1]. The already big market for 

RFID tags have lead to low prices which means that they can be built in into disposable 

products. At GE the first implementation of theses sensors will probably be in the filtration 

modules. The environmental conditions have to be monitored to achieve maximum 

efficacy. However in theory they could be used anywhere where a cheap sensor is needed.

The motivation for this thesis was to get a deeper understanding about how these 

sensors work by developing a model for the system. It was also investigated if this model 

can make any useful predictions that might help with the continuing development of the 

sensor.

First there will be a description of the different components in the RFID system. 

Then an overview of the math needed to make the tag work as a sensor will be presented. 

After this the process of how the model was created is described. And in the last part the 

output of the model is examined and compared to real data. Also it is investigated if the 

model can make a useful prediction. 
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2 RFID Sensing Components

In this chapter a short overview of a RFID system is presented. The system consist of two 

parts, the tag and the reader.

2.1 RFID tag

Usually the tag holds a small amount of digital information that is used to identify it. The 

tag does not need an internal energy source as the energy required to send the 

information is induced by the reader. When using the tag for temperature and conductivity 

sensing the digital information transfer is not important but this capacity to store a small 

amount of data on the tag itself could be useful later on for traceability or for storing 

calibration data. This part of the system is the cheapest as the cost of a passive RFID tag 

is usually below 1 USD.

The RFID tag consists of an antenna, a capacitor and typically a small integrated 

circuit. The integrated circuit contains a small memory and components necessary to 

transmit digital information. In the case of RF sensing only the analog properties of the 

tag is used.

If these circuits are to be used in the filtration modules they will have to be able to 

withstand sterilization procedures without breaking. The sterilization is to avoid 

contamination by bacteria and other organisms. This is usually done by irradiating it with 

gamma rays. As this is ionizing radiation measures have to be taken to protect the 

components. The cost of this gamma hardening is not prohibitive as the cost will still be 

low compared to the other componets. It is possible to buy of the shelf tags with these 

properties. In this project non gamma hardened tags were used.

An image of the real chip used can be seen in figure 1. The simple equivalent circuit 

that was used for this project can be seen in figure 2. This particular diagram can 

represent most RFID circuits and has been used to model similar systems [3]. The chip is 

modeled as a simple resistor. This is appropriate as the power levels induced into the 

circuit by sensing operations are not high enough to activate the chip and cause it to 

modulate the flow of current. It was unknown if the chip had any influence on the circuit 

at these power levels but the resistor was added to catch possible effects.
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2.2 Pickup antenna and analyzer

The reader consists of an antenna and the hardware used to interpret the signal. The 

antenna of the reader and the tag can be treated as a circuit that is connected inductively 

when they are near to each other. Normally this distance is very short, around 1 cm. This 

is due to the fact that the electromagnetic signals must power the tags circuit. To transfer 

the energy needed without wasting to much the distance must be short. As alternating 

current is pushed through the reader antenna an electromagnetic field is produced. At 

these distances the near field dominates and the interaction between the antennas are 

very similar to the way transformers work. The same theory can be used. At a certain 

frequency resonance between the antenna and tag will occur. This frequency is determined 

by the equation: 

At this frequency the conditions are optimal to transfer data. This is done in some cases 

by varying the impedance of the tag. A simple integrated circuit can do this. There are 

some standard frequencies that are used for RFID communication. In this project only 

chips tuned to 13.56 MHz are utilized.

To use the tag as a sensor, only the analog properties of the tag are taken 

advantage of. The power levels in the tag never reach a point where the chip becomes 

active and no digital information is sent during sensing operations. A network analyzer 
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Figure 1: An image of the real chip 
used. The antenna and chip is clearly  
visible. The parallel plate capacitor is 
the large solid block above the chip.

Figure 2: A simplified circuit diagram 
of an ordinary RFID tag. The antenna 
is modeled as a coil with impedance 
Lant and a resistance of Rant . The 
RFID tag also contains a capacitor to 
tune it to a specific frequency. The 
chip that houses the memory is 
modeled as a simple resistor.



connected to the reader antenna measures the impedance of circuit at different 

frequencies around the resonant frequency. This results in an impedance spectrum where 

the shape and the values depends on the properties of the tag, temperature and the 

conductive environment around the tag. From this the temperature and conductivity of a 

liquid next to the tag can be determined. The distance between the pickup antenna and 

reader must be short enough to let the near field dominate the interaction. As long as this 

criteria is met a spectrum can be recorded.

A typical sensor response is shown in figure 3. The data that is used in this case is 

the values and positions of the peaks and valleys in both the real and imaginary part of 

the spectrum.
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Figure 3: A typical impedance spectrum from an RFID tag. The solid  
line is the real part and the dotted line is the imaginary part. At the  
resonance  frequency there  is  a  peak  in  the  real  impedance.  The  
values relevant to this project are pointed out.



3 Principal Component Analysis

One way to correlate a spectrum with temperature and conductivity is to preform a 

principal component analysis (PCA). The main idea of PCA is to reduce the dimension of 

the data to reveal the structure of large data sets [2].

3.1 Gathering data

The parameters extracted from the spectrum can be seen in figure 3. The six different 

numbers collected are the positions and values of the peaks and valleys in the spectra. 

This is done at multiple temperatures and conductivities.

3.2 Preforming calculations

The first step is to subtract the mean from all the data dimensions. This is called mean 

adjustment. Then a covariance matrix is formed. It is an n×n array where n is the number 

of dimensions in the data set. In this case n=6.

 

Here Dimx is the x:th dimension. The covariance between two dimensions is calculated in 

the following way.

The eigenvectors and eigenvalues of this matrix must then be calculated. The eigenvectors 

are called the components of the data set. A larger eigenvalue means that the component 

shows a more significant relationship between the data dimensions [2]. At this stage 

components with small eigenvalues can be removed without loosing much information 

about the data set. This is where the reduction in dimensionality comes in to play. The 

remaining eigenvectors are then ordered by their eigenvalues, largest to smallest and the 

feature vector is formed.

To get the final data the transpose of the feature vector is multiplied by the mean adjusted 

original data. The data should be ordered in such a way that the data items are in the 
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cov(X ,Y )=

∑
i=1

n

(X i−X̄)(Y i−Ȳ)

n−1

C6×6
=(c i , j , c i , j) = cov(Dimi ,Dim j)

Feature vector=(eigenvector1 eigenvector2 … eigenvectorn)



columns and the rows are the separate dimensions. The numbers now in the rows are 

called the scores and each column is called a principal component. Any following data can 

be given scores along the same principal components (PC).

3.3 Expressing data

A way to visualize the final data is to plot the different scores along the principal 

components. If only two eigenvector are chosen this becomes easy as the resulting plot 

becomes two dimensional. An example plot can be seen in figure 4. 

Each point in figure 4 represents a single measurement in this case a measurement of the 

different 6 values shown in figure 3. Before the PCA was preformed each measurement 

had 6 different values associated with it, now it only has two. Because of the small 

eigenvalues of the other components they can be discarded without loosing information 

about the data set. In other words a data set containing 6 dimensions has been reduced to 

two. The reduction of the dimensionality means that it is easier to find correlations 

between the scores of the data points on the principal components and the real 

temperature and conductivity. The scores of the data points can then be correlated to 

temperature and conductivity using multiple linear regression (MLR). The PCA and MLR is 

usually preformed using some kind of computer software. In this case the Matlab plugin 

PLS toolbox is utilized.
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Figure 4: Shows the PC scores of a simulated run where both the conductivity 
and temperature of the liquid was changed. In this case only two components 
was chosen because the eigenvalues of the other eigenvectors was very small 
compared to the first two.



4 Modeling

Some different ways of modeling the sensor was considered. Using finite element analysis 

software such as COMSOL multiphysics was deemed not to be suitable as it was 

questionable if it would be able to simulate the sensor because very little previous work 

concerning simulating RFID sensors was found. 

The method chosen was to create an equivalent circuit as this was thought to be 

able to simulate the system in a satisfactory manner without to much complexity. Some 

previous work had also used a similar approach with good results [4]. A larger RLC circuit 

than the circuit presented in this section was also considered. It included RC component 

for the plastic separating the sensor from the liquid. This idea was discarded as it added 

complexity and the influence of the plastic was thought to be modeled sufficiently by the 

remaining components. 

4.1 Equivalent circuit

The circuit was built using examples from the literature [3] and the fact that all circuits 

have small amounts of impedance and capacitance. The equivalent circuit of the RFID tag 

itself can be seen in figure 2 while the whole circuit that was selected can be seen in figure 

5. In the figure all of the components have been assigned names that are used throughout 

the rest of the report.
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Figure 5: The equivalent circuit of the entire system. The antenna to the left is modeled 
as a RLC-circuit with a AC-source. The RFID tag is represented by an RLC-circuit with an 
attached resistance Rchip to model the the integrated circuit in the tag. The liquid is 
modeled as a simple RC-circuit.



The effect of the changing electrical properties of the liquid was assumed to effect the final 

spectrum in a way similar to a simple RC circuit. Lr and Lant are treated as two inductively 

connected coils. The impedance output from this circuit was calculated using circuit 

analysis. The names of the different components can be seen in figure 5. This gives the 

total impedance of the system. 

This can be split into a real and imaginary part and can be simulated in Matlab. To add a 

factor of noise in the measurement all that has to be done is to add Gaussian noise of a 

predetermined magnitude to both the imaginary and real parts.

4.2 Measurements

To find values for all the components measurements had to be preformed. Some parts 

were possible to measure directly using an RLC-meter. The other parts such as Rliq, Rchip 

and Cliq had to be investigated by measuring impedance responses and using curve fitting 

as explained later in this chapter. The measurements were done at room temperature. The 

results can be found in table 1.

Component Value

Rr 0.2 Ω

Cr 3 pF

Lr 1.7 μH

Lant 2.3 μH

Rant 2.3 Ω

Ctag 60 pF

Table 1: Measured values of some of the components
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These values were measured at a frequency of 1 MHz. The reader antennas properties 

were easy to measure as the antenna had a standard plug that could be used as a 

measure point. The tag had to be disassembled and the parts measured separately. The 

exact figures are not very important as in the next section they are used as starting points 

for a fitting algorithm.

4.3 Temperature and Conductivity Dependence

To figure out the temperature and conductivity dependencies of the different components 

some assumptions was made. The reader antenna part of the circuit was considered to not 

be affected by changes in temperature as it is not in contact with the bottle. This means 

that there will be a layer of air isolating it. The conductivity changes of the liquid was also 

assumed to have negligible effects on the reader antenna. As it is further from the liquid 

than the antenna of the tag. This assumption is investigated in section 4.3.3.

The inductance of the of the tag antenna was taken to be constant as this is mostly 

a unit that depends on geometry. The temperature dependent components were assumed 

to be Rant and Ctag while the conductivity variance is located in Cliq and Rliq. To find these 

dependencies some experiments were preformed. The antenna was positioned 1 cm from 

the RFID tag which was in turn attached to a plastic bottle. The geometry of the setup can 

be seen in figure 6. The curvature of the bottle will in theory change the inductance of of 

the antenna but since the resonance frequency hardly changed when the tag was applied 

this effect was considered negligible. This setup was chosen as it is representative of the 

way the sensors would work in real world applications. If the geometry is changed the 

spectrum will change as well. This will be solved by calibrating to a standard distance and 

geometry when mass producing the sensors. In these experiments a realistic geometry 

was chosen and kept constant. The first experiment was done without any liquid in the 

bottle. A spectrum was collected and in the model Rliq was set to the high number of 106 Ω 

and Cliq was set to 0 F as the air in the bottle should have very minor effects on the tag. 

Matlab was then used to calculate the coupling factor k, Rchip and Ctag by fitting a curve 

using the expression of the real part of Ztot and starting values. The starting values were 

taken from the measurements in table 1. After this experiments with changing 

conductivity and temperature was preformed. In all of the measurements the parameters 

of the liquid was kept constant while five spectra were collected. Then the average of the 

values was calculated and the resulting spectrum was used for curve fitting.
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4.3.1 Changing Conductivity

First the bottle was filled with deionized water then concentrated NaCl solution was added 

in steps and the temperature and conductivity was measured by a conductivity meter 

using alternating current. A spectra were taken with 5 different conductivities and in each 

spectrum a fit was made with Cliq and Rliq as variables. The spectra and fits can be seen in 

figure 7. Plots of the values of Cliq and Rliq can be seen in figure 8 and 9. These fits gives 

the conductivity dependence of Cliq and Rliq. The following equations shows the result of 

the fits, C stands for the conductivity in mS/cm.
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Figure 6: Experimental setup.

Rliq=2.67⋅10
7
⋅C−1.76

+1.20⋅104 Ω C liq=3.5⋅10
−5
⋅C+1.23 pF

Figure  7:  The  solid  lines  are  the  real  part  of  the  spectra  taken  with  the  specified  
conductivities. The dots shows the fits done by matlab to acquire component values.



The inexact fit in figure 9 may be because of the fact that the conductivity has a very 

small effect on this value. The change of Cliq from the lowest conductivity to the highest is 

only about 3%. These small changes means that noise will have a larger impact which 

would explain the result.

4.3.2 Changing Temperature

To find the temperature dependence of Rant and Ctag a similar experiment was preformed. 

However since the conductivity is temperature dependent the values of the conductivity 

was monitored and plugged in to the equations for Cliq and Rliq found in the last section and 

used in the equation for the real part of the impedance spectrum. Then a fit was 

preformed to find the values of Rant and Ctag. A liquid mixture of water and NaCl was 

poured into the bottle. The liquid had been preheated to 60° C and was allowed to cool. 

Eight measurements were taken at different temperatures. The results can be seen in 

figure 10 and 11. The fits give the temperature dependence of these two components. The 

following equations shows the result of the fits where T is the temperature in C°.
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Rant=0.028⋅T +1.31 Ω C tag=0.045⋅T +58.6 pF

Figure  8:  The  value  of  Rliq as  a  function  of 
conductivity. The solid line is a fit in the form of  
Rliq=a·xb+c .

Figure  9: The value of  Cliq as  a function of  
conductivity. The solid line is a fit in the form 
of Cliq=a·x+b. 



4.3.3 Changing Distance

The parameter that was assumed to change when the distance was varied is k. This is the 

coupling factor between the coil that is the pickup antenna and the coil that is the antenna 

in the RFID tag. The factor is a number from 0 to 1 and is the factor of flux that 

penetrates the receiver coil. An experiment was preformed where both the temperature 

and conductivity was kept constant. The values of the other components was calculated 

using the known dependencies and the distance was changed. The result can be seen in 

figure 12 and 13. The equation for k can be extracted from the fit. The result of the fit is 

shown in the following equation where d is the distance in mm.

When using the sensor for temperature and conductivity measurements the distance will 

have to be kept constant as it is necessary to calibrate the sensor to a specific geometry. 

This can be achieved by using a standardized plastic cap[1] when fitting them to the 

single-use parts. During this experiment the distance was regulated manually but was 

kept constant during the different measurements.

What can be seen in figure 12 is that at distances lower than 1 cm the model does 

not work well. At this range the liquid probably has an effect on the components in the 

antenna. In the model these components are assumed to be static. However it can also be 

seen that the at distances at and above 1 cm the model matches the data well. So in this 

range the assumption that the antenna is not affected by the liquid seems valid. This is 

taken into consideration in the rest of the rapport.
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Figure 10: Rant as a function of temperature. The  
solid line shows a fit in the form Rant = a·x+b.

Figure 11: Ctag as a function of temperature. The 
solid line shows a fit in the form Ctag = a·x+b.

k=0.46⋅e−0.078 d
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Figure 13: k as a function of distance between 
the pickup antenna and RFID tag. The solid line 
shows a fit of the form k=a·ebx

Figure 12: The solid lines are the real part of the spectra taken with the 
specified distances. The dots shows the fits done by matlab to acquire 
component values.



5 Simulation

Now the model is complete and simulations of responses from different temperatures and 

conductivities can be preformed and compared to measurements.

5.1 Spectrum

The results are compared to new measured data to find the predictive power of the model. 

A few different combinations of temperature, conductivity and distance were measured 

and the collected spectra was compared to simulated spectra. The result of two of these 

tests can be seen in figure 14 and 15. The simulation used the dependencies found in 

chapter 4 to generate a spectrum.

As can be found from the figures the match between the simulated and measured spectra 

is not perfect. This may be due to the fact that it was hard to recreate the exact same 

geometry that was used in chapter 4 with my setup. The k-value does not only depend on 

the distance but also the angle between the antennas and their relative positions in 3D-

space. A small change in this geometry will lead to a change of k-value this in turn can 

lead to a substantial change in amplitude. However the simulated spectra behaves 

similarly to the measured one. For example the real peak Zp drops when the conductivity 

is increasing in both the simulation and the measurements. These behaviors are important 

when doing a PCA as it is a way to visualize the variation in the data.

14

Figure 14: The dotted line shows the 
measured spectra and the solid depicts the 
simulated one. The red lines are the 
imaginary parts and the blue are the real 
parts. Temperature: 23 °C, Conductivity: 85.2 
mS/cm, Distance: 11.5 mm.

Figure 15: The dotted line shows the measured 
spectra and the solid depicts the simulated 
one. The red lines are the imaginary parts and 
the blue are the real parts. Temperature: 39,7 
°C, Conductivity: 115,5 mS/cm, Distance: 8.5 
mm.



5.2 PCA

A PCA was preformed on both simulated and measured data. This time the measured data 

was the same as in the experiment to find the conductivity dependencies. The conductivity 

was altered between 38.0 to 131.3 mS/cm and the temperature was kept constant. As the 

real impedance measurement is done with a small amount of noise this is introduced into 

the simulation. The magnitude of this noise in the simulator was chosen to be 0.01 Ω. 

Using the same data as in the fitting chapter should be a good first test for the model. To 

see if it can replicate variance in the data while . The statistics of the analysis can be seen 

in table 2 and 3.

Eigenvalue of 
Cov(X)

% Variance in this 
PC

PC 1 5.94 84.85

PC 2 0.92 13.23

PC 3 0.10 1.44

Table 2: Statistics from a measurement with 
changing conductivities.

Eigenvalue of 
Cov(X)

% Variance in this 
PC

PC 1 6.76 96.55

PC 2 0.23 3.3

PC 3 0.0095 0.11

Table 3: Statistics from simulated data of the 
same data set as in table 2.

In the statistics from the simulated data set it can be seen that almost all the variation in 

the data can be expressed by just using one principal component. This is not matched by 

the real data and this suggests that the model does not accurately reflect all changes in 

the system. However the scores on on the first principal component match up pretty well 

to measured data. This can be seen in 14 and 15.
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Figure 16: Scores on PC 1 of the data set 
with changing conductivities.

Figure 17: Scores on PC 1 of simulated data 
using the same temperature and conductivities 
as in figure 14.



The scores in the second principal component did mot match up as well. This is troubling 

as it is the scores that are correlated with the temperature and conductivity.

A larger simulation was preformed to get more statistics. Here the conductivity was 

changed between 15 and 150 mS/cm in 15 steps. At each of these steps the temperature 

was changed between 15 and 80 C° also in 15 steps. The noise in the impedance 

measurement was set to 0.1 Ω. The results can be seen in figure 18 and 19. The statistics 

can be seen in table 4.

In figure 18 and 19 it can be seen that the temperature and conductivity can be separated 

with the use of PCA. Low scores on PC 1 and PC 2 correlate with high temperature and low 

conductivity.  High scores on both of these correlate with low temperature and high 

conductivity. This shows the working principle behind this sensor. The reason for just using 

two principal components can be seen in table 4.

Eigenvalue of Cov(X) % Variance in this PC

PC 1 5.42 77.4

PC 2 1.57 22.5

PC 3 0.0063 0.09

Table 4: Statistics of a simulated data set with several different conductivities and temperatures.

Almost all variation is contained in the first three principal components (PC). And most of 

that variation is in the first two. Now every conductivity and temperature data point is 

associated with three PC scores. It is here that strength of PCA comes into play.
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Figure 18: Scores for a multitude of 
temperature and conductivity points. The 
colors show the temperature of the data point 
in °C.

Figure 19: Scores for a multitude of 
temperature and conductivity points. The colors  
show the conductivity of the data point in 
mS/cm.



Instead of having to correlate six different values with temperature and conductivity 

almost all the variation in the data set is captured by just three values. This simplifies the 

MLR to a large degree. Both the conductivity and temperature is assumed to be functions 

of of the three PC values. This includes cross terms and cubes. The result of this analysis 

can be seen in figure 20 and 21.

As can be seen from the figures the temperature is predicted quite well. The conductivity 

has some issues. This is most likely the result of the model not being accurate enough as 

previous papers have shown that the conductivity can be predicted this way to a better 

accuracy than in figure 21 [1].

5.3 Predictions

One thing that the model can be used for is to predict the noise in the temperature 

measurement from the noise in the network analyzers (NA) impedance measurement. 

This can be done by adding Gaussian noise in the simulated spectrum. In the following 

simulation two magnitudes of noise were tested through the entire process 0.1 Ω and 1 Ω. 

First the data on which to do the PCA and MLR had to be generated. This was done at both 

noise levels. The same procedure as in 5.2 was used, the conductivity was changed 

between 15 and 150 mS/cm in 15 steps. At each of these steps the temperature was 

changed between 15 and 80 C° also in 15 steps. At each temperature and conductivity a 

spectrum was simulated and the six values extracted. Then PCA and MLR was preformed 

on the generated data. The first two principal components in the PCA can be seen in figure 

22 and 23 with their respective noise level. 

The MLR will give the ability to infer the temperature from a spectrum. The program 

was then set to run 100 simulated curves at both noise levels. All of them with the same 

temperature and conductivity input. The result of the MLR was then used to extract both 

17

Figure 20: The dots show the different data 
points and their temperature value can be 
seen in the x-axis. The solid line shows the 
temperature prediction.

Figure 21: The dots show the different data 
points and their conductivity value can be seen 
in the x-axis. The solid line shows the 
conductivity prediction.



conductivity and temperature from these spectra. The standard deviation and mean value 

was the calculated. The results can be seen in table 5 and 6.

Noise Magnitude [Ω] Temperature input 
[C°]

Temperature output 
[C°]

Standard deviation

0.1 20 20.5 0.1

1 20 20.9 0.3

Table 5: Temperature statistics.

Noise Magnitude [Ω] Conductivity input 
[mS/cm]

Conductivity output 
[mS/cm]

Standard deviation

0.1 30 26.7 2.3

1 30 26.5 2.2

Table 6: Conductivity statistics.

The temperature simulations gives some good values and as expected the noise of the 

temperature reading goes up when the noise in the impedance reading increases. 

However the conductivity readings does not look good. The output value falls quite far 

from the input value. Also the standard deviation does not increase with higher noise 

levels. This probably stems from the fact that the model has a hard time to predict 

conductivity changes.
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Figure 22: Scores on PC 1 and PC 2 with an 
impedance noise of 0.1 Ω. The temperature 
and conductivity is changes in the same 
was as in the previous section.

Figure 23: Scores on PC 1 and PC 2 with an 
impedance noise of 1 Ω. The temperature 
and conductivity is changes in the same 
was as in the previous section.



6 Conclusions

The goal of this thesis was partly to build a model to be used for predictions but also to 

gain a more thorough understanding where the variation in the impedance spectrum 

comes from. My results implies that a change in temperature affects the resistance of the 

antenna and other conductive parts of the tag. The capacitance of the capacitor also 

seems to vary in response to temperature. The changes in conductivity are a harder to 

model by just using a simple circuit. The change of the impedance spectrum 

corresponding to conductivity comes from a change in the electrical properties of the 

volume around the chip. The presented model captures some of this behavior. For 

example the real peak Zp drops when the conductivity is increasing in both the simulation 

and the measurements. But when the principal component analysis is preformed and the 

spectrum is to be correlated with a conductivity, the model do not preform as well as 

actual measurements done previously [1].

In the previous section it was shown that some potentially useful predictions can be 

made. If it is known what magnitude of noise in the temperature measurement is 

acceptable in a certain application it would be possible using this model to figure out how 

exact the impedance measurement in the network analyzer would have to be. A more 

exact measurement might require more sophisticated equipment. As the network analyzer 

is the most expensive part of the system this might be useful. The data for this thesis was 

captured using an of the shelf network analyzer for around 5000 USD. This is too 

expensive to useful at a larger scale but more specialized pieces of hardware have been 

developed in house at GE research. This will bring down the cost to feasible levels while 

retaining necessary fidelity. 
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