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Abstract 

 

Microwave-Based Approach in Non-invasive 
Intra-Cranial Pressure Monitoring(nICP)  
 
Kughan Krishnaswami 
 
 

In the past few decades, microwave technology has been playing a 

pivotal role in the medical field. This technique has paved the way 

for significant inventions for adapting from invasive to non-invasive 

methods. This thesis aims to design a functional prototype of a 

microwave-based sensor device in a non-invasive method to 

monitor Intra Cranial Pressure(ICP) in clinical and non-clinical 

situations. The existing techniques have been invasive, involve 

higher risk, and cost involved in operations. A less-invasive method 

would eradicate most concerns said above as it would be placing an 

implant under the scalp of the skin, above the skull. The 

measurement involves a handheld pc-based Network Analyzer such 

as a Mini-VNA that can measure a frequency range of 1 MHz to 3 

GHz. The power usage would be very minimal in this process.  The 

measurements are conducted using phantoms that mimic the 

dielectrics of a human body. The Mini-VNA would measure the S11 

scattering parameter, which is the reflection coefficient describing 

the amount of electromagnetic wave reflected by an impedance 

discontinuity corresponding to pressure variations in measurement. 

The experimental results depict a significant resonant frequency 

shift for a gradual increase of fluid inside the setup. This thesis 

would have the groundwork for non-invasive techniques in ICP 

measurements and assist future research works by providing a 

baseline parameter.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Handledare: Mauricio David Perez  
Ämnesgranskare: Robin Augustine 
Examinator: Filip Malmberg 
ISSN: 1401-5749, UPTEC IT21 025 
 



 

 

Acknowledgments 

 

 

First and foremost, I am grateful to my subject reader Prof. Robin Augustine who kept 

confidence and took me into his team as a Thesis student, providing the resources whenever 

required. His support in sparing more time amidst the busy schedule to fine-tune my ideas, 

showing the big picture of my work, and guiding me throughout the period has led to the 

successful completion of my work. 

 

I would like to thank my supervisor Dr. Mauricio D. Perez for his guidance and feedback 

on my work as well as in structuring my thesis project. His tremendous help right from the 

start, motivating me to do more has led to achieving precise results. 

 

My heartfelt thanks to researchers Dr. Pramod Rangaiah and Dr. Bappaditya Mandal for 

helping me throughout in shaping the project and listening to my ideas with patience. The 

experiments have been successful by their joint effort and their availability to help me during 

the phase. I would like to thank everyone in the Microwaves in Medical Engineering research 

group(MMG) for their extended arms whenever needed.  

 

I would like to thank my friends who have been helpful throughout my journey here. 

 

Last but not least, I would like to thank my parents, my sister, and my brother-in-law for 

supporting me morally and financially throughout my master’s study.  



1 
 

Abbreviations 

 

 

ATE   Artificial Tissue Emulating 

CT   Computed Tomography 

DUT   Device Under Test 
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1     Introduction 
 

1.1 Overview 

 

Traumatic brain injury (TBI) is a major health and socioeconomic problem[1] throughout 

the world nowadays. TBI is caused due to sudden damage to the brain by a motor vehicle 

accident or a powerful blow to the head or when objects pierce and move through the brain 

shattering the skull causing trauma or coma. It deems to be a major health problem as the 

injuries could be mild initially but depending on the impact of the blow, it could get severe 

leading to surgery and intense conditions making it more fatal. 

 

At present, Intracranial pressure(ICP) is measured primarily through invasive methods, 

including intraventricular catheters, external ventricular drains(EVD), lumbar puncture, 

and micro transducer ICP monitoring devices. These methods however have certain 

limitations associated with it during operations like infections, hemorrhages, the risk 

involved in it during operations, misplacements of EVD’s during operations which increase 

brain damage, and delayed time in placement of EVD’s[2].  

 

A Non-Invasive method would avoid the above-mentioned limitations and it can be 

perfected for the patients involved in the treatment. The existing non-invasive methods 

widely familiar are Transcranial Doppler Ultrasonography(TCD)[3], Tympanic Membrane 

Displacement(TMD), Computer Topography(CT), Magnetic Resonance Imaging(MRI) 

[3] . 

 

TCD is cost-effective, provides real-time information about cerebral hemodynamics, and 

detects embolization in cerebral vessels[4]. CT scan was able to differentiate patients who 

had low or high ICP, to an extent [5]. The accuracy was 67% for ICP<20 mm Hg[5]. 

Another study related to CT scan showed that when the Cerebrospinal Fluid vs Intracranial 

Vault volume Is greater than a certain calculated value, a distinction between low and high 

ICP cannot be effectively estimated[6]. The study further indicated that this method permits 

a non-invasive technique for identifying patients having a low risk of elevated ICP[6].  

 

Other existing methods lack proper correlation techniques or have a low success rate for 

patients above the age of 40[3]. This has led to finding more new techniques in the field 

for having a high success rate and with good penetration depth without excess radiation 

effect on the brain.  
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Experiments have been performed in the Microwaves and Medical Engineering Group 

(MMG) for non-invasive techniques which involved fabricating a sensor and reader 

separately and implanting the sensor on the top of the skull of attaching it to the bottom of 

the skin[7]. The work involved developing specially designed “Artificial Tissue 

Emulating(ATE)“ phantoms[8] for brain, skull, and skin parts. With these parts, a brain 

casing was made which had a volume as compared to an adult fist[7]. The experiment had 

good accuracy.  

 

Further updates in the experiment needed were to perform a setup similar to NASA 

SansEC’s ICP application work which uses a skin patch sensor to measure intracranial 

fluid-volume shifts[9]. These developments have led to the commencement of my thesis 

work in the non-invasive method. 

 

My thesis project aims at evaluating and comparing the types of microwave readout sensors 

like loop+spiral sensor( called as Nasa sensor) and Split-ring resonator (SRR) in the ATE 

phantoms and conduct experiments to extract Intra Cranial Pressure readings in clinical 

and non-clinical situations. The aftermath of this project will involve approaches to a 

favorable alternative to the current ICP methods. 

 

The experimental procedure involved in evaluating and obtaining the frequency shift for 

volumetric changes in the washer liquid was classified into 5 methods namely : 

 

• Method 1 with washer fluid and loop+spiral reader alone 

• Method 2 involving brain, skull, and skin phantoms with loop+spiral reader 

with washer fluid 

• Method 3 involving Loop reader and spiral sensor separately along with 

phantoms mentioned above 

• Method 4 with Split Ring Resonator (SRR) reader+ SRR sensor along with 

phantoms 

• Method 5 with SRR reader+ Double SRR sensor along with phantoms 

 

In my thesis work, I would be performing and evaluating the first 2 methods mentioned 

above. These 2 methods would give a comparison between the mentioned NASA paper 

and my experimental values. The other methods involving sensor and reader separately 

would be the future scope in this ICP method. Methods 1 and 2 would form the base for 

the other methods to be performed and this result would establish a good comparison. 
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1.2 Objective 

 

The main goal of this thesis is to evaluate the types of microwave sensors like SRR and 

NASA sensors and to design an experimental model for Intra- Cranial Pressure monitoring 

and assess its work. Its main objectives are: 

 

• To implement the desired sensor design and fabricate the required sensor 

for ICP 

• To analyze and compare the NASA sensor with the developed SRR and 

loop+spiral sensor 

• To develop, characterize, and evaluate phantom models for ICP 

experiments  

• To device a measurement setup for a sensor to detect volumetric and 

permittivity change to produce a frequency shift 

• To calculate the resonant frequency shift and Standard Deviation due to 

change in CSF flow in humans when ICP increases or decreases 

 

1.3 Limitations 

 

My thesis is limited to evaluating and analyzing few experimental methods for measuring 

pressure variations inside the brain, with the help of a sensor placed on the epidermal layer* 

of the skull. The main focus of the thesis involves getting a relationship between the 

increase in the fluid and change in the resulting frequency shift. The types of equipment 

used here are a realization and would have to be modified for actual real-time usage in a 

live trial.   

 

More options would be considered at a later stage once after getting a proof-of-concept for 

this method. Variations in sensor types like Split Ring Resonator (SRR), Double SRR, 

Spiral SRR would be conducted and fine-tuned for the best optimal results. Since this thesis 

involves more enhancements, within the given period the best results are produced for 

upgradations in the long run.  

 

 

 

 

*- Epidermal layer is the outermost layer in the skin and acts as a protection layer from 

pathogens entering the skin directly. 
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2 Theory 

 

2.1 Intra Cranial pressure 

 

Intracranial pressure is termed as the pressure within the craniospinal compartment which 

is a closed system that comprises a fixed volume of neural tissue, blood, and cerebrospinal 

fluid(CSF)[10]. ICP is also expressed in terms of the difference between CSF and 

atmospheric pressure [10]. The inner surface of the skull is the intracranial space in adults 

[10]. The intracranial compartment comprises of 3 main components which are brain 

parenchyma with a volume estimate of 1300-1500 ml, CSF accounts for  

approximately75ml, and cerebral blood volume (CBV) accounts for 75ml 

approximately[10]. 

 

The concept of ICP measurement in my thesis work facilitates the use of a microwave-

based readout system to measure the developed pressure in TBI patients primarily. The 

current clinical methods are invasive and have risks in patients with high costs [11]. The 

availability of neurosurgeon also makes the method a tedious process and hence a less 

invasive or non-invasive method proves to have its necessity in the field. 

 

Figure 1.1 shows an outline for the ICP measurement technique with details about the 3 

layers in a human’s skull portion and where the sensor would be implanted. 

 

                                              
Figure 1.1:A conceptual sketch showing the proposed measurement setup for ICP 

measurement [11] 

 

This non-invasive method aims at sensing the variation in pressure from outside the 

cranium with the help of a reader-sensor placed on the surface of the skull [11]. The 

procedure would be used for the treatment of patients having TBI. The temporal lobe was 

the proposed spot for sensor placement since this is the thinner part of the skull and helps 

for more signal penetration [11].   
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Figure 2.2: Graph showing relationship between cranial volume and fluid increase level 

 

The concept of ICP checks the amount of CSF present in the brain depending on the 

pressure developed in the head. ICP range varies from age to age.  The graph in figure 2.2 

depicts the intracranial pressure vs volume curve. At the initial flat part in the graph, the 

intracranial compartment gets more fluid which results in an increased ICP and intracranial 

compliance is high here. After a certain point, we can see that the spike shoots up vertically 

which refers that the intracranial compartment can have no more fluid in it and start 

building more pressure causing a situation of extreme hypertension.  

 

As shown in figure 2.2, a normal adult has 7-15 mm of Hg, a young child has 3-7 mm, an 

infant has 1.5-6 mm[12]. A person is set to have mild intra-cranial hypertension if the range 

of Hg is between 20-30 mm and greater than 40 mm refers to severe or extreme intra-

cranial hypertension [12]. 

 

 

 

 

Hg (mm) 

Cranial Volume (ml) 

Normal ICP 

Extreme ICP 

Mild ICP 
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2.2 Microwaves in Medical Field 

 

An increasing trend towards the inclusion of Microwave methods in medical treatments 

has led to an exponential growth in research and development. Right from the time 

microwaves was accidentally invented by “Percy Spensor” when his peanut butter candy 

started to melt in his pocket while he was working near magnetrons that produced 

microwaves, the field started increasing exponentially for its usefulness.  

 
Figure 3:Frequency spectrum with energy and wavelength comparison. Credit: NASA's 

Imagine the Universe[13] 

In the medical field, it has led to various standard imaging techniques like Ultrasound, 

MRI, CT scan, and X-ray [14]. 

 

 
Figure 4:Microwave frequency bandwidth. Image is taken from [8] 

 

Microwaves have a radio frequency range between 300 MHz to 300 GHz as shown in 

figure 2. In the medical field, it can be used for diagnostics, treatment, and data 

telemetry[14]. Concerning ICP, a microwave-based readout sensor would be placed under 

the scalp on the skull which checks and send data to a network analyzer. 
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2.3 ATE Phantom models 

 

2.3.1 Types of phantoms 

 

Among the different classifications of phantoms, for testing ICP in conditions similar to 

the human brain model, physical phantoms called ATE phantoms were developed with the 

same dielectric’s mimicking a human model. Phantom models depict a realistic situation 

for developing a realization before going ahead with animal trials[7].  

 

Phantoms are developed to replicate mechanical, geometric properties and help us 

understand how the same setup works in a real scenario. They are classified based on their 

anatomical place in the body and have a varied chemical composition on specific parts(Like 

brain, skull, muscle)[8].  

 

A complex system like a human body has tissues with different natures and dielectric 

properties [8]. The properties mostly vary according to the amount of water content 

required for that specific tissue, since water plays a major constituent in them [8]. Bone 

has low water content and muscle, the brain has high water content [8].  

 

Among various kinds of ATE phantoms like liquid, semi-solid and solid phantoms, here 

for my experiments, I used a combination of semi-solid and solid phantoms developed in 

MMG[8]. Semi-solid phantoms mimic high and low permittivity tissues because of their 

constituents like corn starch, gelatin. Liquid phantoms mimic high permittivity phantoms 

mainly due to their water composition [8].  

 

The phantoms used here are Brain, Skull, Skin, and have good elasticity taking desired 

shapes for the experiments mainly because of the constituents used in the preparation[8]. 

Since these tissues are prepared with low water content, dryness is not rapid and is long-

lasting, non-toxic holding its mechanical and physical properties stable [8]. 

 

At 2.45 GHz(broadcast frequency for microwave experiments to be conducted), the 

dielectric of the Brain after characterization was found as 48, for skin(dry) it was 38 and 

for the skull, it was 18[15]. The phantoms are shown in figure 5. 
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                             (a)                                                             (b) 

Figure 5:(a)Skin,(b)Skull phantoms which inherit human’s dielectric properties. Credits 

to MMG lab and clean room at Angstrom Laboratory 

 

 

                                              
Figure 6:Colour change of Brain phantom before and after placing it in washer fluid. 

Credits to MMG lab and clean room at Angstrom Laboratory 

 

In figure 6, a differently structured brain phantom is depicted. The discoloration is due to 

the phantom coming in contact with washer fluid. The dielectric properties are not altered 

because this color change and characterization before and after the experiment proves that 

its dielectrics are intact. 

 

2.3.2 Electromagnetic and mechanical properties of phantoms 

 

Human beings have a complex body metabolism, and the electromagnetic and mechanical 

properties are dependent on several factors like its anatomical position, age, the water 

content in the region [8]. For experiments which involve implantable antennas, on body 

sensor in situations like hyperthermia, cranial pressure measurement, and observation, it is 

not a viable option to start the tests on human beings directly as factors like power 

consumption by the sensor would have to be monitored firsthand[16] 
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Involving human experiments with on-body and implantable devices requires ethical 

approval and license from the respective authorities. Moreover, it is difficult to estimate 

the amount of scientific, psychological risk aspects well in advance and require proper 

planning and results from the experiments beforehand[16] 

 

Of the different parameters, our interest is in the electrical properties like permittivity (ɛr) 

and conductivity (σ)[16] The below-represented table represents a few human tissues with 

different electrical properties across a frequency range of 500 MHz to 10 GHz.  

 

Table 1:Electrical properties of human tissues across a 500MHz-10GHz range 

Tissue 

name 

Conductivity 

[S/m] 

Relative 

permittivity 

Penetration 

depth [m] 

Air 0 1 N/A 

Blood Vessel 0.6- 9.1 46.2-32.6 0.063-0.003 

Bone Cancellous 0.25-3.85 21.95-32.67 0.099-0.005 

Brain Grey Matter 0.78-10.31 55.83-38.11 0.052-0.03 

Brain White Matter 0.47-7.29 41.01-28.39 0.073-0.003 

Cerebrospinal Fluid 2.27-15.37 70.09-52.42 0.021-0.002 

Dura 0.85-8.58 45.91-32.96 0.044-0.003 

Fat 0.04-0.58 5.54-4.61 0.294-0.019 

Heart 1.02-11.83 64.03-42.24 0.043-0.003 

Kidney 1.15-11.56 63.83-40.27 0.038-0.003 

Muscle 0.82-10.62 56.44-42.76 0.051-0.03 

Skin Dry 0.72-8.01 44.91-31.29 0.051-0.003 

Skin Wet 0.71-8.95 48.62-33.52 0.05-0.003 

Vacuum 0 1 N/A 
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The above-mentioned table obtained from “The Institute of Applied Science (IFAC)” 

website[15] depicts the electrical properties of different human body tissues for a frequency 

range of 500 MHz-10 GHz. Table 2 mentioned below represents the electrical properties 

of the tissue at 2.45 GHz. 

 

 

Table 2:Electrical properties of human tissues at 2.45GHz range 

Tissue 

name 

Conductivity 

[S/m] 

Relative 

permittivity 

Penetration 

depth [m] 

Air 0 1 N/A 

Blood Vessel 1.41 42.6 0.02 

Bone Cancellous 0.78 18.61 0.03 

Brain Grey Matter 1.77 48.99 0.02 

Brain White Matter 1.18 36.22 0.02 

Cerebrospinal Fluid 3.41 66.31 0.01 

Dura 1.63 42.09 0.02 

Fat 0.10 5.28 0.11 

Heart 2.21 54.98 0.01 

Kidney 2.39 52.85 0.01 

Muscle 1.71 52.79 0.02 

Skin Dry 1.44 38.06 0.02 

Skin Wet 1.56 42.92 0.02 

Vacuum 0 1 N/A 
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 2.4 Sensor Fabrication 

 

A microwave loop+spiral reader was fabricated for ICP measurements. Experiments were 

conducted with SRR,  Loop+spiral reader for understanding the changes in frequency and 

amplitude. These on-body and implantable sensors were connected directly to network 

analyzers and S-parameter measurements were performed. 

 

2.4.1 Previous sensor work 

 

The existing NASA SanEC’s ICP application work has developed 2 sensor design’s which 

are rectangular and square.[9]. These electromagnetic resonant sensor patches were built 

from a copper trace similar to the sensors developed in my thesis study.  The concept 

behind this spiral-shaped copper trace is that when the electromagnetic resonant skin patch 

sensor comes in contact with the radio frequency(RF) waves, it induces a current in the 

trace[9]  

 

Furthermore, the gaps that are present between the spiral trace give a stray capacitance ad 

during resonance within the traces an electric field is developed because of that [9]. Stray 

capacitance is a capacitance that exists in a circuit when they are near one another. This is 

also called parasitic capacitance. It exists when 2 or more conductive elements have 

different charge levels between them. 

 

The NASA paper[9] involved a realistic human dry skull setup with a bladder kept inside 

which holds the fluid volume in it.  

 

 

Figure 7: Experimental setup from NASA paper representing A) A dry human skull and 

bladder with water which depicts CSF, B) Electromagnetic skin patch sensor with 

connection to the network analyzer for frequency shift and volumetric shift analysis. 

Image from [9] 

 

My thesis work also involved analyzing the paper about the NASA sensor mentioned above 

with the SRR experiments done in my group and facilitating a new method for non-invasive 

pressure monitoring. The former paper had methods explaining experiments in humans and 

mannequins placing them in a supine position and then inclining them to a certain angle, 

then measuring the volume shift and frequency shift correspondingly.  
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This experiment was performed by shifting the volume of fluid and changing the head 

position to alter the fluid flow. The results showcased a shift in resonant frequency were 

corresponding to the shift in effective permittivity with increased bio-fluid volume in the 

cranial cavity[9]. However, the experiments did not induce any external pressurized 

conditions which are experienced in TBI conditions and an increase in liquid due to 

inverting posture does not hold true to the volume pressure increase in the cavity.  

 

This condition of applying pressure was addressed in the work done by MMG. It was with 

an SRR and brain phantom setup. 

 

 

Figure 8: a) Shows the experiment setup b) A microwave readout sensor is placed on top 

of the head phantom c) Corresponding to air pressure, the balloon inflates and deflates 

d) External pressure is applied to measure ICP in pressurized conditions and 

depressurize conditions. Image is taken from [11]. 
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The experiment was successful in detecting pressure variations when there is no pressure 

and with significant pressure [11]. The sensor developed for this purpose was an SRR which 

was an implantable one on the surface of the skull.  

 

One limitation in this experiment was that the CSF and brain phantom used was highly 

viscous and this made it difficult to perform the experiment when the balloon inflated, to 

mimic a pressurized condition [11]. As a continuation of this, my work involved re-

designing the phantoms and depict a better realization from the NASA sensor and MMG’s 

SRR.   

 

2.4.2 Sensor specification 

 

The reader sensors shown in figure 9 were fabricated as follows : 

1) The microwave-based double SRR was fabricated using a TMM-6 substrate with 

1.27mm thickness and a superstrate layer from Rogers R0635 with 0.635mm 

thickness. 

2) The Loop sensor was fabricated with a substrate TMM-4 of thickness 0.64mm. 

3) The Loop+spiral reader was fabricated on a special Kapton material which is a very 

thin substrate available for research fabrications. 

 

                                             
(a)                        (b)                             (c) 

 

Figure 9: (a)Loop+spiral reader    (b) Spiral sensor    (c) Double SRR 

Credits to MMG lab and clean room at Angstrom Laboratory 

 



16 
 

All sensor fabrications were done in the Angstrom Cleanroom facility with the supervision 

of researchers in MMG. 

 

The fabrication process involves masking the sensors, darkening them well for a good print 

when exposed to Ultra-Violet (UV) radiation, and etching process where the masked 

sensor/reader is etched removing the copper from areas around the sensor mask. 

 

The photoresist used was ORDYL Alpha 940[17] and chemicals like Acetone and ferric 

oxide were used during post-etching and etching stages, respectively. Distilled water was 

used during the entire process to clear the residues after etching to get the final sensor 

ready. 
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Mask the sensor on glossy 
sheet 

Finely darken the layout with 
a marker  

Laminate the sensor with 
photoresist film 

Peel the photoresist, clean 
with acetone, dry it 

Expose to UV radiations  

Keep it in developer-water 
mixture and shake it slowly 
for developing process to 

commence 

The sensor is masked on the 
substrate 

Keep it in etching tank filled 
with ferric chloride for etching 

process 

Take it out from Ferric 
chloride and wash it with 

running water to check if it 
has etched the unwanted part 

Check for air-
bubbles in the 

lamination 

Check if its 
completely 
developed 

Yes 

Yes 

No 

Figure 10: Sensor etching flow chart 

No 
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3 Methodology 

 

3.1 Measurement setup 

 

To get more achievable results, a new model was required to measure ICP. The new setup 

is a simple model comprising of a square box, a vertical stand attached with strings for 

holding the skull, skin phantoms on the surface of the fluid, and a Field-fox analyzer for 

measurements. 

 

 

 
Figure 11: New experimental setup for ICP measurements 

 

From figure 11, we could see that an anti-freezing fluid is used in place of water since 

water alters the dielectric permittivity when phantoms are placed in it while the former will 

not affect it. The stand attached with strings could be moved up and down depending on 

the fluid level in the container. 

 

This model is expendable, cost-friendly, and easy to use. One modification for future usage 

would be to make a hole for a fluid rubber tube to inject liquid into it. The container would 

not influence the dielectric of the phantoms or affect the reading and hence it was used for 

experimental purposes. 
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SD is calculated using the formula  

 

                               

Equation 1: SD calculation for a sample 

 

 

Where    s is the sample SD 

              xi is the sample value  

              x̄ is the sample mean 

              N is the sample size 

 

 

Here the calculations are done keeping in mind the type as sample SD and not population 

SD wherein the difference between both being the latter is measured for an entire 

population and the former measures a sample of the entire population. Here since we have 

few measurements and not from an entire population, sample SD is taken for the 

calculation. 

 

3.2 Experimental measurement methods 

 

Out of the methods stated in the overview section, my thesis focuses on methods 1 & 2. 

This involves evaluating the reader sensors' sensitivity, depth of penetration, and its 

sensitivity towards change in volume of fluid during experimentation. 

• Method 1 

The initial method was proposed to test the sensitivity’s working nature on a real 

scenario for change in fluid volume. This process would justify the sensor’s 

working capacity and prove a point that the reader could be used for the methods 

that follow later. 

 

• Method 2 

This method involves the usage of the sensor developed from method 1 with ATE 

phantoms developed for this purpose, used as layers replicating the human brain 

model.  

 

The sensor reader would be placed on top of the skin which has a thickness of 1.5-

2 mm. Beneath the skin, a layer of the skull was placed which has a thickness of 2-

3 mm. The bottom part of the skull would be in contact with the washer fluid which 
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has the brain floating in it. The skull and skin are held by a string suspended from 

a stand raised for holding the setup above the fluid. 

 

The gap between the brain and skull is filled with washer fluid. As the fluid volume 

keeps increasing, the brain phantom is pushed down and the gap increases further. 

The minimum gap between brain and skull during the start of the experiment was 

measured to be 4 mm approximately and with an increased volume level at 1000 

ml, it was measured to be 10 mm approximately. 

 

 

3.3 Hardware used 

 

3.3.1 Network Analyzer 

 

Network analyzers are used for measuring components, circuits in which the transmitted 

and reflected signals from the “Device Under Test (DUT)” port helps in 

characterizing[[18], Page121, section2.4.5]. They are used for the characterization of 

phantoms in measuring their permittivity.  

 

Here we use two different types of handheld network analyzers which are Mini VNA[19] 

and Field fox[20]microwave analyzers. The former has a frequency range of 1 MHz to 3 

GHz wide and the latter has a range up to 50 GHz wide. 

 

 
Figure 12: Mini-VNA and calibration kit with load, short and open 

The above figure is the Mini-VNA network analyzer which is used for shorted frequency 

range measurements. DUT is used and DET is kept closed for S11 parameters. Mini VNA 

is calibrated using Open, short, and load reflection standards by connecting it to the DUT 

port. 
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Figure 13: VnaJ official application window 

The official VnaJ software looks like the above-mentioned figure in which we can have 

the Frequency range set, make a continuous scan, or single scan shows whether the scan is 

completed or not at the bottom left corner of the screen. The latest version in VnaJ software 

is 3.4.6 compatible across Windows, Linux, and macOS platforms. 

 

A field-fox analyzer is shown in figure 14. It is a handheld device that is a bit heavy for 

on-field measurements. It can measure up to 50 GHz frequency range and there are many 

operating modes in it for scattering parameter measurements. 

 

 

 
 

Figure 14: Two-port Field-Fox analyzer 
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A Radio Frequency(RF) analyzer captures even the smallest interference with precision. 

The field fox has a dual-port in it for measurement of S11, S12, S21, S22, Magnitude, 

phase, time analysis.  

 

Scattering parameters(S-parameters) are for a 2-port network are classified into 

transmission and reflection coefficients.S12, S21 belong to the former one, and S11, S22 

belong to the latter one. The subscripts refer to the signal transfer between ports in a 2-port 

network. S11 is also termed as return loss value which is power signal reflections 

attenuated from the transmission line or the absorbing material[21]. 

 

3.3.2 Loop and SRR sensors 

   

 
                      (a)                                                             (b)                                                                          (c) 

Figure 15:a)Fabricated Spiral Loop sensor b) Microwave readout sensor c) Double SRR.  

Image for [b] taken from [1] 

Credits to MMG lab and clean room at Angstrom Laboratory 

 

The fabricated sensors have been designed using Computer Simulation 

Technology(CST)studio[22], a software used for Electromagnetic Field Simulations. This 

software helps in virtual prototyping, performance optimization could be done, and 

preliminary stages compliance issues could be identified and fixed easily. These 

advantages have paved the way for its usage in leading companies around the world. 

 

The frequency at which these experiments are conducted is 2.45 GHz. This is the range for 

spectrum band communications used in Solid State Microwave as defined by the Institute 

of Electrical and Electronics Engineers(IEEE). The adjustable range is between 2.4 and 2.5 

GHz.  

 

The fabricated antennas were evaluated initially on CST software by analyzing the Specific 

Absorption Rate(SAR) when the phantom models in the software are exposed to a 

radiofrequency electromagnetic field.  
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From the initial set of experiments for sensor (b) from figure 12, for a different head 

phantom setup, variations in pressure were observed resulting in a resonant frequency of 

2.49 GHz[11]. Here out of the 3 sensors shown above, for the primary method, sensor (a) 

was used and evaluated with phantoms as well as without phantoms to assess its sensitivity 

and observe the behavior pattern in sensor shifts. 

 

 

3.3.3 ICP coaxial probes and Phantom Setup 

 

For the experiments, coaxial probes of 0.8m and 1m long cables were used. Calibrations 

were performed at the loose end of the cables with the other end tightly screwed to the 

Field-fox analyzer for reducing loss occurring in the cables. 

 

 
(a)                                                  (b) 

Figure 16: Coaxial cables for (a) short frequency range  (b) wide frequency range 

 

Figure 13 shows different cables for a wide frequency range. The one on the left is 

compatible for frequency up to 3 GHz and the thick violet cable on the right can measure 

up to 50 GHz. Here since the frequency range is minimal as 3 GHz, I have used the thin 

coaxial cable for experiments.  

 

 

Phantoms and washer fluid were characterized to ensure their dielectric properties remain 

unaltered before and after experiments are performed. Dielectric properties depend on 

temperature, moisture and the electric field applied[8]. 
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Figure 17: Washer Fluid characterization from Agilent 85070 software 

The image shown above was taken from the official Agilent 85070 software used for the 

Field-fox analyzer while the characterization was performed. The relative permittivity at 

2.45 GHz for washer fluid which is the CSF in the human model, would measure around 

58-66  and the same is the value when washer fluid was characterized.  

 

 

(a)  
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(b) 

Figure 18: Brain characterization a)before the start of experiment b) after finishing the 

experiment 

Figure 18 shows brain characterization before and after placing the brain phantom in washer fluid for the 
experiment. The relative permittivity of the brain(grey matter) at 2.45 GHz as denoted in the IFAC 
website[15] is 48-52. The same was the obtained value during characterization.  
 
  

 
Figure 19: Skull Characterization result from Agilent Software 85070 
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4 Results and Discussions 

 

• DI water balloon experiment with Spiral+Loop sensor 

 

 
                 Figure 20: Experimental setup with a water balloon as brain and skull, skin phantoms 

The displayed figure shows a setup with a water balloon as a brain phantom along with 

skull and skin sensors. The water balloon was characterized and found to have a dielectric 

permittivity of the CSF in a human. With an increased fluid level inside the setup, the 

balloon kept moving towards the bottom of the container. The illustration on the right 

shows how the balloon is almost near the bottom of the container for a specific amount of 

fluid. 

 

Here the resonant frequency as observed from the results was towards a right shift for an 

increase in volume. This was found to be a lateral inversion of results from NASA 

paper[9].  The result analysis is as shown in figure 21.  

 

As the balloon volume increases, the pressure is exerted on the outside of the balloon and 

due to an increase in the volume of washer fluid around the balloon, the pressure is created 

around the balloon emulating brain pressure in hypertension scenarios.  

 

A frequency shift is affected by a change in resonant permittivity of the substances used, 

distance developed between the substances, and conditions like open and closed 

environments. Here this experimental setup was in an open environmental condition. 

However, the permittivity emulates the permittivity of the human tissue, which was found 

upon characterization. The distance between brain and skull, skin phantoms play a factor 

since in the brain during hypertension, it starts to bleed and conditions like swelling occur 

which causes the distance between brain and skull to decrease.  

 

The frequency shift is due to the relative motion of the source material and destination from 

one another. A left shift happens when the objects/substances/phantoms move closer to one 

another and a right shift happens when they move apart. So, volume change plays an 

effective part in the resonant frequency shift. 
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(a) 

 

 

(b) 

Figure 21: Plot showing a) Volume vs Frequency graph b) Volume vs s11 graph 

 

 

• Experiment with brain, skin. Skull phantoms for the proposed methods in the 

overview section 

 

The methods proposed involved SRR reader+ SRR element to be placed above and 

below the skull, trying SRR reader with Double SRR and the last combination being 

Loop reader+ Spiral element. These are advancements to be conducted having the 

current methods experimented with as a foundation for its research study. 
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In the methods explained below, I have chosen to increment the CSF amount by 

100mL per trial counting from 600mL and going up to 1000mL. In an average 

human, the intracranial volume or cranial capacity is 1350mL[23] with the cranial 

secretion of around 400-600mL per day in adults[24]. I have chosen to increment 

the CSF fluid by 100mL-400mL for testing various conditions from normal ICP to 

the condition when hypertension builds for excess secretion in conditions when 

CSF secretion increases.  

 

• Method 1  

 

Method 1 was aimed to check the sensor’s sensitivity for variations in fluid level 

and check its working in real-time and compare its results with CST studio 

simulation results. The setup consisted of a small container filled with washer fluid 

at a measured level and the reader is placed on top of the liquid to check the resonant 

frequency and amplitude. 

 

 
Figure 22: a container with washer fluid at a measured level 

Upon experimenting, a significant left shift in frequency was observed with an 

average of 45 MHz shift in early trials. The image below depicts a MATLAB plot 

for the obtained results from the first set of experiments. 

 

This experiment shows a left shift since the source and observer have been getting 

close to each other at successive trials and the waves get shorter and shorter making 

the frequency shift have a leftward pattern when damping of signals occurs. This 

illustrates that the volume change initiated a shift in the sensor signal response[9].  
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                Figure 23: Plot showing shift in frequency to test the sensitivity of the reader 

• Method 2 

 

In the 2nd approach, phantoms were used for the experimental process. Brain, skull, 

and skin phantoms were characterized before and after the experiments. Many trials 

were conducted and Standard Deviation(SD), Mean resonant shift was calculated 

keeping in mind the uncertainty, which depicts the measurement range scale. A 

reference to the new customized experimental setup can be seen as shown below. 

 

 
 Figure 24: Experimental setup 

for measurements 
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During the experiments, a change in fluid volume levels initiated a shift in the 

frequency signal. 6 trials were conducted with a baseline fluid level set at 600 ml 

with an increment of 100 ml going until 1000 ml.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Due to an electromagnetic field created by the copper trace in the sensor, the change 

in fluid level causes a change in the field which indicates a shift in its resonant 

frequency[9]. The phantom model is shown here in method 2 floats in washer fluid 

during an increase in the fluid level.  

 

This is because the density of the fluid is more than the brain phantom and hence 

the gap between the brain and skull gets minimized during a successive increase in 

the level of fluid. This causes a left shift in resonant frequency during the trials. 

 

In this experiment, external pressure was not applied and a study of how a 

frequency shift occurs for a volumetric change was studied. This change also 

proportionally depends on the dielectric permittivity of the materials used in the 

method. The sensor is based on tissue composition and volume changes and these 

experiments prove its working efficiency, capability, and reliability.  

 

 

 

 

 

Figure 25:Container with 600ml washer fluid & 

Brain, Skull, Skin phantoms 
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The readings from the experiments are as shown below: 

 

Table 3:Table showing experimental results with calculated SD, Mean values 

Trials Water Level (ml) 

  600 700 800 900 1000 

  

Freq 

 (GHz) 

S11 

(dB) 

Freq 

 (GHz) 

S11 

(dB) 

Freq  

(GHz) 

S11 

(dB) 

Freq 

 (GHz) 

S11 

(dB) 

Freq  

(GHz) 

S11 

(dB) 

Trial 1 2.68 -25.2 2.64 -17.5 2.61 -16.8 2.6 -5.11 2.59 -13.4 

                      

Trial 2 2.68 -11.1 2.62 -8.08 2.6 -10.2 2.57 -7.67 2.51 -23.4 

                      

Trial 3 2.7 -29.8 2.66 -22.3 2.6 -16.7 2.56 -13.8 2.52 -47.1 

                      

Trial 4 2.72 -25.7 2.7 -25.3 2.6 -6.42 2.54 -20.9 2.52 -44.6 

                      

Trial 5 2.7 -14.6 2.68 -15.2 2.6 -9.23 2.57 -8.43 2.49 -10.8 

                      

Trial 6 2.72 -46.8 2.68 -29.7 2.64 -10.9 2.59 -13 2.57 -14.1 

SD (GHz) 

 

0.02 

 

0.03 

 

0.02 

 

0.02 

 

0.04 

 

Mean value 

 (GHz) 

 

2.70 

 

2.66 

 

2.60 

 

2.57 

 

2.53 

 
 

The SD and mean are calculated for each level of fluid from 6 trials. The SD is calculated for a sample and 

not a large population since this is a statistic sample measurement and not from the whole population. 

Equation 1 in the theory section shows the formula for SD calculation for a sample SD.  
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The below-shown plot from the readings shows a left shift in frequency for an increase in 

the liquid level. 

 

Figure 26: Plot showing frequency shift from obtained data 

 

Here from our experiments, there was an overall left shift in frequency and the resonant 

frequency shift was calculated to be ~42 MHz. The uncertainty in measurements was 

observed as ±20 MHz. The mean SD was 20 MHz. The depth of penetration of the sensor 

signal is ~25 mm. The specific absorption rate is rough ~0.2W/kg which is within the 

permissible limits of 1.6 W/kg. 

 

Further MATLAB plots showing the frequency and amplitude-shift for an increase in the 

fluid volume show that the sensor developed reads the volume and composition changes, 

which emulates to fluid changes in the brain caused by mild, severe hypertension and other 

ICP conditions. 
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Figure 27: Matplot showing Volume vs Frequency graph based on Table  

 

Figure 28:Matplot showing Volume vs Amplitude graph based on Table 1 

 

The methods demonstrated show that the developed sensor can detect volume deviations 

which realizes the non-invasive method for ICP measurements. 
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5 Conclusions 

 

The developed skin patch reader was able to detect fluid volume changes from our 

experiments conducted.  These experimental results showing shifts in frequency would 

form a baseline for future experiments to be conducted with sensor and reader fabricated 

separately.  

 

The results indicate a net left shift in frequency corresponding to the effective permittivity 

with increased fluid volume in the container. This capability of detecting the volumetric 

changes can serve as a proof-of-concept to depict the changing fluid function in the human 

skull in the cerebral cavity. 

 

These results would help identify novel approaches in the concept of ICP and take the 

research in the future to live trials.  

 

5.1 Future work 

 

Future work involves fabricating a sensor and reader separately to conduct additional 

methods in ICP measurement as planned to experiment with different approaches. This 

base experiment and analysis would serve good for building a setup to perform methods  

3-5 where we could vary the pressure exerted and emulate conditions like mild, extreme, 

and normal hypertension.  

 

Further, automation of the readings with the help of Raspberry pi and cloud platform to the 

existing setup would be discussed in such a way that the Mini-VNA readings are automated 

to send to the raspberry pi which is connected to a cloud GUI to collect data. 

 

Some more advancements in the setup for moving the phantoms setup( skull and skin) up 

and down as per the fluid level should be planned for ease of access.    
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