
FLEXIBLE ELECTRONICS FOR RF AND MMWAVE 

APPLICATIONS 
 

 

 

 

 

 

 

 

 

A Dissertation 

Presented to 

The Academic Faculty 

 

 

 

 

by 

 

 

 

Sridhar Sivapurapu 

 

 

 

 

 

In Partial Fulfillment 

of the Requirements for the Degree 

Doctor of Philosophy in the 

School of Electrical and Computer Engineering 

 

 

 

 

 

 

 

Georgia Institute of Technology 

December 2021 

 

 

COPYRIGHT © 2021 BY SRIDHAR SIVAPURAPU 
  



FLEXIBLE ELECTRONICS FOR RF AND MMWAVE 

APPLICATIONS 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Approved by:   

 

 

  

Dr. Madhavan Swaminathan, Advisor 

School of Electrical and Computer 

Engineering 

Georgia Institute of Technology 

 Dr. Andrew F. Peterson 

School of Electrical and Computer 

Engineering 

Georgia Institute of Technology   
 

 

  

Dr. Saibal Mukhopadhyay 

School of Electrical and Computer 

Engineering 

Georgia Institute of Technology 

 Dr. Manos M. Tentzeris 

School of Electrical and Computer 

Engineering  

Georgia Institute of Technology 

 

 

  

Dr. Suresh K. Sitaraman 

School of Mechanical Engineering 

Georgia Institute of Technology 

 
 

   

  Date Approved:  [December 6, 2021] 

 



 

 

 

 

 

 

To my parents, Sangeetha and Nageswararao, and my sister, Sriramani, without whom 

none of my success would be possible.  

 

 

 

  



ACKNOWLEDGEMENTS 

 The path to a PhD degree is a journey that is both long and full of hardship, 

fortunately I was able to surround myself with incredible individuals that made the journey 

also a joyful experience. I would like to sincerely thank all of them for their support, 

guidance, help and memories that I will cherish for a lifetime.  

 First and foremost, I would like to thank my advisor, Prof. Madhavan 

Swaminathan, for giving me the opportunity to pursue a PhD in C3PS and ultimately the 

PRC. Throughout my time as a graduate student at Georgia Tech, he guided me in a novel 

path through my research while sharing valuable technical expertise and encouragement to 

allow me to reach my potential. His desire to innovate and push technical boundaries 

allowed me to further enjoy my research while overcoming many technical obstacles. He 

has been a fantastic advisor to me as I could walk into his office overwhelmed and confused 

with any variety of problems and provide insight for how I should proceed. I could not ask 

for a better experience as a PhD and I am appreciative of him and his guidance.  

 I also would like to thank my committee members: Prof. Saibal Mukhopadhyay, 

Prof. Suresh K. Sitaraman, Prof. Andrew F. Peterson, and Prof. Manos M. Tentzeris for 

their time and valuable feedback to improve my research.  

 I also would like to thank the support and feedback that I received from industry 

members of the Packaging Research Center (PRC). I would like to especially thank Dr. 

Martin Letz from Schott, Kimiyuki Kanno from JSR, and Takenori Kakutani from Taiyo 

Ink for all of their valuable insight, feedback, and fabrication expertise for improving my 



research. I would also like to PRC staff members Dr. Fuhan Liu, Dr. Mohanalingam 

Kathaperumal, Dr. Kyoung-Sik Jack Moon, Lila Dahal, and Christopher White for their 

contributions for their guidance through the many tough challenges that I faced during 

fabrication. I would also like to thank Dr. Mohamed Bellaredj for his support early in my 

PhD tenure.  

 Additionally, many of the results in this thesis would not have been possible 

without the help and motivation of my friends in the lab: Dr. Huan Yu, Dr. Colin Pardue, 

Dr. Hakki M. Torun, Dr. Majid Ahadi, Dr. Claudio Alvarez, Dr. Siddharth Ravichandran, 

Dr. Omkar Gupte, Dr. Rui Zhang, Dr. Bart Deprospo, Dr. Haksun Lee, Dr. Atom 

Watanabe, Dr. Muhammad Ali, Dr. Kashyap Mohan, Dr. Shreya Dwarakanath, Dr. Tong-

Hong Lin, Osama Waqar Bhatti, Mutee ur Rehman, Serhat Erdogan, Seunghyup Han, 

Lakshminarasimha Vijaykumar, Xiaofan Jia, Nahid Aslani Amoli, Kai-Qi Huang, 

Oluwaseyi Akinwande, Onurcan Yazar, Eric Huang, Xingchen Li, Abhirupa Saha, Joon 

Woo Kim, Yiliang Gu, Prahalad Murali, Pragna Bhaskar, Pratik Nimbalkar, Nithin 

Nedumthakady, Christopher Blancher, Ramon Sosa, Sai Ambi Venkataramanan, Pavithra 

Priyadarshini, Jose Lopez, Ahmet Mete Muslu, Chirag Mehta, Srinidhi Suresh, Xiaotong 

Jia, Vineeth Harish, and Ethan Shackleford. I would also like to thank members of the 

CASPAR group, specifically Dr, Rui Chen, Dr. Justin Chow, and Yi Zhou. Thank you very 

much for all the joyful memories.  

I owe my deepest gratitude to my family. My father, Nageswararao, and my mother, 

Sangeetha, have been tirelessly guiding and supporting me more than I can describe with 

any words. All my accomplishments would not be even remotely possible without their 



unconditional love. The same goes for my sister, Sriramani, who has been incredibly 

supportive every step of the way through the PhD journey.  

  



 

 

 This thesis was funded, in part, on research sponsored by Air Force Research 

Laboratory under agreement number FA865015–2-5401, as conducted through the flexible 

hybrid electronics manufacturing innovation institute, NextFlex. The U.S. Government is 

authorized to reproduce and distribute reprints for Governmental purposes notwithstanding 

any copyright notation thereon. The views and conclusions contained herein are those of 

the authors and should not be interpreted as necessarily representing the official policies or 

endorsements, either expressed or implied, of Air Force Research Laboratory or the U.S. 

Government. This thesis was also funded, in part, by Semiconductor Research Corporation 

(SRC) and the Texas Analog Center of Excellence (TxACE) under Grant 2712.024. This 

thesis was also supported, in part, by the Industry Consortium at the Georgia Tech 

Packaging Research Center (PRC).  

 

 

 

  



 i 

TABLE OF CONTENTS 

ACKNOWLEDGEMENTS D 

LIST OF TABLES iv 

LIST OF FIGURES vi 

LIST OF SYMBOLS AND ABBREVIATIONS xiv 

SUMMARY xvi 

CHAPTER 1. Introduction 1 

CHAPTER 2. Flexible Electronics: Challenges and Opportunities 5 
2.1 Flexible Component Design and Response 5 
2.2 Flexible Glass Capabilities 7 
2.3 Doppler Radar Design for 24 GHz Applications 8 
2.4 Summary 11 

CHAPTER 3. Component Characterization Using Metallization on Flexible 

Dielectric Materials 12 
3.1 Bending Microstrip Transmission Lines 12 

3.1.1 Microstrip Transmission Line Structure 12 
3.1.2 Bending Procedure 14 
3.1.3 Electrical FEM Modelling 16 
3.1.4 Electrical Measurements and Correlation to Simulation 18 

3.2 Bending Planar Power Inductors 21 
3.2.1 Planar Power Inductor Structure 21 
3.2.2 Bending Procedure 23 
3.2.3 Electrical FEM Modelling 23 
3.2.4 Electrical Measurements 25 
3.2.5 Comparison between FEM and Measurement Results 27 
3.2.6 Comparison between Microstrip Transmission Line and Planar Power Inductor

 28 
3.3 Summary 29 

CHAPTER 4. Ultra-thin glass characterization 31 
4.1 Fabrication of Flexible Glass Samples for Electrical and Mechanical 

Characterization 31 
4.2 Electrical Characterization of Ultra-Thin Glass Stack-up 35 

4.2.1 Design of the Microstrip Ring Resonator (MRR) 35 
4.2.2 Design of the Conductor Backed Coplanar Waveguide (CBCPW) Lines 36 
4.2.3 Measurement Setup 37 
4.2.4 MRR Measurement Results 38 
4.2.5 CBCPW Measurement Results 40 

4.3 Mechanical Characterization of Ultra-Thin Glass Stack-up 43 



 ii 

4.3.1 Mechanical Flexibility Test Setup 43 
4.3.2 Ag Paste Resistor Measurement Results 46 
4.3.3 Electroplated Cu Resistor Measurement Results 49 
4.3.4 Measurement to Simulation Correlation Analysis – Tensile Bending 54 
4.3.5 Measurement to Simulation Correlation Analysis – Tensile Bending 60 

4.4 Summary 63 

CHAPTER 5. Demonstration of 24 GHz Patch Antenna Arrays on Ultra-Thin 

Flexible Glass 65 
5.1 Design Procedure for Patch Antenna Array and Fabricated Antenna 65 
5.2 Measurement Setup 71 

5.2.1 S Parameter Measurement Setup 71 
5.2.2 Radiation Pattern Measurement Setup 73 

5.3 Measurement Results 74 
5.3.1 Measured Results – Flat 74 
5.3.2 Measured Results – Tensile Bending 75 
5.3.3 Measured Results – Compressive Bending 77 

5.4 Simulation to Measurement Correlation 79 
5.5 Summary 80 

CHAPTER 6. Demonstration of Automotive Doppler Radar 82 
6.1 Initial Automotive Doppler Radar Design 82 

6.1.1 Mixer Design 83 
6.1.2 Branch-Line Coupler Design 84 
6.1.3 Automotive Radar Initial Demonstration 86 

6.2 Requirements for Improved Performance 87 
6.3 Considerations for Radar Implementation 89 

6.3.1 Mounting onto an Automobile 90 
6.3.2 Shifting Main Beam Location 94 

6.4 Summary 101 

CHAPTER 7. Simulation of 77 GHz Patch Antenna Array 103 
7.1 Design of 77 GHz Patch Antenna Arrays 103 
7.2 Simulation of 77 GHz Patch Antenna Arrays While Undergoing Bending 105 
7.3 Summary 107 

CHAPTER 8. Summary and Future Work 109 
8.1 Summary 109 
8.2 Publications 113 
8.3 Future Work 114 

CHAPTER 9. REFERENCES 116 



 iv 

LIST OF TABLES 

Table 1 – Microstrip Transmission Line Dimensions 13 

Table 2 – Estimated Change in Average Relative Resistance Due to Bending 17 

Table 3 – Power Inductor Dimensions 23 

Table 4 – Previously Measured Electrical Properties of Dielectrics Used for 

Ultra-Thin, Flexible Glass Stack-up Characterization 

33 

Table 5 – Mechanical Properties of Materials Used for Ultra-Thin, Flexible 

Glass Stack-up Characterization 

33 

Table 6 – Monotonic Bending Results 49 

Table 7 – Cyclical Bending Results 49 

Table 8 – Monotonic Bending Results – With Ground Plane 51 

Table 9 – Monotonic Bending Results – Without Ground Plane 52 

Table 10 – Cyclical Bending Results – With Ground Plane 54 

Table 11 – Cyclical Bending Results – Without Ground Plane 54 

Table 12 – 4x3 24 GHz Patch Antenna Array Dimensions 69 

Table 13 – Comparison of Designed and Fabricated Antenna Array Dimensions 71 

Table 14 – The Radii of Curvature Used for the Bending Measurements 72 

Table 15 – 1x3 77 GHz Patch Antenna Array Key Dimensions 96 

Table 16 – 1x3 77 GHz Patch Antenna Array New Spacings for Main Beam 

Shift with a Radius of Curvature of 2” 

100 

Table 17 – 1x3 77 GHz Patch Antenna Array New Spacings for Main Beam 

Shift with a Radius of Curvature of 1” 

100 

Table 18 – 1x3 77 GHz Patch Antenna Array New Spacings for Main Beam 

Shift with a Radius of Curvature of 0.5” 

101 

Table 19 – 1x3 77 GHz Patch Antenna Array New Spacings for Main Beam 

Shift with a Radius of Curvature of 0.25” 

101 



 v 

Table 20 – 4x4 77 GHz Patch Antenna Array Dimensions 104 

 

  



 vi 

LIST OF FIGURES 

Figure 1 – Example of an automobile implementing flexible 24 GHz radar 

to create a full 360° view for improved safety [22]. 

9 

Figure 2  – The cross section and the top view of the microstrip 

transmission line. 

13 

Figure 3 – Measured (a) S21 magnitude and (b) S21 per unit length for both 

the AJP and SP transmission lines. 

14 

Figure 4 – Examples of (a) mandrel bending and (b) adaptive curvature 

bending. For mandrel bending, the ‘r’ denotes the radius of 

curvature for the cylinder used in the mandrel bending test. 

15 

Figure 5 – Examples of (a) tensile and (b) compressive bending. Tensile 

bending has the component (microstrip in this case) facing 

outward and compressive bending has the component facing 

inward. 

15 

Figure 6 – The high frequency measurement setup for the microstrip for 

both (a) compressive and (b) tensile bending. 

16 

Figure 7 – Simulated magnitude response of (a) tensile S11, (b) tensile S21, 

(c) compressive S11, and (d) compressive S21 for the SP microstrip 

transmission line where PS is the panel separation. 

18 

Figure 8 – Measurements for the AJP microstrip transmission line where 

(a) tensile S11, (b) tensile S21, (c) compressive S11, and (d) 

compressive S21 are the measured responses. 

19 

Figure 9 – Measurements for the SP microstrip transmission line where(a) 

tensile S11, (b) tensile S21, (c) compressive S11, and (d) 

compressive S21 are the measured responses. 

 

Figure 10 – Measured S21 after four cycles for (left) compressive and (right) 

tensile bending at 4 GHz (the middle of the frequency sweep). A 

noticeable change in S21 after multiple cycles does not occur for 

the transmission line. Here, a 152.28 mm panel separation 

corresponds to a flat transmission line. 

20 

Figure 11 – Top zoomed-in view of the SP microstrip transmission line 

displaying the width variation. 

21 



 vii 

Figure 12 – The correlation between the modeled and (red) measured SP 

transmission line after the Monte-Carlo analysis. 

21 

Figure 13 – The top view of the inductor with the labeled dimensions on the 

(a) full substrate and (b) a zoomed-in view of the inductor. 

22 

Figure 14 – Simulated inductance vs. frequency with varying panel 

separations accounting for the change in conductivity found in 

Table 2. 

24 

Figure 15 – The surface current of (left) a flat inductor and (right) an 

inductor with 15 mm panel separation. Both inductors are using 

the same scale (on the left) for surface current density. 

25 

Figure 16 – Simulated and measured normalized inductance at 50 MHz for 

panel separations from 15 mm to 35 mm. A panel separation of 

65 mm corresponds to flat. 

26 

Figure 17 – Measured normalized (a) resistance and (b) inductance at 50 

MHz after four cycles. The solid lines represent decreasing panel 

separation and the dashed lines represent increasing panel 

separation. 

27 

Figure 18 – SEM images showing (a) a flat inductor and (b) an inductor at 

15 mm panel separation after one cycle. 

27 

Figure 19 – The comparison between modeling and measurement (single 

cycle) after including the conductivity change. 

28 

Figure 20 – The cross section of the test vehicle for (a) electrical and (b) 

mechanical characterization. 

33 

Figure 21 – Fabricated Electrical Characterization Test Vehicle. 34 

Figure 22 – Fabricated Mechanical Flexibility Characterization Test 

Vehicle using Taiyo Elepaste as the conductor. 

34 

Figure 23 – Fabricated Mechanical Flexibility Characterization Test 

samples using Electroplated Cu as the conductor (a) with a 

ground plane and (b) without a ground plane. 

35 

Figure 24 – The major MRR dimensions including the radius for 10, 15, and 

20 GHz. 

36 

Figure 25 – CPCPW dimensions used to correlate the results for the MRR. 37 



 viii 

Figure 26 – The W Band measurement setup for electrical characterization 

measurements. 

38 

Figure 27 – The extracted S21 for both the (a) JSR and (b) Taiyo 15 GHz 

MRRs. 

39 

Figure 28 – The calculated (a) relative dielectric constant and (b) dielectric 

loss tangent for the JSR (squares) and Taiyo (triangles) stack-ups.  

40 

Figure 29 – The JSR stack-up CPCPW (a) S11 and (b) S21 response for a line 

length of 7 mm. The red curve corresponds to the measured result 

and the blue curve is the simulated result. 

41 

Figure 30 – The Taiyo stack-up CPCPW (a) S11 and (b) S21 response for a 

line length of 8 mm. The red curve corresponds to the measured 

result and the blue curve is the simulated result. 

42 

Figure 31 – The per unit length loss for the (a) JSR stack-up and (b) the 

Taiyo stack-up. The red curve corresponds to the measured result 

and the blue curve is the simulated result. 

42 

Figure 32 – Comparison between the materials used in this paper (solid 

lines) and other materials used for high frequency applications. 

43 

Figure 33 – The measurement setup to complete Free Arc Bending where 

(a) shows the initial measurement setup before bending, (b) 

shows the sample during the initial bending with a large radius of 

curvature, and (c) shows the bending at the smallest radius of 

curvature. 

44 

Figure 34 – A resistor with Ag paste with Cu tape to connect to the DMM. 45 

Figure 35 – A resistor sample with Ag paste connected to one side to the 

pressure contacts used for resistance measurement. The circled 

area includes the steps to connect the sample to moving parallel 

plate in Figure 35. 

46 

Figure 36 – A resistor with electroplated Cu with Cu tape that connect to 

the DMM. 

46 

Figure 37 – Ag paste resistor sample inside the Free Arc Bending test setup. 46 

Figure 38 – Change in resistance for the resistor undergoing monotonic 

compressive bending. The distance refers to the distance travelled 

by the moving jig. 

48 



 ix 

Figure 39 – Change in resistance for the resistor undergoing cyclical 

compressive bending. The distance refers to the distance travelled 

by the moving jig. 

48 

Figure 40 – Change in resistance for the JSR resistors undergoing 

monotonic bending. The distance refers to the distance travelled 

by the moving jig. The force measurement is included to show 

when the glass substrate broke while the Cu traces remained 

connected. 

50 

Figure 41 – Change in resistance for the Taiyo resistors undergoing 

monotonic bending. The distance refers to the distance travelled 

by the moving jib. The force measurement is included to show 

when the glass substrate broke while the Cu traces remained 

connected. 

51 

Figure 42 – Example of a sample that has undergone compressive bending 

where the glass substrate broke, but the Cu traces remain 

connected. 

51 

Figure 43 – Change in resistance for the JSR resistors undergoing cyclical 

bending. The distance refers to the distance travelled by the 

moving jig. 

53 

Figure 44 – Change in the resistance for the Taiyo resistors undergoing 

cyclical bending. The distance refers to the distance travelled by 

the moving jig. 

53 

Figure 45 – Finite-element model of the tensile bending mode of samples 

with a ground plane. 

55 

Figure 46 – (a) Stress distribution of the JSR sample with ground plane on 

the tensile side at a 5 mm gap distance. (b) Stress distribution of 

the JSR coating sample with ground plane on the compressive 

side at 5 mm gap distance. (c) Zoomed-in image of the bent 

portion of the sample in (a). 

57 

Figure 47 – Strain distribution of different traces of the JSR sample with 

ground plane on the tensile side at 5 mm gap distance. 

57 

Figure 48 – Strain distribution of the top and bottom surface of the middle 

trace of the JSR sample with ground plane on the tensile side at 5 

mm gap distance. 

58 

Figure 49 – Strain distribution of the top surface of the middle trace of the 

JSR sample with and without a ground plane on the tensile side 

at 5 mm gap distance. 

59 



 x 

Figure 50 – Strain distribution of the top surface of the middle trace of the 

JSR and Taiyo samples on the tensile side with 5 mm gap 

distance. 

59 

Figure 51 – Strain distribution of the top surface of the middle trace of the 

JSR sample on the tensile side at 5 and 10 mm gap distances. 

60 

Figure 52 – Finite-element model of the compressive bending mode of 

samples with a ground plane. 

61 

Figure 53 – (a) Stress distribution of the JSR sample with ground plane on 

the tensile side at 5 mm gap distance. (b) Stress distribution of the 

JSR sample with background layer on the compressive side at 5 

mm gap distance. (c) Zoomed-in image of the bent part of the 

sample in (b). 

62 

Figure 54 – Strain distribution of the top surface of the middle trace of the 

JSR sample on the tensile and compressive sides at 5 mm gap 

distance. 

63 

Figure 55 – A fully fabricated antenna sample ready for measurement. 65 

Figure 56 – Design overview of the 24 GHz patch antenna array with key 

dimensions labelled. 

69 

Figure 57 – The simulated (a) S Parameters meeting the bandwidth 

requirement (23-25 GHz) and (b) normalized E plane radiation 

pattern at 24 GHz for the single element patch antenna. 

69 

Figure 58 – The simulated (a) S Parameters meeting the bandwidth 

requirement (23-25 GHz) and (b) normalized E plane radiation 

pattern for the 4x3 patch antenna array at 24 GHz. 

70 

Figure 59 – Example of the patch antenna array undergoing tensile bending 

while measuring the S Parameter response. 

73 

Figure 60 – Example of the antenna array undergoing tensile bending while 

also measuring the antenna array’s radiation pattern. 

74 

Figure 61 – Measured  (a) S Parameters for two separate samples compared 

against the simulations with the fabricated dimensions and the 

initial design dimensions and (b) E plane radiation pattern of 

antenna sample 1 while flat at 24 GHz. The measured radiation 

pattern is in solid blue and the simulated radiation pattern is in 

dashed red. Both of the measured antenna arrays meet the 

bandwidth requirement (23-25 GHz). 

75 



 xi 

Figure 62 – Measured and simulated S Parameters for patch antenna array 

(top) sample 1 and (bottom) sample 2 while undergoing tensile 

bending. The measured results are in solid lines and the simulated 

results are dashed. 

76 

Figure 63 – The E plane radiation pattern of antenna sample 1 undergoing 

tensile bending at 24 GHz. The measured results are solid blue 

and the simulated results are dashed red. 

77 

Figure 64 – Measured and simulated S Parameters for patch antenna array 

(top) sample 1 and (bottom) sample 2 while undergoing 

compressive bending. The measured results are in the solid lines 

and the simulated results are dashed. 

78 

Figure 65 – The radiation pattern of antenna sample 1 undergoing 

compressive bending. (a) and (i) correspond to flat before and 

after the bending tests and (b)-(h) correspond to the sample going 

through the range of bending radii shown in Table 13. The 

measured results are solid blue and the simulated results are 

dashed red. 

79 

Figure 66 – The peak gain for the antennas vs. the radius of curvature for 

both measurement (solid line and square) and simulation (dashed 

line with circles) while undergoing tensile (blue) and compressive 

(red) bending. 

80 

Figure 67 – (a) A simplified schematic for the 24 GHz Automotive Doppler 

Radar. 

83 

Figure 68 – Schematic for the mixer for the Automotive Doppler Radar 

Application. 

84 

Figure 69 – 180º hybrid design for the mixer where (left) is the JSR stack-

up and (right) is the Taiyo stack-up. 

84 

Figure 70 – The 180º hybrid (a) frequency response with a (b) zoomed-in 

view at the desired bandwidth. 

84 

Figure 71 – Branch-Line Coupler designed dimensions. 85 

Figure 72 – Branch-Line Coupler (a) frequency response with a (b) zoomed-

in view in the frequency range of choice. 

86 

Figure 73 – Fabricated and assembled 24 GHz Automotive Doppler Radar 

on the ultra-thin, flexible glass substrate. 

87 

Figure 74 – Simplified illustration of TX leakage in the radar schematic 87 



 xii 

Figure 75 – A possible solution to decrease the impact of TX leakage into 

the circuit where a quadrature hybrid is cascaded by a 180° hybrid 

and the resulting S Parameter response. 

89 

Figure 76 – Cross section of mounting the ultra-thin, flexible glass antenna 

onto the automobile’s body with the low dielectric constant foam 

acting as a spacer between the automobile’s body and the antenna. 

91 

Figure 77 – The resulting (a) S Parameters and (b) radiation pattern for the 

ultra-thin, flexible glass antenna while mounted onto the 

automobile body with a dielectric foam acting as a spacer 

between the antenna and the automobile’s body. 

93 

Figure 78 – Cross section of directly mounting the ultra-thin, flexible glass 

antenna onto the automobile’s windshield. 

93 

Figure 79 – The resulting (a) S Parameters and (b) radiation pattern for the 

ultra-thin, flexible glass antenna directly mounted onto the 

automobile’s windshield. 

94 

Figure 80 – Cross section of mounting the ultra-thin, flexible glass antenna 

onto the automobile’s windshield with the low dielectric constant, 

low loss foam acting as a spacer. 

94 

Figure 81 – The resulting (a) S Parameters and (b) radiation pattern for the 

ultra-thin, flexible glass antenna directly mounted onto the 

automobile’s windshield with the low dielectric constant, low loss 

foam acting as a spacer. 

96 

Figure 82 – The top view of the 1x3 77 GHz patch antenna array with the 

key dimensions labelled. 

97 

Figure 83 – The S Parameter and radiation pattern of the nominal design of 

the 1x3 77 GHz patch antenna array while flat. 

98 

Figure 84 – The (a) S Parameter and (b) radiation pattern of the 1x3 77 GHz 

patch antenna array while flat (black dashed line) and undergoing 

bending without changing the element spacing. (c) shows the shift 

in the main beam with respect to the radius of curvature. 

98 

Figure 85 – The (a) S Parameter and (b) radiation pattern of the 1x3 77 GHz 

patch antenna array undergoing bending around a radius of 

curvature of 2” while changing the element spacing to match the 

main beam location of the flat antenna array. The black dashed 

line corresponds to the original response of the nominal flat 

antenna array.  (c) shows the antenna array undergoing bending 

with a radius of curvature of 2”. 

99 



 xiii 

Figure 86 – The (a) S Parameter and (b) radiation pattern of the 1x3 77 GHz 

patch antenna array undergoing bending around a radius of 

curvature of 1” while changing the element spacing to match the 

main beam location of the flat antenna array. The black dashed 

line corresponds to the original response of the nominal flat 

antenna array. (c) shows the antenna array undergoing bending 

with a radius of curvature of 1”. 

99 

Figure 87 – The (a) S Parameter and (b) radiation pattern of the 1x3 77 GHz 

patch antenna array undergoing bending around a radius of 

curvature of 0.5” while changing the element spacing to match 

the main beam location of the flat antenna array. The black dashed 

line corresponds to the original response of the nominal flat 

antenna array. (c) shows the antenna array undergoing bending 

with a radius of curvature of 0.5”. 

100 

Figure 88 – The (a) S Parameter and (b) radiation pattern of the 1x3 77 GHz 

patch antenna array undergoing bending around a radius of 

curvature of 0.25” while changing the element spacing to match 

the main beam location of the flat antenna array. The black dashed 

line corresponds to the original response of the nominal flat 

antenna array. (c) shows the antenna array undergoing bending 

with a radius of curvature of 0.25”. 

104 

Figure 89 – The top view of the 4x4 77 GHz patch antenna array with the 

key dimensions labelled. 

105 

Figure 90 – The simulated (a) S Parameters and (b) radiation pattern for the 

77 GHz 4x4 patch antenna array. 

106 

Figure 91 – The simulated S Parameters for the 77 GHz 4x4 patch antenna 

array while undergoing bending for various radii of curvature. 

107 

Figure 92 – The simulated radiation pattern for the 77 GHz patch antenna 

array while undergoing bending at various frequencies. 

107 

 

  



 xiv 

LIST OF SYMBOLS AND ABBREVIATIONS 

AJP Aerosol Jet Printed 

AUT Antenna Under Test 

CBCPW Conductor Backed Coplanar Waveguide 

CPW Coplanar Waveguide 

DMM Digital Multimeter 

DUT Device Under Test 

FEM Finite Element Modeling 

HFSS High Frequency Structure Simulator 

LO Local Oscillator 

LRRM Line-Reflect-Reflect-Match 

MRR Microstrip Ring Resonator 

PDK Process Design Kit 

PET Polyethylene terephthalate 

PID Photo Imageable Dielectric  

PVB Polyvinyl butyral  

PVB Polyvinyl chloride 

RF Radio Frequency 

SAP Semi Additive Process 

SMA Sub-Miniature A 

SOLT Short-Open-Line-Thru 

SP Screen Printed 

TRL Thru-Reflect-Line 



 xv 

TX Transmitter 

VCO Voltage Controlled Oscillator  

VNA Vector Network Analyzer 

  



 xvi 

SUMMARY 

This thesis discusses the requirements and considerations for the design, 

fabrication, measurement, and implementation of flexible electronics for RF and mmWave 

applications. Due to the increasing demand for wearable and flexible devices, Flexible 

Hybrid Electronics (FHE) has seen a rapid increase in development. Ultimately, the goal 

for FHE is to maximize the mechanical flexibility (bending, stretching, and twisting) of a 

device while maintaining or improving the electrical performance, miniaturizing individual 

components, and increasing system level integration. One additional consideration 

required for designing flexible and wearable electronics is accounting for the impact of 

flexible phenomena on different components. This is noticeable when comparing the 

performance of coplanar waveguide (CPW) against that of an antenna while both are bent 

a small amount compared to their lengths. For a coplanar waveguide, minimal change in 

the S Parameters occurs whereas for the antenna, the resonant frequency may shift based 

on its architecture. Therefore, proper modeling and model to hardware correlation are 

required while designing FHE systems.  

As a first step, this thesis focuses on completing model to hardware correlation for 

different components such as microstrip transmission lines and planar inductors while these 

components undergo bending. As the next step, a lower loss stack-up for high frequency 

flexible applications is developed. Ultra-thin flexible glass is chosen as the substrate 

material and characterized electrically (dielectric constant and dielectric loss tangent) up 

to 110 GHz and mechanically (determining when mechanical failure occurs while 

undergoing bending). After completing the ultra-thin, flexible glass characterization, a 



 xvii 

patch antenna array has been designed, fabricated, and measured for 24 GHz Automotive 

Doppler Radar. Both flat and bending measurements are performed for S Parameters and 

radiation pattern measurements to determine the impact of the bending on the response. 

For S Parameters, minimal change was found while the antenna array underwent bending, 

but noticeable change in the radiation pattern was measured. After completing the antenna 

array measurements, an Automotive Doppler Radar was designed and fabricated onto ultra-

thin glass. This radar includes a Quadrature Hybrid coupler and a passive mixer to 

implement the doppler radar. Finally, the thesis also considers the design of a 77 GHz 

antenna array for automotive applications. 

 

 

 

 

 

  



 1 

CHAPTER 1. INTRODUCTION 

 Due to the increasing demand for wearable and flexible devices, flexible 

technology has seen a rapid increase into further development. Ultimately, the goal for 

flexible technology is to maximize the mechanical flexibility (bending, stretching, and 

twisting) of a device while maintaining or improving the electrical performance, 

miniaturizing individual components, and increasing system level integration. As a result, 

providing a framework and tool for designers, such as a process design kit (PDK), to design 

flexible systems is necessary for maximizing the efficiency of the design cycle of flexible 

components [1] [2].  

 The ideal scenario for individual components in a flexible system would be to 

maintain the same (or improve) electrical performance while undergoing various 

mechanical loads caused by bending, stretching, and twisting. To maintain similar 

performance while stretching, previous techniques include creating a serpentine-like 

structure found in [3] and [4], which has the disadvantage of substantially degrading the 

insertion loss due to the increased interconnect length. Additionally, these modified 

structures continue to experience a noticeable increase in DC resistance while stretched, 

which further increases insertion loss. This noticeable change is caused by plastic 

deformation and microcracks along the length of the transmission line. Therefore, during 

the design phase, a multi-physics approach that includes the effects of mechanical loading 

on electrical performance is required to fully capture effects such as plastic deformation. 

Typically, when discussing a multi-physics approach, the most common interactions 

considered are between electrical and thermal or mechanical and thermal, missing the key 
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interaction between electrical and mechanical that needs to be considered for wearable and 

flexible electronics. Therefore, capturing this interaction becomes necessary for optimizing 

the design process for flexible electronics.   

 One additional consideration required for designing flexible and wearable 

electronics is accounting for the impact of flexing on the physical phenomena as it relates 

to different components. This is noticeable when comparing a coplanar waveguide (CPW) 

and an antenna while both are bent a small amount compared to their lengths. Here, the S-

Parameters (scattering parameters, representing the relationship between the incident and 

reflected power waves for a given component) show that there is minimal change in the 

CPW’s performance [5]. However, the antenna experiences a noticeable shift in the 

resonant frequency (the frequency of operation) [6]. In both of these cases, the mechanical 

effects of bending are not included in their respective studies, which are necessary, 

especially if sufficient strain occurs, causing a change in their behavior. Additionally, for 

components such as antennas, other electrical performance metrics such as the gain pattern 

must be investigated and included in any design work for flexible electronics. Most 

electrical models account for the changing shape of the modeled structure caused by 

bending or stretching, but do not include the mechanical strain related effects. Similarly, 

the mechanical bending models do not necessarily include the impact on material 

properties such as the conductivity of the conductor used.  

   Once the models include individual component representations that have been 

properly correlated with measured results, a full system can be designed, fabricated, and 

functionally characterized. One such system that can be developed is a Doppler Radar. 

Doppler Radars can be used a variety of applications from wearable medical devices [7] to 
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automotive [8]. For wearable medical devices, doppler radars are useful for heart and 

respiration rate measurements and can be used to replace the conventional 

electrocardiogram as a non-invasive means of long-term measurement. For automotive 

applications, an Automotive Doppler Radar can be used for short- or long-range object 

detection based on the velocity of other moving objects such as humans, other automobiles, 

etc. In each application type listed for the Doppler Radar, the additional component of 

flexibility for at least some of the components found in the radar system can be crucial for 

improving their performance and enhancing their applicability. For automotive 

applications, the radar system can be placed anywhere on the car so as to contour to the 

automobile. This feature can also be used for placement on humans or along other surfaces 

to help monitor specific measurements [9].  

 The rest of the thesis is structured as follows: Chapter 2 provides a literature survey 

on the current state of the art for modeling and characterizing the bending of high frequency 

electronics, flexible glass, and Doppler radars. Chapter 3 presents the characterization of 

microstrip transmission lines and planar inductors on Kapton polyimide materials while 

undergoing bending. This understanding of the impact of bending on these different 

components is also described in Chapter 4 using the electrical and mechanical 

characterization of ultra-thin, flexible glass stack-ups. Chapter 5 discusses the impact of 

bending on both the S Parameters and radiation pattern on an antenna array that can be 

used for short range Automotive Doppler Radar. Chapter 6 discusses the system 

requirements for manufacturing automotive radar and key improvements required to ensure 

appropriate functionality of the radar. Chapter 7 discusses the future application of ultra-
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thin, flexible glass for 77 GHz automotive radars, which is becoming more prominent in 

the automotive market.    
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CHAPTER 2. FLEXIBLE ELECTRONICS: CHALLENGES AND 

OPPORTUNITIES 

In this Chapter, the focus will in three major areas: (i) the current status of 

components and their corresponding high frequency responses while undergoing bending, 

(ii) the current capabilities of flexible glass, and (iii) designs for Doppler Radars at 24 GHz.  

2.1 Flexible Component Design and Response 

Flexible component design, especially for high frequency applications such as RF, 

focuses primarily on microstrip transmission lines and coplanar waveguides (CPWs), 

inductors, and antennas. Additionally, most flexible components are designed on flexible 

substrates, such as Kapton polyimide and polyethylene terephthalate (PET) using flexible 

conductors, which are typically some variant of conductive (primarily silver) inks. The 

advantage that these substrates and conductive inks have are that they are relatively 

inexpensive, and simple to process and fabricate due to the use of additive processing 

(printing) and availability of these substrates [5].   

For transmission lines, investigations into the design of microstrip transmission lines 

and CPWs focus on two main areas, determining the flexibility of these components for a 

given manufacturing process and the electrical characterization at high frequencies of these 

components that can be used in flexible applications. For the flexibility of transmission 

lines, the design of novel structures such as serpentine or zig-zag patterns to account for 

stretching have shown to be effective at minimizing the impact of stretching [3]. However, 

this approach is limited for applications at frequencies larger than 10 GHz due to increased 
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loss. Additionally, the applicable frequency range will decrease with increased stretching 

due to increased mismatch between the reference impedance and the intrinsic impedance 

of the transmission line. Other works, such as [5], [10], and [11] primarily focus on 

maximizing the performance of CPWs at high frequencies using fabrication techniques 

such as inkjet printing on flexible substrates. The prior work shows that it is possible to 

fabricate these structures on thin, flexible substrates, but with an impact on performance. 

In [5], to maximize the performance of the conductor, high temperature sintering at 300ºC 

is required, which is not possible for PET since it exceeds the maximum temperature that 

is allowable. In [10], although characterization up to 60 GHz has been demonstrated, due 

to low conductivity, surface roughness of silver ink, and the high loss tangent for Kapton 

polyimide, it was found that the performance is not comparable to the low loss Alumina 

substrate. Prior work in [11] addresses the problem of decreased performance from the 

silver conductor by including a layer of electroplated copper along with the silver ink, but 

still only reaches one third of the conductivity of bulk copper, making it excessively 

resistive.  

For inductors, a similar problem caused by decreased conductivity can be seen in the 

decreased quality factor. Work in [12] addresses this problem by increasing the number of 

printed layers of silver ink fabricated on the substrate. With increased layers, the quality 

improves significantly, but without any additional increase to inductance. Additional work, 

as seen in [13] improves the inductance by including ferromagnetic materials, but with a 

slight decrease in quality factor of the inductor. As noted, one consideration to improve 

inductance is to change the topology of the inductor to a spiral configuration, but that is 

significantly more difficult to fabricate with the introduction of vias and overall complexity 
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during fabrication. Furthermore, [14] shows that there is an impact on the inductor’s 

performance when it is bent, even by a small amount. The cause of this change in 

inductance needs to be addressed to further evaluate the design of inductors and other 

components. 

Antennas are also found to be sensitive to bending as bending changes both the S-

parameters for the antenna as well as the gain pattern. Typical antenna architectures, such 

as the patch antenna, show that there is a significant change in the resonant frequency of 

the antenna [15]. Other antenna types, such as multi-band monopole antennas show that 

the S-parameters do not significantly change, nor does the antenna gain pattern [16]. As a 

result, the choice of antenna architecture must be considered on a case-by-case basis to 

account for any change in response. Additionally, other considerations such as thickness 

of substrate must be considered due to evaluate its impact of performance. In the case of 

planar inverted F-antennas, thicker substrates provide significantly better performance 

[17]. Additionally, compensation mechanisms such as wide band feeding networks should 

be considered while designing these antennas [17].  

2.2 Flexible Glass Capabilities  

Glass, compared to polyimide and PET, has a few advantageous properties for high 

frequency applications. Glass has a significantly lower dielectric loss tangent, and a 

significantly lower surface roughness as compared to other materials. Glass, compared to 

polyimide and PET, also has a significantly lower coefficient of thermal expansion and a 

significantly higher glass transition temperature, making it far more suitable for 

applications that require high temperature processing or high-power applications [18]. 
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Applications that require high frequency design will experience a performance 

improvement due to the lower dielectric loss tangent found in glass compared to polyimide 

and PET as well as a significantly lower surface roughness [19]. Due to their performance 

advantages, flexible glass (Willow Glass) has been used for displays [20] and photovoltaic 

cells [21] with success while using similar substrate processing techniques found for their 

rigid counterparts.  

2.3 Doppler Radar Design for 24 GHz Applications 

24 GHz Doppler Radar is a possible application that can greatly benefit from flexible 

electronics. For these types of radars, the primary purpose is non-contact detection of vital-

sign monitoring (heart and respiration rate for example) for healthcare applications as well 

object range detection for automotive applications (for improved automotive safety for 

self-driving vehicles). In both scenarios, the ability to contour to different surfaces (the 

human body for a healthcare and the automobile for automotive applications) allows for 

wider applicability of these technologies. In Figure 1, the inclusion of flexible radars allows 

the automobile to have a full 360° view of its surroundings thereby improving safety of the 

vehicle. With the introduction of a low loss flexible dielectric such as glass, the 

performance improvements compared to the state-of-the-art should be substantial. 
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Figure 1 – Example of an automobile implementing flexible 24 GHz radar to create a 

full 360° view for improved safety [22].  

The design of a 24 GHz Doppler Radar for automotive applications uses similar 

design considerations found in wearable medical technologies. Therefore, the current state 

of the art for both automotive radars and wearable medical radars will be discussed. The 

basic operation of Doppler Radars is centered around using the doppler shift associated 

with the velocity of the moving target to determine the distance from the radar. As a result, 

the general architecture of the Doppler Radar includes an oscillator for the initial 24 GHz 

signal, at least one antenna (the transmit antenna and receive antenna can be shared), and 

a mixer to convert the difference between the shifted signal and the oscillator signal to a 

baseband frequency for processing. In order to send the same signal from the oscillator to 

the antenna and the mixer, many different types of couplers can be used. These include 

Wilkinson, Lange, Circulators, and Quadrature Hybrids. Many vendors, such as [23] can 

include all the components required for the radar excluding the antenna. For many 

applications, the use of separate antennas for transmitting and receiving are useful, but for 

some applications, such as [24] and [25], only one antenna is necessary. However, some 

considerations must be made if only one antenna is used for the radar design. For example, 

leakage between the transmitted signal and the received signal must be accounted for to 
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ensure that the doppler frequency shift can be measured accurately. Typically, to minimize 

the leakage from the transmitter’s signal to the rest of the system can be mitigated using 

the couplers that splits the original 24 GHz signal from the oscillator [26] [27]. Finally, for 

the mixer, typically either a simple, passive mixer is used to complete the mixing down to 

the baseband frequency, as seen in [24] and [25], or an off-the-shelf mixer is used, as seen 

in [26] and [27]. For the simple, passive mixer, a common topology featuring a 180º Hybrid 

(or rat race) coupler is used with Schottky diodes to mix the received signal and the 

oscillator output. The advantage of this approach is the relative ease of fabrication of the 

components as well as minimizing the power consumption. This is especially useful for 

wearable applications where power consumption must be minimized. The major 

disadvantage of this approach is the losses associated with the passive mixer [24] [25]. 

Since the passive mixer will have loss at the output (passive mixers do not have active 

components that would provide gain in the system), considerations for how much loss can 

be tolerated before reaching the mixer must be included. 

 Other design factors that must be considered are the gain of the antenna or antennas 

used for the radar and the substrate used for the application. For the antenna design, the 

minimum gain that is required is at least 7 dBi to achieve a minimum range of 2 m, as seen 

in [23], [24], [25], [26], and [27]. Furthermore, in order to achieve the minimum gain, 

antenna arrays are necessary as most single element planar structures will not meet this 

specification. The common antenna array type used for these applications is the patch array 

given the simplicity of its design and ease of integration with the rest of the system. For 

the substrate to carry the radar, a low loss material is used to minimize the substrate losses, 

as seen in [23], [26], and [27]. Alternatively, flexible, but more lossy substrates, are used, 
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typically to minimize the cost or to be more suitable for medical wearable applications [24] 

[25]. Therefore, maximizing the flexibility of low loss substrates is critical for improved 

performance.  

2.4 Summary 

In this chapter, a brief background for flexible electronics has been provided. For 

flexible RF components, the primary focus has been characterizing passive components 

such as transmission lines, inductors, and antennas. For each of these components, the 

impact of flexing on electrical performance varied primarily due to the design of each 

component and how the component is flexed. If the component underwent stretching, a 

substantial change in the electrical performance was found. Inductors and antennas also 

experienced electrical performance changes while undergoing bending. However, the 

change in electrical performance varied based on the architecture of inductor and antenna. 

Therefore, further investigation into different inductor and antenna architectures is required 

to determine the best design to use for a given application. Additionally, glass was also 

investigated as a potential flexible dielectric for high frequency applications as it has 

desirable high frequency electrical properties as well has a higher glass transition 

temperature. Based on the literature, flexible glass (Willow Glass) has already been used 

for flexible displays and photovoltaic cells, but not yet for high frequency flexible 

applications. One possible application for high frequency, flexible electronics is a flexible 

automotive doppler radar which can be used for improving self-driving capabilities as well 

as improving safety features for automobiles. This chapter then investigated the current 

state of 24 GHz doppler radars and determined the key design parameters to target for an 

automotive application.   
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CHAPTER 3. COMPONENT CHARACTERIZATION USING 

METALLIZATION ON FLEXIBLE DIELECTRIC MATERIALS 

In this chapter, the impact of bending microstrip transmission lines and planar spiral 

power inductors is discussed. For the microstrip transmission lines, two different types of 

metallization were completed on Kapton polyimide to determine the impact of bending on 

the S Parameters. The metallization methods used Aerosol Jet Printing (AJP) and Screen 

Printing (SP). Afterwards, the planar spiral inductors were also metallized on Kapton 

polyimide using SP and the resistance and inductance were measured while undergoing 

bending. For both structures, adaptive curvature bending was used to complete the bending 

characterization and is described in further detail in this chapter.  

3.1 Bending Microstrip Transmission Lines 

In this section, the microstrip transmission line as it undergoes bending is examined. 

First, the focus is on the microstrip transmission line structure, followed by bending 

electrical finite element modeling (FEM), and measurement results.  

3.1.1 Microstrip Transmission Line Structure 

The cross section and the top-down view of the microstrip transmission line is shown 

in Figure 2 and the corresponding dimensions are provided in Table 1. All the microstrip 

transmission lines were fabricated on Kapton polymide (DuPont Pyralux AP 9151R), 

which has a dielectric constant of 3.5, a loss tangent of 0.0026, and an elastic modulus of 

2.5 GPa. The Kapton polyimide used here is 127 μm thick and has a Cu-clad laminate on 

one side to act as the ground plane. To fabricate the microstrip transmission line pattern for 
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the bending analysis, two different types of fabrication were used, namely Aerosol Jet 

Printing (AJP) and Screen Printing (SP). The AJP process used the Optomec Aerosol Jet 

300 System to print UTD nano silver ink onto the substrate whereas the SP process used 

the MPM SPM 7279 Semiautomatic Printer (PPM Inc) to print Dupont 5025 Silver 

Conductor. The main performance difference between the AJP and SP transmission lines 

can be seen in Figure 3. The cause of this performance difference is mainly due to their 

thickness difference. Despite the UTD nano Ag ink having approximately three times more 

conductivity than Dupont 5025 Ag paste, the thickness difference between the two lines 

causes the AJP line to be significantly more lossy compared to the SP line. This can be 

seen in Figure 3b when the length difference (44.54 mm) between the two lines is removed 

in the per unit length measurement.  

 
Figure 2 – The cross section and the top view of the microstrip transmission line.  

 

Table 1 – Microstrip Transmission Line Dimensions 

Fabrication AJP SP 

Line Length 107.74 mm 152.28 mm 

Line Width 360 μm 336.7 μm 

Line Thickness 650 nm 12.53 μm 

Conductor Used UTD nano silver ink Dupont 5025 silver conductor 

Conductivity 1 x 107 S/m 3.57 x 106 S/m [28] 
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Figure 3 – Measured (a) S21 magnitude and (b) S21 per unit length for both the AJP 

and SP transmission lines. 

3.1.2 Bending Procedure  

A common method used for bending tests is mandrel bending, which consists of 

wrapping the component around a cylinder of a given radius of curvature, as seen in Figure 

4a. This bending test requires a different structure for every radius to be tested. To 

minimize the required amount of test structures, adaptive curvature bending is used as in 

Figure 4b. Here, the component is placed between two panels, one fixed in place and the 

other to move freely, and the distance (panel separation) can be altered while using only 

one structure. This is especially advantageous for conducting cyclical tests, or tests that 

take a component through a full range of bending (flat to maximally bent and back to flat) 

multiple times. While the component undergoes cyclical testing, in-situ measurements are 

taken at intermediate points using a digital multi-meter (DMM) for DC measurements and 

a vector network analyzer (VNA) for high frequency measurements. Additionally, both 

tensile (conductor facing outwards) and compressive (conductor facing inwards) bending 

tests can be easily completed while having the component remain in air (instead of backed 
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by a dielectric) using this structure. Examples of both tensile and compressive bending can 

be seen in Figure 5.  

 

Figure 4 – Examples of (a) mandrel bending and (b) adaptive curvature bending. For 

mandrel bending, the ‘r’ denotes the radius of curvature for the cylinder used in the 

mandrel bending test.  

 

 

Figure 5 – Examples of (a) tensile and (b) compressive bending. Tensile bending has 

the component (microstrip in this case) facing outward and compressive bending has 

the component facing inward.  

 

A fully assembled test structure for high frequency measurements can be seen in 

Figure 6 for both compressive and tensile bending. For the high frequency measurements, 

an Agilent E8363B VNA that was calibrated with an HP 85052D Calibration Kit. This 

calibration kit uses the SOLT (Short-Open-Load-Thru) standard [29]. Each tested 

component used the VLF40-002 surface mount adapter (SMA), a vertical launch SMA that 

uses pressure contacts, to connect each port to the VNA. Each panel also includes cutouts 

to connect the VNA to the vertical launch SMAs. Also, every component measured 
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includes de-embedding structures to remove the effects of the SMA on the measurement 

result. The specific details of de-embedding each component will be specified in the 

corresponding measurement sections. The DC resistance and the conductivity of each 

silver conductor were measured using a DMM. The conductivity was calculated by using 

σ =  
L

RDC𝐴
 where σ is the conductivity, L is the length of the conductor, RDC is the DC 

resistance measured by the DMM, and A is the cross-sectional area, or the product of the 

average width and average thickness of the component.  

 

Figure 6 – The high frequency measurement setup for the microstrip for both (a) 

compressive and (b) tensile bending.  

3.1.3 Electrical FEM Modelling 

For both the microstrip transmission line and the planar power inductor, an adaptive 

curvature model was developed in ANSYS HFSS v19.1 [30] by creating three sections that 

were combined together into one structure. The three sections consist of two flat sections 

and a curved section. The flat sections correspond to the parts of the component that remain 

flat during the bending test and the curved section represents the portion of the component 
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that is being bent. As the panel separation decreases, a larger portion of the component 

becomes flatter, consistent with the shape produced while undergoing adaptive curvature 

bending. This also corresponds to work completed in [31] and [32]. Additionally, strain is 

induced on the conductor while it undergoes bending, as described in [32], where the 

electrical models and measurement results are also published. The results from the 

mechanical modeling in [32] are included in the electrical model as a change in the 

conductivity of the conductor. The conductivity change is determined by taking the inverse 

of the change in relative resistance. For example, an increase in relative resistance of 7% 

(relative resistance of 1.07) corresponds to a decrease in conductivity of 6.5% (relative 

conductivity of 0.935). These changes can be seen in Table 2 from [32].  

Table 2 – Estimated Change in Average Relative Resistance Due to Bending 

Panel Separation 

Relative Resistance 

– Transmission 

Line (65 mm) 

Relative Resistance 

– Inductor 

Relative Conductivity 

– Inductor 

15 mm 1.0548 1.1729 0.8526 

25 mm 1.0519 1.0994 0.9096 

35 mm 1.0443 1.0671 0.9372 

For both types of bending (compressive and tensile), the panel separation for the 

microstrip transmission line ranged from 30 mm to 100 mm increments of 10 mm for the 

SP microstrip. The wide range was used to determine if changing the panel separation 

would substantially impact the high frequency electrical response. The results of the panel 

separation sweep can be seen in Figure 7. The largest deviation in S21 for both compressive 

and tensile bending is less than 0.5 dB for all the simulated panel separations. Additionally, 

S11 remained below -10 dB for all the simulated panel separations, indicating a good match 

to 50Ω was maintained throughout the frequency response. Therefore, even though there 
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are deviations greater than 1 dB in S11 across different panel separations, this does not 

represent a significant difference.  

 

Figure 7 – Simulated magnitude response of (a) tensile S11, (b) tensile S21, (c) 

compressive S11, and (d) compressive S21 for the SP microstrip transmission line 

where PS is the panel separation. 

3.1.4 Electrical Measurements and Correlation to Simulation 

The measurement results are divided into two major parts, namely single cycle and 

multiple (cyclical) cycles. For both the single and cyclical tests, compressive and tensile 

bending were measured. Panel separations ranged from 40 mm to 100 mm and 60 mm to 

100 mm for tensile and compressive bending, respectively. Smaller panel separations for 

compressive bending could not be measured due to the space constraints caused by 

connecting to the vertical SMAs. Portions of the transmission lines near the SMA 

connections were connected to the panels with tape to help measure the high frequency 

response. In order to remove the effect of the SMA and surrounding tape, TRL (Thru-

Reflect-Load) de-embedding, as described in [33], was used. The measurement results for 

the AJP and SP microstrip transmission lines can be seen in Figure 8. Similar to the 

simulations, the measured response showed no noticeable difference in both S11 and S21 

occurred. This is also seen when measuring the DC resistance as the resistance change 

ranged from 3.043% and 5.217%.  
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Figure 8 – Measurements for the AJP microstrip transmission line where (a) tensile 

S11, (b) tensile S21, (c) compressive S11, and (d) compressive S21 are the measured 

responses.  

 
Figure 9 – Measurements for the SP microstrip transmission line where(a) tensile S11, 

(b) tensile S21, (c) compressive S11, and (d) compressive S21 are the measured 

responses.  

Measurements for multiple cycles were conducted on the SP transmission line to 

determine if a more noticeable change in S21 would occur. This change could occur due to 

a lack of complete recovery from the strain induced by bending, making the structure 
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inelastic. The results after four cycles of bending can be seen in Figure 10 shown 

normalized S21 magnitude at 4 GHz. The magnitudes are normalized to -4.548 dB and -

4.8125 dB for compressive and tensile bending respectively. From Figure 10, a minimal 

change in normalized S21 magnitude can be seen except for one outlier.  

 

Figure 10 – Measured S21 after four cycles for (left) compressive and (right) tensile 

bending at 4 GHz (the middle of the frequency sweep). A noticeable change in S21 

after multiple cycles does not occur for the transmission line. Here, a 152.28 mm panel 

separation corresponds to a flat transmission line. 

After accounting for fabrication imperfection, good correlation between the electrical 

models and the measured data can be observed. For the AJP lines, good correlation was 

found after estimating the conductivity of the fabricated lines, which was 5 x 106 S/m, or 

half the expected value. For the SP lines, good correlation was found after accounting for 

width variation (±17% of the nominal width) along the length of the lines, as seen in Figure 

11. To account for the width variation, 80 different simulations with 18 different sections 

of equal length with the nominal width varying by ±20% were completed. The results of 

the simulation can be seen in Figure 12 and good agreement was found for both S11 and 

S21 up to 6 GHz. 
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Figure 11 – Top zoomed-in view of the SP microstrip transmission line displaying the 

width variation.  

 

 

 

Figure 12 – The correlation between the modeled and (red) measured SP transmission 

line after the Monte-Carlo analysis.  
 

3.2 Bending Planar Power Inductors 

Similar to the previous section, this section examines the planar inductor as it 

undergoes bending. This analysis follows a similar procedure as the microstrip 

transmission line while documenting the difference in behavior between the microstrip 

transmission line and the inductor.   

3.2.1 Planar Power Inductor Structure 
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The planar inductors, similar to the microstrip transmission line, are fabricated on 

Kapton polyimide using SP, meaning that the same silver conductor, Dupont 5025, was 

used. The top view of the inductor design can be seen in Figure 13. Figure 13a shows the 

power inductor on the entire substrate and Figure 13b shows a zoomed-in view of just the 

inductor. The extra feed length is necessary for measuring the bending structure. The 

dimensions of the power inductor can be seen in Table 3. The key factors to consider for 

the power inductor’s performance are the inductor’s side length, line width, line spacing, 

and the number of turns. Increasing the side length and number of turns will increase the 

inductance while also increasing the resistive losses. The inverse relationship exists for 

increasing the line width. The dimensions chosen for this inductor represent a good tradeoff 

between maximizing inductance and minimizing resistive losses.  

 

Figure 13 – The top view of the inductor with the labeled dimensions on the (a) full 

substrate and (b) a zoomed-in view of the inductor.  
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Table 3 – Power Inductor Dimensions 

Dimension Value 

Substrate Length (lsubstrate) 65 mm 

Substrate Width (wsubstrate) 25 mm 

Inductor Side Length (lInd) 16.6 mm 

Inductor Line Width (wInd) 500 μm 

Inductor Line Spacing (s) 500 μm 

Feed Length (lfeed) 20.75 mm 

Feed Width (wfeed) 760 μm 

Transition Length (ltransition) 4.8 mm 

Number of Turns 7 

3.2.2 Bending Procedure  

Due to the inductor substrate’s length, only tensile bending was performed. The 

minimal achievable compressive bending panel separation is 60 mm, only 5 mm shorter 

compared to the inductor substrate’s length. As a result, only tensile bending that ranged 

from 15 mm to 40 mm but with both single and multiple cycle measurements could be 

completed. Additionally, de-embedding structures were measured with details provided 

later.  

3.2.3 Electrical FEM Modelling 

The same setup used to create the microstrip transmission line model corresponding 

to adaptive curvature bending was used for the planar power inductor. Here, panel 

separations of 15 mm, 25 mm, and 35 mm were measured and compared against the flat 

inductor. The results of this panel separation sweep can be seen in Figure 14 as a frequency 

sweep from 10 MHz to 100 MHz. The inductance was extracted using L =  
Imag(Z11)

2πf
. Here, 

Z11 corresponds to the Z-parameters (the open circuit impedance parameters) obtained from 

the simulated S-parameters and f corresponds to the frequency. When the panel separation 
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is 25 mm and lower, a noticeable decrease occurs throughout the frequency sweep whereas 

for the 35 mm panel separation, the inductance difference compared to the flat condition is 

minimal up to 80 MHz.   

One important consideration to include in the electrical simulation is that the 

conductivity change included corresponds to the average conductivity for the entire 

inductor. In reality, the change in conductivity is location dependent as the strain 

distribution along the length of the inductor is non-uniform. In this case, the center of the 

inductor experiences the most strain and the strain decreases the further the pattern is away 

from the center of the substrate. Nevertheless, the results in Figure 14 also capture the 

impact of the geometric change due to panel separation. This impact can also be seen in 

Figure 15 by comparing the surface current of the power inductor when it is flat against a 

panel separation of 15 mm at 50 MHz. Here, while using the same conductivity, the surface 

current density decreases with decreasing panel separation.  

 

 

Figure 14 – Simulated inductance vs. frequency with varying panel separations 

accounting for the change in conductivity found in Table 2. 
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Figure 15 – The surface current of (left) a flat inductor and (right) an inductor with 

15 mm panel separation. Both inductors are using the same scale (on the left) for 

surface current density.  
 

3.2.4 Electrical Measurements 

Following the electrical simulations, the panel separations for the power inductor 

measurements ranged from 15 mm to 35 mm with 5 mm increments. The procedure used 

to connect the microstrip transmission lines was also used to connect the power inductor, 

including calibrating the VNA. The feed structure was also de-embedded from the 

measurement by creating a separate structure that only included the feedline. The S-

parameters were then converted to Z-parameters and the impedance for the feed structure 

was subtracted to obtain the impedance of just the inductor. The inductance was found 

using the same equation as the simulation results. In Figure 16, the normalized inductance 

at 50 MHz was measured and compared against the simulation. The measured inductance 

is normalized to 55.7 nH and the simulated inductance was normalized to 56.8 nH. For 

larger panel separations (above 25 mm), the simulation and measurement follow a similar 

trend as the impact of bending is relatively small. However, below 25 mm, the impact of 

bending was far more noticeable in the simulation compared to the measurement. This 

difference is caused by the nonlinear strain distribution on the inductor. Since the 

simulation assumes that the strain distribution is constant, it does not account for most of 
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the inductor structure experiencing less strain than the center, where the strain is 

significant. As a result, ANSYS HFSS v19.1 only includes the electromagnetic effects of 

bending while using a constant conductivity. Therefore, decreasing the panel separation 

will create a larger difference between simulation and measurement.  

 

Figure 16 – Simulated and measured normalized inductance at 50 MHz for panel 

separations from 15 mm to 35 mm. A panel separation of 65 mm corresponds to flat 

condition.  

A cyclical test was also completed to determine the relationship between the panel 

separation and normalized resistance to determine if the geometric deformation is elastic 

or inelastic to determine if the inductance would experience a similar phenomenon. The 

results can be seen in Figure 17a and Figure 17b for the normalized resistance (normalized 

to 28 Ω) and normalized inductance (55.7 nH). After four cycles, the resistance increased 

approximately 15% and the inductance decreased by approximately 10% when the inductor 

returned to flat. Additionally, the resistance increased by approximately 30% and the 

inductance decreased by approximately 25% when the inductor had a panel separation of 

15 mm during the final cycle. This significant change, in addition to a hysteresis effect 

associated with inelastic strain, indicates that there is significant damage along the length 

of the conductor. However, while examining the center of the inductor through an SEM 
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image, shown in Figure 18, no significant cracking could be found. Instead, silver particles 

seem to be more separated when the inductor is bent compared to flat. The cause of this 

phenomena is microcrack propagation while the inductor, which undergoes strain. The 

cracks then reconnect when the inductor relaxes, but not completely when the initial strain 

is removed. However, both the inductance and resistance regained close to their original 

values 24 to 48 hours after completing the cyclical test.  

 

Figure 17 – Measured normalized (a) resistance and (b) inductance at 50 MHz after 

four cycles. The solid lines represent decreasing panel separation and the dashed lines 

represent increasing panel separation.  

 

 

Figure 18 – SEM images showing (a) a flat inductor and (b) an inductor at 15 mm 

panel separation after one cycle.  

3.2.5 Comparison between FEM and Measurement Results 
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The major discrepancy between the simulated and measured results is due to a 

conductivity change. Here, it was found to be 2.193x106 S/m or 40% smaller than the 

expected conductivity. Using this new conductivity, the simulated inductance was 

compared against the measured results in Figure 19. Figure 19 shows that, the model 

predicts a stronger relationship between inductance and frequency compared to the 

measurement. Also, the discrepancy between the model and measurement increases with 

decreasing panel separation. As discussed previously, the most likely cause for this 

difference is due to the nonlinear strain distribution as well as the movement of particles in 

the conductor. Since ANSYS HFSS v19.1 focuses solely on the electromagnetic effects, 

these phenomena are not properly captured, causing this discrepancy.  

 

Figure 19 – The comparison between modeling and measurement (single cycle) after 

including the conductivity change. 

3.2.6 Comparison between Microstrip Transmission Line and Planar Power Inductor 

The difference between the microstrip transmission line and the power inductor 

related to bending are based on their structural differences. The microstrip transmission 

line experienced minimal change in the S-parameters whereas the inductor experienced a 

significant difference in inductance and resistance. Since the inductor is centered on the 
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substrate and consists of multiple conductive paths traversing the center of the substrate, 

where the strain concentration is the largest, the net effect should be larger compared to the 

transmission line, which only has one such path. Additionally, the impact of bending on 

the inductor is more noticeable in cyclical tests as the inductor could not fully recover back 

to its original inductance and resistance, further indicative of significant strain. It is also 

important to note that the printed patterns are prone to significant process variation due to 

ink spreading and differences in bulk conductivity. Unless both are properly addressed, 

good correlation between model and measurement becomes difficult to obtain.  

3.3 Summary 

Both mechanical and electrical models were created to simulate the effect of bending 

on microstrip transmission lines and power inductors. Though the transmission lines 

showed some change with bending, the change was insignificant. However, inductors 

showed a much larger change. We have tried to explain this change through measurements 

by relating the mechanical strain distribution, resistance, conductivity, and high frequency 

electrical response. 

Measurements were performed on the components, both for single and multiple 

cycles. Based on the measurements, the transmission line did not experience much change 

in both S11 and S21 due to bending for single and multiple cycles. However, for inductors 

single cycle bending resulted in a 7% increase in resistance and 5% decrease in inductance, 

respectively. The inductance further decreased by ~25% and resistance increased by ~30% 

after four cycles between the initial flat and 15mm panel separation. At the completion of 

four cycles, resistance increased by ~12% and inductance decreased by ~11%.  
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The modeling to measurement correlation was reasonable for the transmission lines 

after accounting for process variations. For the AJP lines, good correlation was found after 

accounting for a decrease in the conductivity of the ink. However, for the SP lines, 

improved correlation was realized after discretizing the line into multiple sections of 

different widths to account for process variations. The inductor models on the other hand 

correlated less favorably with measurements, especially at higher frequencies and with 

smaller panel separation. We believe this is because the tools do not accurately capture the 

non-linear relationship between strain and electromagnetic effects. Moreover, multiple 

cycle effects containing semi-elastic behavior cannot currently be captured in the tools.  
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CHAPTER 4. ULTRA-THIN GLASS CHARACTERIZATION 

In this chapter, both the electrical and mechanical characterization of the ultra-thin 

glass stack-ups are discussed. First, the fabrication procedure used to create the electrical 

and mechanical test samples is discussed. Afterwards, the procedure for electrical 

characterization (high frequency characteristics) and mechanical characterization 

(flexibility using Free Arc Bending) for two different conductors (Ag paste and 

electroplated Cu) are detailed. For the electroplated Cu samples, a further discussion about 

the mechanical simulation results and their correlation to the measured mechanical 

response is also included.  

4.1 Fabrication of Flexible Glass Samples for Electrical and Mechanical 

Characterization 

The cross section of the test vehicles for the ultra-thin glass samples for electrical 

and mechanical characterization is shown in Figure 20a and Figure 20b respectively. Here, 

the core glass used is Schott AF32 30 µm thin glass [34] and its electrical properties can 

be seen in Table 4. This glass was chosen due to its favorable electrical characteristics 

while maintaining flexibility. Two separate buildup dielectrics were used for the electrical 

characterization, namely JSR GT-N01 [35] and Taiyo Ink Photo Imageable Dielectric 

(PID) [36]. The electrical properties of these dielectrics can also be seen in Table 4. These 

buildup dielectrics were chosen due to their electrical performance and their overall 

thickness. The mechanical characteristics of Schott AF32, JSR GT-N01, and Taiyo Ink 

PID can be found in Table 5. The JSR GT-N01 was deposited on the glass using spin 

coating whereas the Taiyo PID film was vacuum laminated on the glass in 5 µm 
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increments. Once the buildup dielectric was deposited onto the glass, the metallization for 

the electrical test vehicle was completed using the standard semi-additive process (SAP) 

where a TiCu (Ti thickness of 50 nm and Cu thickness of 400 nm) seed layer was deposited 

on each side of the glass substrate using physical vapor deposition. Afterwards, a negative 

tone photoresist (Hitachi RY5107) was used for photolithography using a mask aligner 

system. After photolithography, 6 µm of Cu was electroplated onto the sample followed 

by resist stripping and differential etching of the seed layer. The fabricated electrical 

characterization test vehicle can be seen in Figure 21. For the mechanical test vehicle, three 

different test vehicles were fabricated. One test vehicle was fabricated using screen printing 

and the other two used the standard SAP process used for the electrical test vehicle. For 

the screen-printing process, Taiyo silver paste [37] was screen printed on to the Taiyo PID 

stack-up using a 50 µm thick, 325 stainless steel screen mesh and the thickness of the Ag 

paste after printing was 50 µm. For the mechanical test vehicles fabricated using SAP 

(using the same procedure as the electrical test vehicle), the Cu thickness was 10 µm. Two 

separate mechanical test vehicles were fabricated to determine the impact of the ground 

plane on the flexibility of the ultra-thin, flexible glass stack-up. The final fabricated 

mechanical flexibility characterization test vehicles can be seen in Figure 22 and Figure 

23.  
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Figure 20 – The cross section of the test vehicle for (a) electrical and (b) mechanical 

characterization. 

 

Table 4 – Previously Measured Electrical Properties of Dielectrics Used for Ultra-

Thin, Flexible Glass Stack-up Characterization  

Material 
Frequency 

(GHz) 
𝜖𝑟 tan (𝛿) 

Schott AF 32 

10 5.1 0.0061 

77 5.1 0.0114 

110 5.1 0.0128 

JSR GT-N01 10 2.8 0.005 

Taiyo Ink PID 10 3.3 0.019 

 

Table 5 – Mechanical Properties of Materials Used for Ultra-Thin, Flexible Glass 

Stack-up Characterization  

Material Young’s Modulus (GPA) Poisson’s Ratio 

Schott AF 32 75 0.238 

JSR GT-N01 2.8 0.33 

Taiyo Ink PID 3.75 0.33 

Taiyo Ink Elepaste 0.25 0.4 

Electroplated Cu 110 0.34 
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Figure 21 – Fabricated Electrical Characterization Test Vehicle.  

 

 

Figure 22 – Fabricated Mechanical Flexibility Characterization Test Vehicle using 

Taiyo Elepaste as the conductor.  
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Figure 23 – Fabricated Mechanical Flexibility Characterization Test samples using 

Electroplated Cu as the conductor (a) with a ground plane and (b) without a ground 

plane.  

4.2 Electrical Characterization of Ultra-Thin Glass Stack-up 

Both microstrip transmission lines and coplanar waveguides (CPWs) are common 

planar transmission lines used in RF and mmWave applications. As a result, these 

structures are used as the basis for the characterization in the form of microstrip ring 

resonators (MRRs) and via-less conductor backed CPWs (CBCPWs). For both the MRRs 

and the CBCPWs, the designed reference impedance was approximately 70Ω. This 

impedance was chosen as a means of ensuring compatibility with the measurement 

equipment as well as minimizing dispersion in the microstrip transmission lines.   

4.2.1 Design of the Microstrip Ring Resonator (MRR) 

The MRR method for high frequency characterization of dielectric materials is both 

reliable and commonly used [38]. In this method, the effective dielectric constant (𝜖𝑒𝑓𝑓) at 
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a given frequency is determined by the location of the resonant peaks. The relative 

dielectric constant at this frequency can be determined using (1).  

𝑓𝑛 =
𝑛𝑐

2𝜋𝑟√𝑒𝑒𝑓𝑓

 (1) 

In (1), 𝑓𝑛 corresponds to the nth resonant peak, c corresponds to the speed of light in 

free space, and r corresponds to the mean radius of the ring resonator. For this 

characterization, three separate rings were designed with fundamental frequencies of 10 

GHz, 15 GHz, and 20 GHz. Additionally, TRL structures were also included in the 

fabricated test vehicle to shift the reference plane to the end of the feed lines. The MRR 

structure can be seen in Figure 24 with the designed radius for 10, 15, and 20 GHz.  

 

Figure 24 – The major MRR dimensions including the radius for 10, 15, and 20 GHz. 

4.2.2 Design of the Conductor Backed Coplanar Waveguide (CBCPW) Lines 

The CPW lines were designed to be used to cross-correlate the results extracted from 

the microstrip ring resonator using ANSYS HFSS v19.1 [29]. The dimensions chosen for 

the CBCPWs match the measurement probe dimensions. To achieve an impedance close 

to 70Ω, a CBCPW (without vias) was used. The dimensions for this structure are shown in 
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Figure 25. These dimensions also match the dimensions of the probes used to measure the 

structures.   

 

Figure 25 – CPCPW dimensions used to correlate the results for the MRR. 

4.2.3 Measurement Setup 

The measurement setup used is the same as the measurement setup in [38]. In this 

setup, an Anritsu ME7808 VNA with frequency extenders (3742A-EW) was used to 

measure the S Parameters up to 110 GHz. The probes used were the Cascade Micro Tech 

ACP-110-GSG-200 probes. The measurement setup was calibrated using LRRM (Line-

Reflect-Reflect-Match) calibration through the WinCal software. This was completed to 

remove any losses from the cables, test head, and probes and resulted in a variance of less 

than 0.1 dB in the thru standard throughout the entire frequency range.   
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Figure 26 – The W Band measurement setup for electrical characterization 

measurements.  

4.2.4 MRR Measurement Results 

Multiple samples of the ring resonators for both the JSR and Taiyo stack-ups were 

fabricated and measured to minimize the error due to fabrication and measurement 

discrepancies. The measurements were completed using TRL de-embedding to remove the 

impact of the CPW probe pads, transitions, and feed lines. Example responses from the 15 

GHz rings on the JSR and Taiyo stack-ups can be seen in Figure 27a and Figure 27b 

respectively.  
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Figure 27 – The extracted S21 for both the (a) JSR and (b) Taiyo 15 GHz MRRs. 

 The relative dielectric constant for both the JSR and Taiyo stack-ups were extracted 

using the dispersive model described in [13]. The advantage of this model compared to the 

Quasi-Static model described in [14] is that this model includes dispersion effects, making 

it more accurate at higher frequencies. The results of this extraction are shown in Figure 

28a for both the JSR (squares) and Taiyo (triangles) stack-ups. For the JSR stack-up, the 

relative dielectric constant of 3.34±0.04 for the entire measured band and for the Taiyo 

stack-up, the dielectric constant is 3.68±0.07 for the entire band.    



 40 

 

Figure 28 – The calculated (a) relative dielectric constant and (b) dielectric loss 

tangent for the JSR (squares) and Taiyo (triangles) stack-ups.  

Extracting the dielectric loss tangent required the use of an indirect method. This 

method consisted of using the unloaded quality factor of the ring resonator as it includes 

both the conductor and dielectric losses. In this paper, the conductor losses were calculated 

and subtracted from the total loss to estimate the dielectric loss. Radiation losses are not 

considered as the ratio of line width to mean radius is significantly below 0.2 [14]. The 

calculated dielectric loss tangents are shown in Figure 28b. For the JSR (squares) stack-up 

the dielectric loss tangent is between 0.0065 and 0.0075 and for the Taiyo (triangles) stack-

up, the dielectric loss tangent is between 0.012 and 0.013, over the measured frequency 

range (60-110 GHz).      

4.2.5 CBCPW Measurement Results 

As discussed in Chapter 4.2.3, the CBCPWs were measured after completing the 

LRRM calibration. The measurement results for the JSR stack-up is shown in Figure 29 

and in Figure 30 for the Taiyo stack-up. The length of the transmission line for the JSR 

sample in Figure 29 was 8 mm while the length for the Taiyo sample in Figure 30 was 7 
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mm. Additionally, these results were compared against simulated results for the CBCPWs 

based on the dielectric properties extracted from Chapter 4.2.4. These simulations were 

completed to act as a second comparison point between the extracted dielectric constant 

and dielectric loss tangent from the MRR data. These comparison simulations were 

completed using ANSYS HFSS v19.1 [12]. For both the JSR and Taiyo stack-ups, good 

correlation between the measured and simulated CBCPW S Parameters was found. This 

correlation further shows that the measured and extracted values found in the MRR 

measurement results are accurate. Additionally, Figure 31 shows the per unit length loss 

for both stack-ups. The per unit length loss is 0.2 dB/mm and 0.3 dB/mm at 110 GHz for 

the JSR and Taiyo stack-ups respectively, indicating that both stack-ups should be useful 

for high frequency applications up to 110 GHz. A comparison between these stack-ups and 

other stack-ups used for W Band applications (70-110 GHz) is shown in Figure 32.  

 

Figure 29 – The JSR stack-up CPCPW (a) S11 and (b) S21 response for a line length of 

7 mm. The red curve corresponds to the measured result and the blue curve is the 

simulated result.  
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Figure 30 – The Taiyo stack-up CPCPW (a) S11 and (b) S21 response for a line length 

of 8 mm. The red curve corresponds to the measured result and the blue curve is the 

simulated result. 

 

 

Figure 31 – The per unit length loss for the (a) JSR stack-up and (b) the Taiyo stack-

up. The red curve corresponds to the measured result and the blue curve is the 

simulated result.  
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Figure 32 – Comparison between the materials used in this paper (solid lines) and 

other materials used for high frequency applications.  

4.3 Mechanical Characterization of Ultra-Thin Glass Stack-up 

4.3.1 Mechanical Flexibility Test Setup 

To determine the mechanical flexibility of the ultra-thin glass, Free Arc Bending was 

used, as shown in Figure 33. In this test setup, the sample is inserted in the gap between 

two parallel plates with neither end fixed to the parallel plate, as shown in Figure 33a. The 

ends of the sample are not fixed allowing the samples to be free to rotate. To ensure that 

the samples will not move along the length of the plate, a step, as indicated in Figure 33c, 

is attached to each plate. These steps remain in contact with the sample to allow the sample 

to freely rotate while ensuring that the sample will remain attached to the plate, enabling 

the bending test to occur. The sample is not completely fixed to the parallel plates due to 

the brittleness of the glass as the stress concentration on the fixture may break the glass 

before testing can even begin. In the test, as the top plate moves down (Figure 33a to Figure 

33b and Figure 33c), the sample is squeezed such that the bending radius of curvature 
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decreases, creating stress and strain fields throughout the sample. The maximum stress and 

maximum strain on the sample occurs at the middle of the sample.  

 

Figure 33 – The measurement setup to complete Free Arc Bending where (a) shows 

the initial measurement setup before bending, (b) shows the sample during the initial 

bending with a large radius of curvature, and (c) shows the bending at the smallest 

radius of curvature.  

 

For the Free Arc Bending tests, 4-point resistors with two different conductors (Ag 

paste [37] and electroplated Cu) were fabricated. The Ag paste resistors were deposited 

onto the Taiyo stack-up and the electroplated Cu resistors were plated onto both the JSR 

and Taiyo stack-ups. The Ag resistors were not backed by a ground plane whereas the 

electroplated resistors were fabricated with and without a ground plane. The purpose of 

these 4-point resistors is to determine the distance between the two parallel plates when the 

sample fails (breaks). This distance then determines the minimum radius of curvature that 

the sample can experience before breaking. Additionally, these resistors will also show the 

impact of bending on the electrical performance of these resistors. If the change in 

resistance is substantial, new designs will need to be created to mitigate this impact. The 

Ag paste resistors were fabricated to demonstrate the flexibility of the ultra-thin, flexible 

glass stack-up whereas the electroplated Cu resistors were fabricated to show the 
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capabilities of electroplated Cu with the ultra-thin, flexible glass. The size of glass stack-

up used for each Ag paste test sample in this test was 25 mm x 76 mm (1”x3”). For each 

test sample, a resistor of 38 mm (1.5”) length and 5 mm (0.2”) width is fabricated with 5 

mm x 6.35 mm (0.2”x0.25”) probe pads. For the electroplated Cu resistors, the dimensions 

of each sample were 12.5 mm x 40 mm (0.5” x 1.6”) and for each test sample, a resistor 

with 76 tracks of 20.75 mm (0.82”) length and 0.05 mm (0.006”) width and spacing was 

fabricated with 5 mm x 6.35 mm (0.2”x0.25”) probe pads. To measure the resistance of 

each resistor, a Keithley DMM6500 digital multimer (DMM) was connected to the resistor 

through Cu tape as shown in Figure 34 and Figure 35 for an Ag paste resistor and Figure 

37 for an electroplated Cu resistor. In Figure 34, the sample has each of the probe points 

connected to Cu tape and in Figure 35, each side of the resistor is connected to pressure 

pads which then connects to the DMM. The final test setup for a single resistor sample can 

be seen in Figure 37 with an Ag paste resistor.  

 

Figure 34 – A resistor with Ag paste with Cu tape to connect to the DMM. 
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Figure 35 – A resistor sample with Ag paste connected to one side to the pressure 

contacts used for resistance measurement. The circled area includes the steps to 

connect the sample to moving parallel plate in Figure 37. 

 

 

Figure 36 – A resistor with electroplated Cu with Cu tape that connect to the DMM. 

 

Figure 37 – Ag paste resistor sample inside the Free Arc Bending test setup. 

4.3.2 Ag Paste Resistor Measurement Results 

The Ag paste resistors underwent 4 different types of mechanical tests, monotonic 

compressive (conductor facing inward) bending, monotonic tensile (conductor facing 
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outward) bending, cyclical compressive bending, and cyclical tensile bending. The 

monotonic tests were completed to determine when the resistors would break while 

undergoing bending. The cyclical tests were completed to determine if the resistor samples 

could handle being bent and unbent in a repeated manner. In addition, the cyclical test 

shows the robustness of the ultra-thin glass stack-up while flexing. Both the compressive 

and tensile tests were completed to determine if the orientation of the sample would impact 

the bending capabilities of the glass stack-up. For the monotonic tests, a loading speed of 

10 mm/min was used and for the cyclical tests, a loading speed of 60 mm/min was used. 

The results of the monotonic tests for both compressive and tensile bending can be seen in 

Figure 36 and the results of the cyclical tests for both types of bending can be seen in Figure 

37. For both the compressive and tensile monotonic tests, the resistance (0.27 Ω and 0.22 

Ω respectively) remained stable until the sample broke. The breaking point for both the 

compressive and tensile bending samples was past 50 mm of distance travelled, which 

corresponds to a radius of curvature below 12.5 mm radius, or 0.5”, which is below 17% 

of the total length of the sample. For compressive bending, the sample broke at 51 mm 

distance travelled and the tensile bending sample broke at 60 mm distance travelled. 

Therefore, for the cyclical tests, the samples were set to travel 50 mm before returning to 

the starting position. In both the compressive and tensile cyclical tests, the samples 

completed at least nine cycles of bending. The compressive bending sample broke at the 

bottom portion (maximum bending) of the final cycle, indicative of the accumulation of 

stresses along the sample. This is to be expected as the compressive monotonic test showed 

the sample break around this point. Additionally, the cyclical test undergoes increased load 

due to the increased loading speed on the samples. Since the monotonic tensile test had the 
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resistor break at approximately 60 mm distance travelled, it is to be expected that the 

sample would last the full cyclical tensile test. For both the compressive and tensile cyclical 

tests, like the monotonic versions, the resistance remained stable, indicating that bending 

does not have a significant impact on the resistance. A summary of the monotonic and 

cyclical bending results can be seen in Table 6 and Table 7 respectively.  

 

Figure 38 – Change in resistance for the resistor undergoing monotonic compressive 

bending. The distance refers to the distance travelled by the moving jig.  

 

Figure 39 – Change in resistance for the resistor undergoing cyclical compressive 

bending. The distance refers to the distance travelled by the moving jig.  
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Table 6 – Monotonic Bending Results  

Type of 

Bending 
Loading Rate 

Failure Point 

(distance travelled to 

break sample) 

Minimum 

Radius of 

Curvature 

Resistance 

Compressive 10 mm/min 51 mm 12.5 mm 0.27 Ω 

Tensile 10 mm/min 60 mm 8 mm 0.22 Ω 

 

Table 7 – Cyclical Bending Results  

Type of 

Bending 

Loading 

Rate 

Maximum 

Distance 

Travelled 

Minimum 

Radius of 

Curvature 

Total 

Cycles 

Completed 

Resistance 

Compressive 60 mm/min 50 mm 13 mm 9 0.52 Ω 

Tensile 60 mm/min 50 mm 13 mm 10 0.60 Ω 

4.3.3 Electroplated Cu Resistor Measurement Results 

Similar to the Ag paste resistors, the electroplated Cu resistors also underwent the 

same four different types of mechanical tests using the same rationale as the Ag paste 

resistors. For the electroplated Cu resistors, the mechanicals tests were also completed for 

samples with and without a ground plane to determine the impact of the extra metal layer 

and were completed for both the JSR and Taiyo stack-ups. The same settings used for the 

monotonic and cyclical tests for the Ag paste resistors were also used for electroplated Cu 

resistors. The results of the monotonic tests for the JSR samples can be seen in Figure 40 

and Figure 41 shows the Taiyo sample results. For all the resistors using the JSR stack-up, 

the resistance remained stable throughout the free arc bending test until the glass substrates 

broke. For the Taiyo resistors, this also held true except for the ground plane compressive 

test. For this test, the connection was found to be unstable as the adhesion between the 

resistor and the Cu tape was not strong and some slight disconnections occurred. This was 

improved for the other monotonic compressive tests by including an extra layer of tape, 

which does not impact the bending results since the edge of the resistors touch the parallel 

plates when the bending test occurs. Additionally, in the compressive cases, the Cu traces 
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were able to remain fully connected while the glass substrates broke. These phenomena can 

be seen in the plots of Figure 40 and Figure 41 in terms of the sudden change in force while 

the resistance held constant. An example of the broken glass substrate with the functional 

Cu traces can be seen in Figure 42. This behavior is to be expected as the electroplated Cu 

is far more ductile than glass. Furthermore, in the compressive configuration, the Cu traces 

experience less strain than the ultra-thin glass and require far more compressive force to 

fracture the Cu compared to the tensile case. For all the samples, the glass was able to bend 

below 33% of its total length, which corresponds to a radius of curvature below 6.5 mm. 

Summaries for the bending results for the samples with and without a ground plane are 

shown in Table 8 and Table 9.  

 

Figure 40 – Change in resistance for the JSR resistors undergoing monotonic bending. 

The distance refers to the distance travelled by the moving jig. The force 

measurement is included to show when the glass substrate broke while the Cu traces 

remained connected.  
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Figure 41 – Change in resistance for the Taiyo resistors undergoing monotonic 

bending. The distance refers to the distance travelled by the moving jib. The force 

measurement is included to show when the glass substrate broke while the Cu traces 

remained connected.  

 

 

Figure 42 – Example of a sample that has undergone compressive bending where the 

glass substrate broke, but the Cu traces remain connected.  

 

Table 8 – Monotonic Bending Results – With Ground Plane 

Type of Bending Loading Rate 
Failure Point (distance 

travelled to break sample) 

Minimum Radius 

of Curvature 
Resistance 

Compressive – 

JSR 
10 mm/min 29.74 mm 4.34 mm 17.56 Ω 

Tensile – JSR 10 mm/min 26.56 mm 6.72 mm 21.48 Ω 

Compressive – 

Taiyo 
10 mm/min 31.49 mm 4.25 mm 54.75 Ω 

Tensile – Taiyo 10 mm/min 27.64 mm 6.18 mm 68.55 Ω 
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Table 9 – Monotonic Bending Results – Without Ground Plane 

Type of Bending Loading Rate 
Failure Point (distance 

travelled to break sample) 

Minimum Radius 

of Curvature 
Resistance 

Compressive – 

JSR 
10 mm/min 33.32 mm 3.39 mm 27.61 Ω 

Tensile – JSR 10 mm/min 30.66 mm 4.67 mm 22.82 Ω 

Compressive – 

Taiyo 
10 mm/min 32.11 mm 3.95 mm 50.11 Ω 

Tensile – Taiyo 10 mm/min 30.64 mm 4.68 mm 50.12 Ω 

Figure 43 and Figure 44 show the results of cyclical bending for the JSR and Taiyo 

stack ups respectively. For the cyclical tests, each resistor travelled 25 mm for 10 cycles. 

This distance was chosen to ensure that none of the samples would break during the test as 

the objective for cyclical test is to determine if a change in resistance would occur. For these 

tests, 25 mm of distance travelled corresponds to a minimum radius of curvature of 7.5 mm, 

or 19% of the total length of the resistor. For most of the cyclical tests, like the monotonic 

tests, the resistance remained stable throughout the entire test. The only test where an issue 

arose was the compressive cyclical bending test for the resistor with a ground plane in the 

Taiyo stack-up. The cause of this variation is the same as the issue found for the monotonic 

test (adhesion between the Cu tape and the sample) and was resolved in a similar manner 

(including more tape to improve the adhesion). Additionally, for the Taiyo stack-up without 

a ground plane, only the cyclical tensile test was completed due to samples fracturing while 

loading into the test setup. Using the results from the other compressive cyclical tests as 

well as the monotonic test results, the Taiyo stack-up without a ground plane was assumed 

to behave similarly to the other samples without a ground plane. These results are further 

corroborated in the simulation results in the next subsection. The variation in nominal 

resistance values for the different stack-ups is due to fabrication differences over different 

glass samples as 4 separate panels were fabricated for these resistance tests.  
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Figure 43 – Change in resistance for the JSR resistors undergoing cyclical bending. 

The distance refers to the distance travelled by the moving jig.  

 

 

Figure 44 – Change in the resistance for the Taiyo resistors undergoing cyclical 

bending. The distance refers to the distance travelled by the moving jig.  

A summary of the monotonic and cyclical bending results can be seen in Table 10 and 

Table 11 respectively. Compared to the inductors described in [31] where the resistance of 

the inductors increased with bending, these samples do not experience this phenomenon. 

This difference can be attributed to another difference between Ag paste and electroplated 

Cu. Since the Ag paste has Ag flakes suspended in a polymer matrix, as bending occurs, the 

Ag flakes begin to spread apart from each other. In contrast, since the electroplated Cu is a 
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bulk material, the Cu does not spread until complete fracture occurs, meaning that the 

resistance does not change until the Cu completely breaks.  

Table 10 – Cyclical Bending Results – With Ground Plane 

Type of Bending Loading Rate 

Maximum 

Distance 

Travelled 

Minimum 

Radius of 

Curvature 

Resistance 

Compressive – JSR 60 mm/min 25 mm 7.5 mm 18.68 Ω 

Tensile – JSR 60 mm/min 25 mm 7.5 mm 18.99 Ω 

Compressivie – Taiyo 60 mm/min 25 mm 7.5 mm 69.34 Ω 

Tensile – Taiyo 60 mm/min 25 mm 7.5 mm 63.48 Ω 

 

Table 11 – Cyclical Bending Results – Without Ground Plane 

Type of Bending Loading Rate 

Maximum 

Distance 

Travelled 

Minimum 

Radius of 

Curvature 

Resistance 

Compressive – JSR 60 mm/min 25 mm 7.5 mm 25.10 Ω 

Tensile – JSR 60 mm/min 25 mm 7.5 mm 24.55 Ω 

Tensile – Taiyo 60 mm/min 25 mm 7.5 mm 45.29 Ω 

4.3.4 Measurement to Simulation Correlation Analysis – Tensile Bending 

In addition to the resistance measurements, mechanical simulations were performed 

to investigate the strain and stress on the electroplated Cu resistors. These resistors were 

chosen for the mechanical analysis as the conductivity of electroplated Cu is 100 times more 

conductive than the Ag paste (5.8e7 S/m vs 4-8e5 S/m), making them far more viable for 

high frequency electronics. For these simulations, both the JSR and Taiyo stack-ups were 

considered along with two different configurations (with and without a ground plane). For 

this work, ANSYS 2021 R1 Workbench [45] was used to complete all eight of these 

simulations.  

Figure 45 shows an example tensile bending geometric model that includes the ground 

plane. In the model, the resistor traces and the glass core have two layers of elements. For 

the remaining portions (the build-up material and the Cu ground plane), one layer of 
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elements is used. To ensure that the sample bends in the desired direction, an artificially 

large radius (500 mm) is assigned at the beginning of the simulation. This radius is 100 

times larger than the minimum radius used for these simulations, which means the strain for 

the 500 mm bending radius is approximately 1% of the peak strain simulated at 5 mm 

bending radius. When simulating the samples without the ground plane, the Cu layer shown 

in Figure 45c was removed.  

 

 
Figure 45 – Finite-element model of the tensile bending mode of samples with a 

ground plane.  

 

Figure 46 shows the equivalent elastic stress distribution of the JSR sample with the 

ground plane undergoing tensile bending at 5 mm gap distance. Since none of the measured 

samples reached this point, the simulation data shows what could happen in the worst-case 

scenario for the stack-up. From Figure 46, we see the stress is mostly concentrated in the 

middle area of the sample, which matches with the measured monotonic tests as the 

samples broke at the center of the substrate as shown in Figure 42. From Figure 46b, the 

inclusion of the traces has increased the stress of the substrate beneath the traces. From 

Figure 46c, the stress distribution of different traces is the same except for some stress 

enhancement on the traces near the boundary. Additionally, Figure 47 shows the maximum 
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principal strain distribution across different traces. The trace at the boundary was labeled 

trace 1, then, the trace at the fifth location from the boundary was labeled trace 5, with the 

other traces included following a similar pattern. The trace located in the middle was 

labeled trace middle. The x axis corresponds to the position on the trace, and the mid-length 

position was designed as the zero position. This configuration was used for the remaining 

plots in this section as well. Figure 47 also shows that at 5 mm gap distance, only part of 

the traces/samples were bent as the length of the bent area was approximately 10 mm. The 

other parts of the sample were in contact with the parallel plates and thus underwent no 

strain. The maximum strain of the JSR sample with a ground plane under tensile bending 

at a 5 mm gap distance was 0.028 for trace 1 and 0.025 for the other traces. This matches 

with the results from Figure 46c where the traces with the most stress are the outermost 

traces.  
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Figure 46 – (a) Stress distribution of the JSR sample with ground plane on the tensile 

side at a 5 mm gap distance. (b) Stress distribution of the JSR coating sample with 

ground plane on the compressive side at 5 mm gap distance. (c) Zoomed-in image of 

the bent portion of the sample in (a).  

 

 

Figure 47 – Strain distribution of different traces of the JSR sample with ground 

plane on the tensile side at 5 mm gap distance.  

 

Since the trace’s height (15 μm) is not insignificant compared to the total stack-up 
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height (60 μm), both the strain distribution on the top surface of the trace (exposed to the 

environment) and the bottom surface of the trace (connected to the substrate) were 

calculated and are shown in Figure 48. Here, the maximum strain on the bottom surface of 

the trace was 0.016, which is 60% of the value on the top surface of the trace. Also, the 

strain distribution on the bottom surface of the trace is equal to that on the top surface of 

the sample (the stress was concentrated at the center of the sample), meaning the thickness 

of the conductor significantly contributes to the strain and must be considered in this 

analysis.  

 
Figure 48 – Strain distribution of the top and bottom surface of the middle trace of 

the JSR sample with ground plane on the tensile side at 5 mm gap distance.  

 

Figure 49 compares the strain distribution between samples with and without a 

ground plane. Here we see that the sample without the ground plane underwent less strain 

compared to the sample with the ground plane. This compares favorably with the measured 

results as the samples with a ground plane broke at a smaller panel separation compared to 

the samples without a ground plane.  
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Figure 49 – Strain distribution of the top surface of the middle trace of the JSR sample 

with and without a ground plane on the tensile side at 5 mm gap distance.  

 

Figure 50 shows a comparison of the strain distribution of the JSR and Taiyo 

samples. Even though the buildup materials are different, the strain is almost the same since 

the fabricated thicknesses are the same. This again compares favorably to the measured 

data as the breaking points for the different stack-ups and configurations are within 1.5 mm 

panel separation of each other. This also matches well with the material parameters in Table 

5 as both build up materials have similar Young’s Modulus and the same Poisson ratio.  

 

Figure 50 – Strain distribution of the top surface of the middle trace of the JSR and 

Taiyo samples on the tensile side with 5 mm gap distance.  

 

The final investigation point for tensile bending is to compare the strain at different panel 
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separations. Figure 51 shows a comparison of the strain distribution of the JSR sample at 

5 mm and 10 mm panel separations. From this figure, at a larger panel separation, the 

maximum strain is smaller, but is more evenly spread over the length the sample. This 

occurs because the sample is not in contact with the parallel plates in the moving jig setup. 

This is to be expected and was also observed in [31]. Additionally, the simulated strain 

profile at 10 mm panel separation more closely matches the strain profile at the end of the 

monotonic tests. In other words, the breaking point for the samples in strain is 

approximately 0.015 or 1.5% strain. Therefore, if the strain is below this value, the glass 

should not break and be functional for the bending application.  

 
Figure 51 – Strain distribution of the top surface of the middle trace of the JSR sample 

on the tensile side at 5 and 10 mm gap distances.  

4.3.5 Measurement to Simulation Correlation Analysis – Tensile Bending 

Figure 52 shows an example geometric model of the compressive bending of samples 

with a ground plane. All the settings were the same as those in the tensile bending models 

except that the traces are on the compressive side. Similarly, when simulating the samples 

without the ground plane, the copper layer shown in Figure 52d is removed. 
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Figure 52 – Finite-element model of the compressive bending mode of samples with a 

ground plane. 

 

Figure 53 shows the equivalent elastic stress distribution of the JSR coating sample 

with a ground plane under compressive bending at 5 mm gap distance. Similar conclusions 

for the tensile case can be extracted for the compressive case. Namely, the stress is mostly 

concentrated in the middle of the sample, the inclusion of the traces has increased the stress 

of the substrate on the backside, and the stress distribution of different traces were the same 

except some stress enhancement on the traces near the boundary. 

 



 62 

 
Figure 53 – (a) Stress distribution of the JSR sample with ground plane on the tensile 

side at 5 mm gap distance. (b) Stress distribution of the JSR sample with background 

layer on the compressive side at 5 mm gap distance. (c) Zoomed-in image of the bent 

part of the sample in (b). 

 

Figure 54 shows the comparison of the strain distribution of the top surface of the 

middle trace of the JSR sample on the tensile and compressive sides at 5-mm gap distance. 

Here, the values seen are nearly identical. This means that even though both the 

compressive and tensile samples experience similar strain, in the compressive case, the 

samples can travel a further distance due to the fundamental difference between 

compression and tension. As a result, the resistance could be measured even though the 

glass core broke as the strain on the bottom surface (the traces in the compressive case) 

underwent less strain. The other conclusions of tensile bending described above was also 
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true for compressive bending. For example, the samples without a ground plane were able 

to travel a larger distance before breaking than the samples with a ground plane. For 

brevity, the figures and conclusions are not repeated here.  

 
Figure 54 – Strain distribution of the top surface of the middle trace of the JSR sample 

on the tensile and compressive sides at 5 mm gap distance. 

 

4.4 Summary 

In this chapter, we showed the electrical characterization of the two separate ultra-

thin, flexible glass stack-ups discussed up to 110 GHz. Both ultra-thin, flexible glass stack-

ups were fabricated using SAP. The electrical characterization test vehicles used MRRs 

and CBCPWs for characterization as the MRR measured results were cross correlated 

using simulation and measured CBCPW data. For the JSR stack-up, the measured loss at 

110 GHz was measured to be 0.2 dB/mm ±6% and for the Taiyo stack-up, the per unit 

length loss was 0.3 dB/mm ±3%. Based on these per unit length results, both stack-ups 

compare favorably against other stack-ups used for applications in high frequency 

applications.  

Additionally, two separate fabrication techniques (SP and SAP) were used for 

mechanical characterization of the ultra-thin, flexible glass stack-ups. For both fabrication 
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techniques, the samples were bent to a separation of 33% of their original length, which 

corresponds to a radius of curvature 17% of the original length of the sample. Based on 

these results, the glass is suitable for applications where the glass substrate stays in a 

conformal state (a state of remaining bent) or in a cyclical state. One further advantage with 

these stack-ups is the improved conductivity compared to other stack-ups used for flexible 

applications, further making the ultra-thin glass an improved candidate for flexible 

electronics for RF applications. This is due to the nature of using a bulk-like material in 

electroplated Cu instead of an Ag paste that features Ag particles in a polymer matrix as in 

Chapter 3. In Chapter 3, it was shown that the Ag particles move away from each while 

under strain, which does not occur with the electroplated Cu as there is no place for 

separation to occur before fracture. This investigation combined with electrical 

characterization results from this chapter conclude that electroplated Cu with ultra-thin, 

flexible glass is a suitable stack-up for FHE applications, especially for high frequencies 

up to 110 GHz, a first of its kind.  
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CHAPTER 5. DEMONSTRATION OF 24 GHZ PATCH 

ANTENNA ARRAYS ON ULTRA-THIN FLEXIBLE GLASS 

For the automotive radar application, the main component to characterize while 

undergoing bending is the antenna. The fabrication process for this antenna follows the 

same procedure found in Chapter 4.1 for the Taiyo stack-up. An example of the final 

fabricated antenna sample with a SMA connector ready for measurement can be seen in 

Figure 55. The remainder of this chapter discusses the design procedure, fabricated results, 

key measurement results (S Parameters and radiation pattern) while the patch antenna array 

is flat as well bent (tensile and compressive), and a comparison between the measurement 

and simulation results.  

 

Figure 55 – A fully fabricated antenna sample ready for measurement. 

5.1 Design Procedure for Patch Antenna Array and Fabricated Antenna 

As discussed in Chapter 1, one possible application for flexible antennas is for an 

automotive application. For this application, the design metrics to emphasize are the 

resonant frequency and the peak gain at this frequency. The resonant frequency is critical 
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for matching the other circuit elements and to properly transmit power for the radar. At this 

desired frequency, the antenna should meet a minimum peak gain to target a specific range 

for the radar system. In this scenario, the resonant frequency is 24 GHz, a common 

frequency used for automotive radars. At 24 GHz, a common target range for automotive 

radars is 10 m. To meet this range specification, a minimum of 10 dBi of gain is required 

for the antenna based on using the free space path loss model. This antenna gain is common 

for automotive radars with this range as seen in [22], [24], and [26]. The key focus for this 

antenna design is to determine how much impact on these two key metrics will occur while 

the antenna undergoes compressive and tensile bending. Therefore, a common antenna 

architecture, the rectangular patch antenna, was chosen for simplicity of the design and to 

focus on the impact of bending on its performance.  

For design, the dimensions of the patch antenna were initially designed under flat 

conditions for the Taiyo Ink ultra-thin, flexible glass stack-up in Figure 20a. The length 

and width of a rectangular patch element was calculated using (2)-(4) where (2) and (3) 

determine the length and width of the patch element and (4) and (5) determine the effective 

permittivity and the extension of the effective length [19]. The resonant frequency of the 

patch antennas is dominated mostly by the length of the patch element with a weak 

dependence on its width. The width is more critical for determining the bandwidth as 

generally a wider patch supports a larger bandwidth. However, making the patch too wide 

can lead to higher-order resonant modes. As a result, a common practice used for designing 

patch antennas is using a 3:2 ratio for the width:length. Using (2)-(5), the patch was 

designed to be 3.263mm x 4.1mm at 24 GHz, which was then optimized in ANSYS HFSS 

[29]. It is important to note the importance of a truncated ground plane in the patch antenna. 
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The ground plane is necessary for the microstrip feedlines but is removed for the patch 

element to improve flexibility and gain. By removing the ground plane underneath the 

antenna, the radiation pattern more closely resembles that of a monopole antenna. For 

automotive radar, to ensure minimum radiation from the bottom side, a low dielectric 

constant foam can be used as a spacing layer between the radar and a ground plane on the 

vehicle. 
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Using ANSYS HFSS, the length and width of the single element patch antenna was 

optimized to be 3.05 mm (L) x 4.05 mm (W). The designed single element patch antenna 

is shown in Figure 56a along with the simulation results in Figure 57. Based on these 

simulations, the single element patch antenna radiates along the broadside direction with 

2.64 dBi gain. To meet the desired minimum gain of 10 dBi, a 4x3 patch array was 

implemented. Initially, the patch elements were spaced 
λ

2
 or 6.25 mm apart, but the spacing 

was found to be too small to meet the gain requirement and therefore was optimized and 
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increased to 0.68λ or 8.56 mm (SW and SL). The increased patch element spacing also 

shifts the angle of the main beam by 8° from the center of 0°. This should not be an issue 

for an automotive application as the target size is large and the maximum range is relatively 

small. The feed network of the antenna array uses microstrip lines on the same layer as the 

antenna with a feed width of 135 μm (FW), which corresponds to a characteristic 

impedance of 50 Ω. All the key dimensions for the antenna array are shown in Figure 56b. 

For this patch antenna array, a combination of parallel and series feeds is implemented. 

Additional considerations for this antenna include extending the feedline to account for the 

inclusion of an SubMiniature A (SMA) connector and enlarging the substrate length to 

assist with bending experiments with minimum impact on the patch array performance. 

Based on simulation results, a gain of 10.17 dBi at 24 GHz was computed for the 4x3 array. 

The simulated S Parameters and the radiation pattern when the antenna array is flat are 

shown in Figure 58. The resonant frequency in Figure 58 is shifted from 24 GHz to 25 GHz 

due to the extended feed length required to connect the SMA connector required for the 

antenna measurement. This shift is not significant as the antenna array met the desired 

bandwidth specification and S11 is -20 dB at 24 GHz.   
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Figure 56 – Design overview of the 24 GHz patch antenna array with key dimensions 

labelled.  

 

Table 12 – 4x3 24 GHz Patch Antenna Array Dimensions 

Dimension Value (mm) 

Patch Length (L) 3.05 

Patch Width (W) 4 

Patch Spacing Length-wise (SL) 8.56 

Patch Spacing Width-wise (SW) 8.56 

Feed Width (FW) 0.135 

 

Figure 57 – The simulated (a) S Parameters meeting the bandwidth requirement (23-

25 GHz) and (b) normalized E plane radiation pattern at 24 GHz for the single 

element patch antenna.  
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Figure 58 – The simulated (a) S Parameters meeting the bandwidth requirement (23-

25 GHz) and (b) normalized E plane radiation pattern for the 4x3 patch antenna 

array at 24 GHz. 

 The fabricated patch antenna array dimensions and its comparison to the original 

design dimensions is shown in Table 13. The fabricated dimensions were measured using 

an optical profiler. These dimensions are within 4-5 μm for the finer features such as the 

feed lines. The average patch array dimensions are also within 1% of the designed 

dimensions. However, the major dimensional difference between the designed and 

fabricated antennas was ground plane misalignment. The ground plane misalignment arises 

from mask misalignment between different layers of the panel. Additionally, the simulation 

only takes the average value of the parameters listed in the table whereas the fabricated 

antenna array has differing dimensions between each element. In totality however, these 

dimensional shifts did not cause a large shift in the antenna array’s response.  
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Table 13 – Comparison of Designed and Fabricated Antenna Array Dimensions 

Dimension Designed Fabricated (Average) Percent Difference 

Patch Length (L) 3.05 mm 3.08 mm 0.98% 

Patch Width (W) 4 mm 4.02 mm 0.5% 

Element Spacing – Length Wise 

(SL) 

5.5 mm 5.51 mm 0.18% 

Element Spacing – Width Wise 

(SW) 

4.615 mm 4.57 mm -0.98% 

Feedline Width (FW) 135 μm 134 μm -0.74% 

5.2 Measurement Setup 

5.2.1 S Parameter Measurement Setup 

The return loss was measured using an Agilent E8386B vector network analyzer 

(VNA). The patch antenna array was connected to the VNA using an ELF40-001 SMA 

from Signal Microwave after the VNA was calibrated using the HP 85052D calibration kit. 

Multiple samples were measured for their return loss to serve as a baseline for the bending 

measurements.  

Mandrel bending was chosen to determine the impact of bending on the antenna’s 

performance. In mandrel bending, the antenna sample is bent around a surface with a 

known radius of curvature. As the radius of curvature decreases, the antenna undergoes 

increasing amounts of bending. To ensure that the mandrel does not impact the 

performance of the antenna, a low dielectric constant, low dielectric loss tangent foam 

(Laird Eccostock PP [46]) was chosen as it closely resembles the dielectric characteristics 

of air. This foam was necessary to complete the measurements due to the monopole 

radiation characteristics of the antenna. Separate samples of foam were contoured to PVC 

pipes of varying radii to control the radius of curvature for measurement. The resulting 
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radii of curvature used for the measurements is shown in Table 14. These radii of curvature 

were chosen to show a wide range of possible curvatures the antenna array could 

experience. Specifically, for an automotive application, we believe that the minimum 

radius of curvature the antenna would experience is 1” or 25.4 mm, but to determine the 

flexibility of the antenna array, the minimum radius of curvature used during these 

measurements was 0.75” or 19.05 mm. For the bending measurements, the antennas were 

wrapped around the contoured foam both in a compressive and tensile manner. Based on 

(6) where ϵx is the bending strain, y is thickness from the neutral axis, and 𝑅𝑛 is the radius 

of curvature of the neutral axis, the maximum strain the antenna samples would experience 

is 0.236% when the radius of curvature is 0.75”. An example of a patch antenna array 

undergoing compressive bending for the S Parameter measurements is shown in Figure 59.  

Table 14 – The Radii of Curvature Used for the Bending Measurements 

Radius (inches) Radius (mm) 

3.25 82.55 

2.25 57.15 

1.75 44.45 

1.375 34.93 

1.125 28.58 

0.875 22.23 

0.75 19.05 

ϵx = −
𝑦

𝑅𝑛
 (6) 
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Figure 59 – Example of the patch antenna array undergoing tensile bending while 

measuring the S Parameter response.  

5.2.2 Radiation Pattern Measurement Setup 

To measure the normalized radiation pattern of the antennas, an Anritsu MS46522B 

VNA was used and was connected to the antenna under test (AUT) and a 20 dB A-

INFOMW Octave Horn Antenna. Both the AUT and the horn antenna were located inside 

of an anechoic chamber. The AUT was also connected to a pedestal that was controlled by 

a VELMEX stepper motor that rotates the AUT in two-degree increments. To measure the 

gain of the AUT, the three-antenna gain measurement test was completed. This test 

required a second 20 dB A-INFOMW Octave Horn Antenna to act as a reference to 

determine the losses experienced in this setup and compare these losses to those of the 

AUT. Like measuring the S Parameters of the antenna array while undergoing bending, the 

antenna array was contoured on the same low dielectric constant, low loss tangent foam 

mandrels. The setup (not including the VNA) with a patch antenna array undergoing tensile 

bending can be seen in Figure 60.  
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Figure 60 – Example of the antenna array undergoing tensile bending while also 

measuring the antenna array’s radiation pattern.  

5.3 Measurement Results 

5.3.1 Measured Results – Flat 

Using the setup described in Chapter 5.2.1, the return loss of two different patch 

antenna array samples was measured and can be seen in Figure 61a and correlated with 

simulations based on the fabricated and designed dimensions. Assuming a 10 dB return 

loss threshold requirement for the antenna array, the performance of the fabricated array is 

reasonable and repeatable, though there is some disagreement with simulations. Based on 

measurements, the bandwidth of the antenna is from 23 GHz to 25 GHz. Using the setup 

described in Chapter 5.2.2, the normalized E plane radiation pattern was measured, and the 

results can be seen in Figure 61b along with the simulated results. The measured main 

beam is slightly shifted but follows the same general pattern as the simulated result. Using 

the three-antenna gain measurement test described in Chapter 5.2.2, the measured peak 

gain was 10.25 dBi at 24 GHz, close to the simulated value of 10.17 dBi.  
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Figure 61 – Measured  (a) S Parameters for two separate samples compared against 

the simulations with the fabricated dimensions and the initial design dimensions and 

(b) E plane radiation pattern of antenna sample 1 while flat at 24 GHz. The measured 

radiation pattern is in solid blue and the simulated radiation pattern is in dashed red. 

Both of the measured antenna arrays meet the bandwidth requirement (23-25 GHz).  

5.3.2 Measured Results – Tensile Bending 

The S Parameter measurement and simulation results for two antenna samples under 

tensile bending is shown in Figure 62 indicating that there is little change in response 

regardless of the radius of curvature. The minimal change in S Parameters indicates that 

minimal strain has occurred on the sample, as expected based on Chapter 4.3.4. The 

minimal change in S Parameters while undergoing tensile bending was also captured in 

simulation as shown in Figure 62.  
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Figure 62 – Measured and simulated S Parameters for patch antenna array (top) 

sample 1 and (bottom) sample 2 while undergoing tensile bending. The measured 

results are in solid lines and the simulated results are dashed. 

The normalized E plane radiation pattern measurements for antenna sample 1 while 

undergoing tensile bending with the seven different radii of curvature listed in Table 14 is 

shown in Figure 61 along with simulated results. With a large radius of curvature, there is 

reasonable correlation between measurement and simulation. However, with decreasing 

radius of curvature, the measurement and simulation correlation accuracy decrease with 

further details provided in Chapter 5.4.   
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Figure 63 – The E plane radiation pattern of antenna sample 1 undergoing tensile 

bending at 24 GHz. The measured results are solid blue and the simulated results are 

dashed red. 

5.3.3 Measured Results – Compressive Bending 

The measured and simulated S Parameter results for two antenna samples under 

compressive bending is shown in Figure 62 along with simulated results, where there is 

little change in antenna performance regardless of the radius of curvature (similar to tensile 

bending).  
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Figure 64 – Measured and simulated S Parameters for patch antenna array (top) 

sample 1 and (bottom) sample 2 while undergoing compressive bending. The 

measured results are in the solid lines and the simulated results are dashed. 

Figure 65 shows the simulated and measured normalized E plane radiation pattern 

for antenna sample 1 under compressive bending with the seven different radii of curvature 

listed in Table 14. Like tensile bending, when the radius of curvature is large, good 

correlation between measurements and simulation was found. However, when the radius 

of curvature decreased, the correlation between the two also reduced, with further details 

provided in Chapter 5.4.  
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Figure 65 – The radiation pattern of antenna sample 1 undergoing compressive 

bending. (a) and (i) correspond to flat before and after the bending tests and (b)-(h) 

correspond to the sample going through the range of bending radii shown in Table 

13. The measured results are solid blue and the simulated results are dashed red.  

5.4 Simulation to Measurement Correlation 

As mentioned in Chapters 5.3.2 and 5.3.3, the simulated and measured S Parameters 

indicate that there is little change with curvature, indicating consistency. The simulated 

results have a similar change as measurements for the radiation patterns specifically for 

large radii of curvature (2.25” and 3.25”) and flat antenna conditions.  However, with 

smaller radii of curvature (below 2.25”), a larger deviation between the simulated and 

measured radiation pattern was observed for both types of bending. This difference is 

illustrated in Figure 66 with a focus on the change in peak gain with radius of curvature for 

both types of bending. HFSS estimates that tensile and compressive bending have a similar 

impact on the peak gain whereas the measured results indicate that tensile bending has 
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minimal impact on the peak gain while compressive bending significantly reduces peak 

gain. The measured and simulated radiation patterns also show a tilt in the main beam for 

both types of bending. Some tilt is to be expected as bending changes the geometry 

associated with the antenna array. However, the measured tilt was observed to be 6° for 

tensile bending, which was significantly smaller than the simulated tilt of 30°. 

 

Figure 66 – The peak gain for the antennas vs. the radius of curvature for both 

measurement (solid line and square) and simulation (dashed line with circles) while 

undergoing tensile (blue) and compressive (red) bending.  

 

5.5 Summary 

 In this chapter, we discuss the first demonstration of ultra-thin, flexible glass 

incorporating a bendable patch antenna array. Based on the measured S Parameters and 

radiation pattern, the patch antenna array has the required performance for automotive 

radar applications as it meets the desired bandwidth and peak gain.  

In this demonstration, we illustrate the impact of both tensile and compressive 

bending on a patch antenna array. The impact of both types of bending was measured in 

terms of the S Parameters and radiation pattern. For the S Parameters, minimal change in 
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the response was observed regardless of the radius of curvature. These results follow the 

trends described in Chapter 3 for microstrip transmission lines where there was minimal 

impact on the S Parameters. Similarly, Chapter 4 shows that the amount of strain on these 

ultra-thin glass samples is small and should not have an impact on the S Parameter 

performance. Additionally, these trends also match the simulations using HFSS where 

there was also minimal change in the S Parameters while bending.  

For the radiation pattern, some change was observed while undergoing tensile and 

compressive bending. For both types of bending, a shift in the angle of the main beam 

occurred, which is expected given the change in geometry created. However, the simulation 

overestimates the shift of the angle of the main beam when compared to measurement. 

Peak gain had minimal change under tensile bending for all radii of curvature whereas 

compressive bending had a significant decrease in peak gain with decreasing radius of 

curvature. Based on Chapter 4, we postulate that there should not be any added loss on the 

metal layers caused by strain due to bending, which indicates that any changes in the gain 

is caused solely due to changes in the geometry. For tensile bending, there should be less 

coupling between patch elements as the antenna is on the outermost layer. In compressive 

bending however, the patch elements come closer together, creating undesired coupling 

thereby decreasing the peak gain. 

Therefore, while designing patch antenna arrays for flexible applications, tensile 

bending is preferable. Also, for flexible applications, the desired angle for the main beam 

should be accounted for due to the change caused in geometry due to bending. To account 

for any shift in the main lobe for a fixed curvature, the spacing between antenna elements 

can be optimized to direct the main beam along the desired direction.  
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CHAPTER 6. DEMONSTRATION OF AUTOMOTIVE DOPPLER 

RADAR 

As discussed in Chapter 2, one possible application for flexible glass is the 

Automotive Doppler Radar. For this application, glass is an appealing substrate to use due 

to its electrical properties as well as its thermal capabilities. Additionally, the flexible 

capabilities of glass allow the radar to be placed on any location of the automobile, 

enhancing the capabilities of self-driving as well as improving safety. The remainder of 

this chapter discusses the key design elements of the radar, the initial response of the radar, 

necessary improvements for future radars, and requirements for implementing the radar 

onto an automobile.     

6.1 Initial Automotive Doppler Radar Design 

An overview of the proposed Automotive Doppler Radar can be seen in Figure 67. 

The building blocks for the Automotive Doppler Radar are an oscillator, an antenna, a 

mixer to combine the local oscillator output (LO) and antenna output (RF), an output filter, 

and a power divider that splits power from the oscillator to the mixer and the radar antenna. 

For this application, the oscillator and the necessary diodes for the mixer will be off-the-

shelf components. The substrate used to demonstrate the ultra-thin, flexible glass for radar 

is the Taiyo Ink stack-up described in Chapter 4.1. The antenna dimensions for the radar 

match the designed dimensions from Chapter 5. The design of the passive mixer with low 

pass filter and the branch-line coupler can be seen in the following subsections. To 
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conclude this chapter, the results of the demonstration of this radar are shown as well as 

the necessary considerations to implement the radar in an automotive application.    

 
Figure 67 – (a) A simplified schematic for the 24 GHz Automotive Doppler Radar. 

 

6.1.1 Mixer Design 

 A passive mixer is considered for this application to help minimize the complexity 

of the system. The passive mixer consists of a 180º hybrid coupler and two Schottky diodes 

with a low-pass filter at the output and the schematic can be seen in Figure 68. The design 

of the 180º hybrid is well known [32] and can be seen in Figure 69 for the Taiyo stack-up, 

and its response can be seen in Figure 70. The designed response of the 180 º hybrid coupler 

matches well with the desired designed parameters as the loss between the inputs and the 

two outputs is 3.5 dB and the isolation between the two inputs is better than 30 dB in the 

desired frequency range.  The only change from the typical 180º hybrid is the two output 

ports going into the circle with a circumference of 1.5𝜆 to minimize the distance between 

the two outputs of Schottky diodes. In this case, the Schottky diodes are from Infeneon 

(BAT24-02LS) and the resistor and capacitor values are 400Ω and 10 pF respectively. The 
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RC filter components were chosen to maximize the conversion gain for this mixer, which 

is -3.9 dB. 

 

Figure 68 – Schematic for the mixer for the Automotive Doppler Radar Application.  

 

 

Figure 69 – 180º hybrid design for the mixer where (left) is the JSR stack-up and 

(right) is the Taiyo stack-up.  

 

 

 

Figure 70 – The 180º hybrid (a) frequency response with a (b) zoomed-in view at the 

desired bandwidth. 

6.1.2 Branch-Line Coupler Design 
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 The branch-line coupler is the final component required for the Automotive 

Doppler Radar. This element allows the oscillator to send its signal to both the radar 

antenna array as well as the mixer. Additionally, it should easily transfer the received signal 

to the mixer from the antenna array without interference from the oscillator. Like the 180º 

hybrid, the desired response for the Branch-Line Coupler is to have loss of 3 dB between 

the input and the two outputs while isolating the final port from the input. The design and 

its simulated S Parameters can be seen in Figure 71 and Figure 72 respectively.  Based on 

the designed result, the loss between the input and two outputs is approximately 3.5 dB and 

the isolation between the input and final port is better than 30 dB, meeting the desired 

design specifications. 

 
Figure 71 – Branch-Line Coupler designed dimensions. 
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Figure 72 – Branch-Line Coupler (a) frequency response with a (b) zoomed-in view 

in the frequency range of choice. 

6.1.3 Automotive Radar Initial Demonstration 

 For the initial Automotive Doppler Radar fabrication, the branch-line coupler, 

patch antenna array, mixer, and low pass filter circuit were all fabricated onto the Taiyo 

ultra-thin flexible, glass stack-up. The off-the-shelf components (diodes, resistors, and 

capacitors) were all assembled onto the thin glass with EPO-TEK H20E Ag epoxy [48]. 

Ag epoxy was chosen to connect the off-the-shelf components to the flexible glass stack-

up instead of solder because Ag epoxy has minimal spread while curing, thereby ensuring 

that the off-the-shelf components will not short circuit. A fully fabricated radar can be seen 

in Figure 73. Here, the radar connects to a 24 GHz VCO (Analog Devices HMC739) 

through an SMA. The output of the final filter circuit is then fed to an op-amp amplifying 

circuit to more clearly see the frequency shifted output signal. However, for the initial radar 

demonstration, the radar did not perform as expected as there was significant mismatch 

between the different components causing transmitter (TX) leakage into the mixer circuit 

as illustrated in Figure 74. TX leakage into the mixer circuit can create multiple issues, 

namely saturating the receiver components, decreasing the noise figure at the receiver, and 

increasing the baseband noise figure [48]. This unexpected mismatch that created TX 
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leakage causes the output of the mixer to only produce a DC tone. This DC tone exists due 

to the mixing of the LO signal and the TX leakage [48]. Therefore, a new design to mitigate 

this TX leakage combined with improving the matching between the different components 

should yield better performance from the radar albeit with a smaller radar range if extra 

amplification is not included.  

 
Figure 73 – Fabricated and assembled 24 GHz Automotive Doppler Radar on the 

ultra-thin, flexible glass substrate.  

 

Figure 74 – Simplified illustration of TX leakage in the radar schematic 

6.2 Requirements for Improved Performance 



 88 

The key area to improve the performance of the Automotive Doppler Radar is to 

minimize the TX leakage on the two input ports of the mixer. Two techniques are typically 

used to minimize the TX leakage onto the RF input of the mixer circuit. These techniques 

are to use two separate antennas for transmit and receive, and to include a TX leakage 

canceller circuit. The difficulty including multiple antennas in the radar design is the extra 

space required as the antenna in this application requires most of the area on the substrate. 

This solution will effectively double the total area of the radar if separate transmit and 

receive antennas are used. A TX leakage canceller structure was initially not included in 

the design of the automotive radar as it would decrease the maximum range due to the loss 

introduced by the circuits required to cancel TX leakage. At minimum, an additional 

coupler is required to improve the isolation between the 24 GHz oscillator and the received 

shifted signal from the antenna array. The introduction of a new coupler creates an 

additional 3 dB of loss along the signal path to the transmission to the radar antenna, which 

in turn decreases the signal power transmitted and received by the radar antenna. For the 

initial target of 10 m of range, the expected path loss at this distance is 60 dB. Since the 

radar does not include a low noise amplifier, the received signal power level at the mixer 

(RF input) was expected to be -40 dBm based on an input (power at Port 1 of the Branch-

Line coupler) of 8 dBm from the oscillator. Therefore, adding additional couplers would 

make the detection of the signal at the mixer input increasingly difficult, especially due to 

the small signal shift expected for the doppler radar. In other words, either a low noise 

amplifier (LNA) would be required on the received signal, or the range would need to 

decrease.  
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The addition of a 180º hybrid coupler between the quadrature hybrid and the 

antenna would act as a simple TX leakage canceller circuit as the 180º hybrid coupler 

provides maximum isolation between the LO port and the received RF signal from the 

antenna. The architecture of this simple TX leakage canceller circuit can be seen in Figure 

73 and would replace the original quadrature hybrid. Here, the same quadrature and 180º 

hybrid from earlier in this chapter can be used and the resulting S Parameters can be seen 

in Figure 73. In this configuration, there are 6 ports because one port on each coupler is 

connected to each other. Since only 4 ports are necessary for the circuit to be operational, 

the unused ports will be terminated to 50Ω load to match the couplers and minimal 

reflections through the rest of the structure. From the S Parameters, the transfer to each of 

the outputs is now approximately -7 dB, indicative of the extra loss created by the extra 

coupler, but the isolation between the input port and the received signal is now 40 dB. The 

further addition of couplers should further increase the isolation between the input port of 

the coupler and the RF output of the radar.  

 

Figure 75 – A possible solution to decrease the impact of TX leakage into the circuit 

where a quadrature hybrid is cascaded by a 180° hybrid and the resulting S 

Parameter response.  

6.3 Considerations for Radar Implementation 
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There are two major factors to include while implementing this automotive radar. 

These factors include the location and surface where the radar will be mounted and how 

much the main beam will shift due to bending in relation to the main beam when the radar 

is flat. The location and surface where the radar is mounted will directly impact of the 

antenna’s performance. Similarly, the amount of bending the radar will experience will 

determine the angle of the main beam, which will determine the direction of arrival. Both 

considerations will be discussed in the following subsections.      

6.3.1 Mounting onto an Automobile 

For 24 GHz Automotive Radar Doppler implementation, there are two major 

mounting locations to consider, the body and the windshield of the automobile. In either 

case, since the antenna used for the ultra-thin glass radar has a monopole radiation pattern, 

the radar’s location must be chosen to both minimize interference with the antenna’s 

radiation pattern and minimize interference with passengers and other surrounding 

electronics. For most automobiles, the body is primarily composed of stainless steel or 

aluminium and the windshield is usually a composition of glass and a bonding polymer 

polyvinyl butyral (PVB) [49] whose dielectric properties can be found in [50]. If the 

antenna is directly mounted onto the body of the automobile, the antenna will run into the 

same issue as if it had full ground plane where the patch elements would behave as 

capacitors instead of resonators. Therefore, to implement the radar directly onto the 

automobile’s body, a dielectric foam like the one used to characterize the bent antennas 

will be required to be placed between the radar and the automobile body. By including a 

foam backing for the radar, the antenna will then radiate as a dipole, which significantly 

reduces the backside radiation, as the foam will provide sufficient space between the 



 91 

automobile body and the antenna and will make the automobile body act like a ground 

plane. This configuration has been simulated for a flat antenna and can be seen in Figure 

74 and Figure 75 where Figure 74 shows the cross section of this setup, and Figure 75 

shows the resulting S Parameters and radiation pattern and comparison against the 

antenna’s original response. From Figure 75a, the S Parameters show a shift in the resonant 

frequency due to the automobile’s body behaving like a ground plane. Additionally, the 

peak gain for the antenna array increases due to the automobile’s body acting like a ground 

plane, which allows the automobile’s body to act as a reflector, boosting the frontside peak 

gain.   

 

Figure 76 – Cross section of mounting the ultra-thin, flexible glass antenna onto the 

automobile’s body with the low dielectric constant foam acting as a spacer between 

the automobile’s body and the antenna.   
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Figure 77 – The resulting (a) S Parameters and (b) radiation pattern for the ultra-

thin, flexible glass antenna while mounted onto the automobile body with a dielectric 

foam acting as a spacer between the antenna and the automobile’s body.  

A similar simulation procedure was followed to determine the impact of including 

the radar on the windshield of the car and the resulting cross section can be seen in Figure 

76. However, since the windshield behaves as a dielectric in this context, the simulation 

indicates that the peak gain of the antenna will be severely degraded by the windshield 

backing. The S Parameters and radiation pattern after placing the antenna directly on the 

windshield can be seen in Figure 77 and show that both the S Parameters and radiation 

pattern were impacted by the windshield. As expected, the peak gain significantly 

decreased due to the change in the overall stack-up.  
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Figure 78 – Cross section of directly mounting the ultra-thin, flexible glass antenna 

onto the automobile’s windshield.  

 

 

Figure 79 – The resulting (a) S Parameters and (b) radiation pattern for the ultra-

thin, flexible glass antenna directly mounted onto the automobile’s windshield.  

Further simulations that include the low loss dielectric foam as a spacer between 

the antenna and the windshield were completed to determine if spacing the antenna away 

from the windshield would alleviate the performance degradation. The cross section 

including the dielectric foam can be seen in Figure 78 and the resulting simulated S 

Parameters and radiation pattern can be seen in Figure 79. Like Figure 77, Figure 79 shows 

that the S Parameters changed as a direct result of the windshield acting as a new dielectric 
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in the antenna array’s overall stack-up. However, the peak gain in the radiation pattern 

undergoes minimal change due to the spacing introduced by the foam. 

 

 

Figure 80 – Cross section of mounting the ultra-thin, flexible glass antenna onto the 

automobile’s windshield with the low dielectric constant, low loss foam acting as a 

spacer.  

 

Figure 81 – The resulting (a) S Parameters and (b) radiation pattern for the ultra-

thin, flexible glass antenna directly mounted onto the automobile’s windshield with 

the low dielectric constant, low loss foam acting as a spacer.  

 

6.3.2 Shifting Main Beam Location 
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The other major factor for radar implementation onto the automobile is the amount 

of bending the antenna will experience. This is especially critical for determining the angle 

of the main beam, which will determine the direction the radar will be scanning. Since the 

radar will be fixed once its placement location is determined, the amount of bending the 

antenna will experience will be set. By knowing the exact amount of bending the antenna 

will experience, the shift in the angle of peak gain compared to the flat antenna will also 

be known. To shift the antenna’s main beam angle, the antenna structure will need to be 

altered, primarily by changing the spacing between patch elements. With larger radii of 

curvature, the change in spacing between patch elements would be small whereas for small 

radii of curvature, the change in spacing between patch elements would be significant. 

Based on the antenna’s main beam shift found in the simulation, the spacing between the 

individual elements would need to decrease. As an experiment, a separate 1x3 patch 

antenna array was designed to determine the required change in patch element spacing in 

order to offset the shift in. The dimensions of this 1x3 patch antenna array can be seen in 

Table 15 with the key dimensions shown in Figure 80. This patch antenna array was 

designed on the Taiyo stack-up and was designed to radiate at 77 GHz. The design for this 

antenna follows a similar procedure found in the previous chapter, but a full ground plane 

is used instead due to the higher frequency of operation. The simulated S Parameters and 

radiation pattern for the 1x3 patch antenna array can be seen in Figure 83. This frequency 

was chosen as it is the desired frequency of operation for future automotive radars and the 

full design of an automotive radar for 77 GHz will be discussed in the next chapter. It is 

important to note with this experiment that only type of bending is included for the test. A 
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wide range of bending scenarios can exist while mounting to an automobile, requiring the 

dimensions to shift accordingly.  

Table 15 – 1x3 77 GHz Patch Antenna Array Key Dimensions 

Dimension Value 

Feed Width 135 μm 

Patch Length 0.995 mm 

Patch Width 1.45 mm 

Patch Spacing 0.97 mm 

 

Figure 82 – The top view of the 1x3 77 GHz patch antenna array with the key 

dimensions labelled.  
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Figure 83 – The S Parameter and radiation pattern of the nominal design of the 1x3 

77 GHz patch antenna array while flat. 

The results of bending this antenna array with a radius of curvature of 0.25”, 0.5”, 

1”, and 2” can be seen in Figure 82. In Figure 82a, the S Parameters do not change, which 

was expected as discussed in the previous chapter. Additionally, based on Figure 82b and 

Figure 82c, the location of the main beam shifts with the changing radius of curvature and 

the shift becomes more significant as the radius of curvature decreases. As discussed 

previously, one strategy to shift the main beam while the antenna undergoes bending is to 

change the spacing between patch elements. In this example, both Patch Spacing 1 and 

Patch Spacing 2 from Figure 82 were altered to find the best combination of element 

spacings to have the main beams match for all scenarios. The results of these simulations 

can be seen in Figure 83, Figure 84, Figure 85, and Figure 86 for 2”, 1”, 0.5”, and 0.25” 

radius of curvature, respectively. One important note with this strategy and evidenced with 

the simulation results and Table 16, Table 17, Table 18, and Table 19 is that there are 

multiple combinations of patch spacings that will shift the main beam back to the flat 

location. However, there is a drawback with this strategy. After compensating for the main 

beam shift, the S Parameters will change. In the case of 2” radius of curvature, multiple 
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solutions exist where compensating for the main beam shift does not significantly alter the 

operating frequency. However, for smaller radii of curvature, changing the patch element 

spacing will not be sufficient to have both the radiation pattern and operating frequency 

match flat antenna array. The primary method to shift the operating frequency is to change 

the patch length. Therefore, for smaller radii of curvature, if the radius of curvature is 

known, the antenna array design will need to be altered and ultimately redesigned to 

account for this radius of curvature, as seen with the radius of curvatures below 1” for the 

1x3 patch antenna array.  

 

Figure 84 – The (a) S Parameter and (b) radiation pattern of the 1x3 77 GHz patch 

antenna array while flat (black dashed line) and undergoing bending without 

changing the element spacing. (c) shows the shift in the main beam with respect to the 

radius of curvature.  

 

 

Figure 85 – The (a) S Parameter and (b) radiation pattern of the 1x3 77 GHz patch 

antenna array undergoing bending around a radius of curvature of 2” while changing 

the element spacing to match the main beam location of the flat antenna array. The 
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black dashed line corresponds to the original response of the nominal flat antenna 

array.  (c) shows the antenna array undergoing bending with a radius of curvature of 

2”.  

 

Figure 86 – The (a) S Parameter and (b) radiation pattern of the 1x3 77 GHz patch 

antenna array undergoing bending around a radius of curvature of 1” while changing 

the element spacing to match the main beam location of the flat antenna array. The 

black dashed line corresponds to the original response of the nominal flat antenna 

array. (c) shows the antenna array undergoing bending with a radius of curvature of 

1”.  

  

 

Figure 87 – The (a) S Parameter and (b) radiation pattern of the 1x3 77 GHz patch 

antenna array undergoing bending around a radius of curvature of 0.5” while 

changing the element spacing to match the main beam location of the flat antenna 

array. The black dashed line corresponds to the original response of the nominal flat 

antenna array. (c) shows the antenna array undergoing bending with a radius of 

curvature of 0.5”.   
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Figure 88 – The (a) S Parameter and (b) radiation pattern of the 1x3 77 GHz patch 

antenna array undergoing bending around a radius of curvature of 0.25” while 

changing the element spacing to match the main beam location of the flat antenna 

array. The black dashed line corresponds to the original response of the nominal flat 

antenna array. (c) shows the antenna array undergoing bending with a radius of 

curvature of 0.25”.   

 

Table 16 – 1x3 77 GHz Patch Antenna Array New Spacings for Main Beam Shift with 

a Radius of Curvature of 2” 

Patch Spacing 1 Patch Spacing 2  

0.67 mm 0.97 mm 

0.77 mm 0.87 mm 

0.77 mm 0.97 mm 

0.87 mm 0.87 mm 

0.97 mm 0.77 mm 

 

Table 17 – 1x3 77 GHz Patch Antenna Array New Spacings for Main Beam Shift with 

a Radius of Curvature of 1” 

Patch Spacing 1 Patch Spacing 2  

0.47 mm 0.97 mm 

0.67 mm 0.87 mm 

0.77 mm 0.77 mm 

0.87 mm 0.67 mm 

0.97 mm 0.57 mm 

0.97 mm 0.67 mm 
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Table 18 – 1x3 77 GHz Patch Antenna Array New Spacings for Main Beam Shift with 

a Radius of Curvature of 0.5” 

Patch Spacing 1 Patch Spacing 2  

0.47 mm 0.77 mm 

0.57 mm 0.67 mm 

0.57 mm 0.77 mm 

0.67 mm 0.67 mm 

0.87 mm 0.47 mm 

 

Table 19 – 1x3 77 GHz Patch Antenna Array New Spacings for Main Beam Shift with 

a Radius of Curvature of 0.25” 

Patch Spacing 1 Patch Spacing 2  

0.47 mm 0.57 mm 

0.67 mm 0.47 mm 

 

6.4 Summary 

In this chapter, the design and implementation of the Automotive Doppler Radar was 

discussed. The design of the radar consisted of the antenna array described in Chapter 5, a 

branch-line coupler, and a passive mixer. All these components were all integrated onto 

the ultra-thin, flexible glass substrate and were fabricated with the necessary off-the-shelf 

components assembled onto the substrate. Unfortunately, due to TX leakage found on the 

fabricated sample, the radar only produced a DC tone. As a result, an updated design for a 

new power divider was included to improve the isolation between the input oscillator signal 

and the two outputs of the power divider.  

Additionally, this chapter also discussed some considerations for implementing the 

automotive radar onto an automobile. These considerations included the impact of the 

backing material behind the radar and how much bending the radar’s antenna would impact 

the main beam’s location. In this work, the locations considered for mounting the radar 
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were the automobile’s body and the automobile’s windshield. While mounting onto the 

automobile’s body, the low dielectric constant, low loss foam used in Chapter 5 was used 

here to ensure the automobile’s body would not interfere with the antenna’s radiation 

pattern while also protecting the surrounding electronics and passengers from the antenna’s 

radiation. In this implementation, the antenna radiates as a dipole antenna, changing the S 

Parameters and radiation pattern accordingly. By changing the monopole antenna to a 

dipole, backside radiation is significantly decreased while included a slight increase in the 

main beam gain. However, when the radar antenna was mounted on the windshield, the 

radiation pattern was significantly degraded as the windshield behaved as a dielectric. This 

performance degradation was also found when the low loss dielectric foam was introduced 

as a spacer between the antenna and the windshield. 

The other consideration mentioned in this chapter is the shift in main beam caused 

by bending the antenna. To minimize the main beam shift caused by bending, the spacing 

between patch elements was changed. For small amounts of bending (large radii of 

curvature), the change in patch spacing from the nominal flat design was small and minimal 

impact on the S Parameters was found. However, for large amounts of bending (small radii 

of curvature), although the main beam shifted back to the original nominal location, the S 

Parameters underwent a significant shift. Therefore, to compensate for the S Parameters 

shift, the patch length should also be changed, ultimately redesigning the antenna array.  
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CHAPTER 7. SIMULATION OF 77 GHZ PATCH ANTENNA 

ARRAY 

For future applications of the ultra-thin, flexible glass, one area of interest is the next 

generation of automotive radars. The key design change between the automotive radar 

described in Chapter 6 and newer automotive radars is the frequency of operation. For most 

automotive radars included in new automobiles today, 77 GHz is the operating frequency 

as it provides substantial benefits compared 24 GHz. These benefits include improved 

range and range resolution, improved velocity resolution and accuracy, and reduced size 

for antenna elements [51]. Additionally, many suppliers such as Texas Instruments and 

Analog Devices provide off-the-shelf solutions to complete the processing at 77 GHz. 

However, these off-the-shelf solutions require a flexible platform and antennas to complete 

the radar system. Therefore, the design of a 77 GHz patch antenna array is also included 

for future work as the other integration requirements such as assembly of off-the-shelf 

components have already been shown to be possible on the ultra-thin, flexible glass.  

7.1 Design of 77 GHz Patch Antenna Arrays 

The 77 GHz patch antenna array was designed using the same design procedure as 

the 24 GHz patch antenna array. Like the 24 GHz patch antenna array, the 77 GHz version 

focuses primarily on having a minimum peak gain of 10 dBi at the designed frequency. 10 

dBi was chosen for the gain to have comparable gain for planar antennas used in this 

frequency range for automotive radars. Additionally, an operating bandwidth between 76 

GHz and 81 GHz is required as this is the bandwidth given for both short-range and long-
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range automotive radar. The bandwidth for the long-range radar is between 76 and 77 GHz 

and the short-range radar bandwidth is between 77 and 81 GHz [52]. To ensure that this 

antenna array can be used in both applications, a 4x4 patch antenna array was designed. 

Unlike the 24 GHz patch antenna array described in Chapter 5, this antenna array has a full 

ground plane. The key dimensions of this antenna array can be seen in Figure 87 and Table 

20 and the resulting S Parameters and radiation pattern for 76 to 81 GHz can be seen in 

Figure 88.   

 

Figure 89 – The top view of the 4x4 77 GHz patch antenna array with the key 

dimensions labelled. 

 

Table 20 – 4x4 77 GHz Patch Antenna Array Dimensions 

Dimension Value (mm) 

Patch Length (pl) 0.975 

Patch Width (pw) 1.35 

Patch Spacing Length-wise (psl) 0.935 

Patch Spacing Width-wise (psw) 0.525 

Feed Width (fw) 0.135 
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Figure 90 – The simulated (a) S Parameters and (b) radiation pattern for the 77 GHz 

4x4 patch antenna array. 

7.2 Simulation of 77 GHz Patch Antenna Arrays While Undergoing Bending 

Simulations for the antenna undergoing tensile bending were completed in HFSS to 

determine the shift in the main beam’s location based on the amount of bending and the 

frequency of operation. The chosen radii for these simulations are 1.5”, 2”, 2.5”, 3”, and 

3.5” and the initial results based on the nominal dimensions can be seen in Figure 89 and 

Figure 90 for the S Parameters and radiation pattern, respectively. Like the previous two 

chapters, there is a shift in the main beam location as the radius of curvature decreases and 

this change is non-linear with respect to the radius of curvature. Based on the previous 

chapter, altering the spacing between patch elements will result in shifting the main beam. 

As discussed previously, this approach comes at the cost of changing the S Parameters of 

the antenna array, especially at the smaller radius of curvature, which means new antenna 

arrays will need to be designed for each radius of curvature to account for this change in 

main beam angle. One additional consideration with this antenna array is that depending 

on the frequency of operation, the shift in the main beam with respect to the flat antenna 
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changes as well. As seen in Figure 90, the shift at 76 GHz is shown to be smaller than the 

shift at 81 GHz. This difference is associated to the ratio of the radius of curvature to the 

wavelength at the operating frequency. Further investigation into the design of the antenna 

array to account for these changes will be required if the desired main beam location is 

expected to be the same as the flat antenna. Additionally, further investigation into the 

change in both S Parameters and radiation pattern will be required to account for different 

types of bending, such as elliptical bending. This is especially critical because the surface 

of an automobile is not guaranteed to uniform or to have a circular shape as simulated here. 

 

Figure 91 – The simulated S Parameters for the 77 GHz 4x4 patch antenna array 

while undergoing bending for various radii of curvature.  
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Figure 92 – The simulated radiation pattern for the 77 GHz patch antenna array 

while undergoing bending at various frequencies.  

7.3 Summary 

In this chapter, the design and simulation of the 77 GHz patch antenna array were 

discussed. The inclusion of the 77 GHz patch antenna array is necessary for future 

development of automotive radars due to the significant performance benefits provided at 

77 GHz compared to 24 GHz. These improvements include improved range and resolution 

for the radar. The design of these 77 GHz patch antenna arrays follows the same procedure 

used to design the 24 GHz patch antenna arrays in Chapter 5. Additionally, simulations of 

both the S Parameters and radiation pattern while the antenna array undergoes tensile 

bending were completed. For the S Parameters, like the 24 GHz patch antenna arrays, 

minimal change was found through the range of bending radii. Similarly, the 77 GHz patch 



 108 

antenna arrays show a shift in the main beam location as a function of the radius of 

curvature and this shift changes with different resonant frequencies.  
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CHAPTER 8. SUMMARY AND FUTURE WORK 

8.1 Summary 

In this thesis, we have investigated the considerations and requirements for the 

design, fabrication, measurement, and implementation of flexible electronics for RF and 

mmWave applications. This includes developing new techniques of measuring the impact 

of bending on various electrical parameters (S Parameters, inductance, AC resistance, and 

radiation pattern) as well as the fabrication of flexible RF and mmWave electronics on 

ultra-thin, flexible glass. The contributions of this thesis presented in each chapter can be 

listed as:  

Chapter 3 presented the design, fabrication, measurement, and hardware to software 

correlation of bending Aerosol Jet Printed (AJP) and Screen Printed (SP) microstrip 

transmission lines and SP spiral inductors. Both types of components were bent using 

adaptive curvature bending. For the microstrip transmission lines, minimal change was 

found in the S Parameters throughout the bending range for both tensile and compressive 

bending in both single cycle and multi cycle tests. For the spiral inductors, a significant 

change in both the inductance and the AC resistance were caused by bending. Furthermore, 

during the multi cycle tests, both inductance and AC resistance continued to change. The 

performance difference while undergoing bending for the transmission lines and inductors 

was caused by the structural difference between the two components. Since the inductor 

experienced significantly more total strain, a more significant change in the inductor’s 

electrical performance was found when compared to the transmission lines. These results 
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were also successfully correlated to both electrical and mechanical simulations in ANSYS 

HFSS [29] and ANSYS Workbench [31].  

Chapter 4 presented the electrical and mechanical characterization of ultra-thin, 

flexible glass for high frequency applications. For the electrical characterization, both 

microstrip ring resonators (MRRs) and conductor backed coplanar waveguides (CBCPWs) 

were designed, fabricated, and measured. Additionally, the measured results were 

successfully correlated against simulation. The MRRs were designed to resonate at 10, 15, 

and 20 GHz and the CBCPWs were designed to cross correlate the results from the MRRs. 

Both the MRRs and the CBCPWs were fabricated using the standard semi additive process 

and were both measured to 110 GHz. Based on the characterization data provided by the 

MRRs, the CBCPW measurements were successfully cross correlated to the simulation 

results. Additionally, the CBCPWs on the ultra-thin flexible glass stack-up had comparable 

performance to other transmission lines used for high frequency applications. For the 

mechanical characterization, both SP and SAP were used to fabricate resistors that 

underwent free arc bending. Free arc bending was used to determine the exact breaking 

point of the ultra-thin, flexible glass while measuring any resulting change in resistance. 

For both types of fabricated resistors, minimal change in the resistance was found 

throughout the bending range and the ultra-thin, flexible glass samples were able to bend 

below 33% of their total length. Like the electrical measurements, these measurements 

were also successfully cross correlated to simulation.   

Chapter 5 presented the design, fabrication, and measurement of patch antenna 

arrays designed on ultra-thin, flexible glass undergoing mandrel bending. Like the 

electrical characterization test vehicle in Chapter 4, SAP was used to fabricate these 
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antennas. The antenna arrays were then measured (both S Parameters and radiation pattern) 

while flat and while undergoing both compressive and tensile bending. The bending 

measurements were completed by contouring the antenna array around a low dielectric 

constant, low loss foam. For the S Parameters, minimal change was found while the 

antenna array underwent tensile and compressive bending. However, the radiation pattern 

experienced a significant change due to bending as the main beam shifted with decreasing 

radius of curvature. Additionally, for compressive bending, the peak gain significantly 

decreased with decreasing radius of curvature, which was not seen for tensile bending. 

Therefore, tensile bending should be considered for patch antenna arrays in flexible 

applications, while taking the main beam shift into account. The measurement results were 

also correlated to simulation with some success. For large radii of curvature, the correlation 

between measurement and simulation was good, but with smaller radii of curvature, 

correlation was not found.  

Chapter 6 presented the design, fabrication and measurement of a 24 GHz 

Automotive Doppler Radar as well as design improvements required for future doppler 

radars and radar implementation onto an automobile. The 24 GHz Automotive Doppler 

Radar features the patch antenna array from Chapter 5, a branch-line coupler, and a passive 

mixer. These components were then fabricated using SAP and the necessary passive 

components were assembled onto the ultra-thin, flexible glass using Ag epoxy. 

Unfortunately, the Automotive Doppler Radar had significant transmitter (TX) leakage, 

resulting in only a DC tone at the output. Therefore, an improved power divider was 

designed to minimize the TX leakage for future radars. Additionally, two major 

implementation considerations were discussed in this chapter. These include the radar 
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placement location on the automobile and the impact of bending on the main beam. For the 

radar’s placement location, the impact of placing the radar on the automobile’s body and 

the automobile’s windshield were discussed. Placing the radar on the automobile’s body 

required the low dielectric constant, low loss foam used in Chapter 5 to act as a spacer for 

the antenna array and the automobile’s body. This inclusion changed the radiation pattern 

of the antenna array to a dipole while allowing the radar to maintain functionality. 

However, if the antenna array was mounted directly onto the windshield, the antenna array 

radiation pattern degraded significantly. Additionally, compensation techniques for the 

main beam shift caused by bending were discussed. The main mechanism to compensate 

for the main beam shift was to change the spacing between patch elements. For small 

amounts of bending (large radii of curvature), the main beam shift was small, which 

required a small change in the patch element spacing when compared to the nominal 

design. However, for large amounts of bending (small radii of curvature), the patch element 

spacing changed significantly from the nominal design, which also resulted in a change in 

the S Parameters. Therefore, for large amounts of bending, an antenna redesign would be 

required.  

Chapter 7 presented the design and simulation of a 77 GHz patch antenna array used 

for short- and long-range automotive radar. This higher frequency was chosen as it 

provides significant benefits over 24 GHz radar such as improved range and resolution. 

For this antenna array, the same design procedure used for the 24 GHz antenna array was 

used. The S Parameters and radiation pattern for the 77 GHz antenna array were also 

simulated while the antenna array was flat and undergoing tensile bending. The simulation 

results for the 77 GHz radar while undergoing bending show minimal change in the S 



 113 

Parameters and a main beam shift in the radiation pattern, matching the behavior found 

with the 24 GHz antenna array.   

8.2 Publications 

The material presented in this thesis has resulted in the following publications:  

Journals: 

1. S. Sivapurapu, R. Chen, C. Mehta, Y. Zhou, M. L. F. Bellaredj, X. Jia, P. A. Kohl, 

T. Huang, S. K. Sitaraman, M. Swaminathan, “Multi-Physics Modeling and 

Characterization of Components on Flexible Substrates,” in IEEE Transactions on 

Components, Packaging and Manufacturing Technology, 2019.   

2. S. Sivapurapu, R. Chen, K. Kanno, T. Kakutani, M. Letz, F. Liu, S. K. Sitaraman, 

M. Swaminathan, “Mechanical Characterization of Ultra-Thin, Flexible Glass 

Substrates for RF Applications,” in IEEE Transactions on Components, Packaging, 

and Manufacturing Technology, 2021 (Under Review).  

3. S. Sivapurapu, S. Erdogan, K. Kanno, T. Kakutani, F. Liu, M. Letz, M. 

Swaminathan, “Demonstration and Characterization of Ultra-Thin, Flexible Glass 

Patch Antenna Arrays for 5G Applications,” in IEEE Transactions on Antennas 

and Propagation, 2021 (submitted).  

4. Y. Zhou, S. Sivapurapu, M. Swaminathan, S. K. Sitaraman, “Mechanical and 

High-Frequency Electrical Study of Printed, Flexible Antenna under Deformation”, 

in IEEE Transactions on Components, Packaging and Manufacturing Technology, 

2020.   

5. T. Huang, T. Lei, L. Shao, S. Sivapurapu, M. Swaminathan, Z. Bao, K. Cheng, R. 

Beausoleil, “Process design kit and design automation for flexible hybrid 

electronics”, in Journal of the Society of Information Display, 2020.  

Conferences: 

1. S. Sivapurapu, C. Mehta, R. Chen, Y. Zhou, M. L. F. Bellaredj, X. Jia, P. A. Kohl, 

T. Huang, S. K. Sitaraman, M. Swaminathan, “Multi-physics Modeling 

Characterization of Aerosol Jet Printed Transmission Lines”, IEEE NEMO, 2018.   

2. S. Sivapurapu, C. Mehta, R. Chen, X. Jia, Y. Zhou, E. Lee, M. Bellaredj, P. A. 

Kohl, T. Huang, S. Mukhopadhyay, S. K. Sitaraman, M. Swaminathan, “Model 

Development for Inductors on Flexible Substrates for Integrated Power Delivery 

Applications”, TECHCON, 2018.  

3. S. Sivapurapu, R. Chen, M. u. Rehman, K. Kanno, T. Kakutani, M. Letz, F. Liu, 

S. K. Sitaraman, M. Swaminathan,  "Flexible and Ultra-Thin Glass Substrates for 
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RF Applications," 2021 IEEE 71st Electronic Components and Technology 

Conference (ECTC), 2021, pp. 1638-1644 

4. N. A. Amoli, S. Sivapurapu, R. Chen, Y. Zhou, M. L. F. Bellaredj, P. A. Kohl, S. 

K. Sitaraman, M. Swaminathan, “Screen-Printed Flexible Coplanar Waveguide 

Transmission Lines: Multi-physics Modeling and Measurement”, IEEE ECTC, 

2019.  

5. Y. Zhou, S. Sivapurapu, R. Chen, N. A. Amoli, M. Bellaredj, M. Swaminathan, S. 

K. Sitaraman, “Study of Electrical and Mechanical Characteristics of Inkjet-Printed 

Patch Antenna Under Uniaxial and Biaxial Bending”, IEEE ECTC, 2019. 

6. E. Lee, M. F. Amir, S. Sivapurapu, C. Pardue, H. M. Torun, M. Bellaredj, M. 

Swaminathan, S. Mukhopadhyay, “A System-in-Package Based Energy Harvesting 

for IoT Devices with Integrated Voltage Regulators and Embedded Inductors”, 

IEEE ECTC 2018. 

7. T. Huang, T. Lei, L. Shao, S. Sivapurapu, M. Swaminathan, S. Li, Z. Bao, K. 

Cheng, R. Beausoleil, “Process Design Kit and Design Automation for Flexible 

Hybrid Electronics”, IEEE VLSI-DAT, 2019.  

8.3 Future Work 

Continued characterization of flexible electronics, especially on the ultra-thin, 

flexible glass are necessary to continue to push the field further. Based on this work, the 

first area of focus is the fabrication and measurement of both the 24 GHz Automotive 

Doppler Radar with the improved power divider and the 77 GHz antenna array for an 

automotive radar as a demonstration of the full capabilities of the ultra-thin, flexible glass 

on a system level application. Additionally, while measuring the electrical performance of 

these radars, the thermal capabilities of the ultra-thin, flexible glass should also be 

measured. Thermal characterization of the ultra-thin, flexible glass is required as 

automotive radars need substrates capable of handling high power and extreme 

temperatures.  

Another area of focus for the future is characterizing the various components at high 

frequency while undergoing different kinds of bending such as elliptical bending. For 
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example, the antenna array in this work was subject only to mandrel bending around a 

circular cylinder. However, for many applications, mandrel bending around a circular 

cylinder will not properly represent the type of bending the antenna would experience. In 

this case of automotive radar, the automobile’s shape is not be best represented by a 

mandrel. Therefore, bending RF and mmWave components in a variety of shapes, such as 

an ellipse, should be considered as the impact of different kinds of bending should impact 

the component’s performance differently.   
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