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Abstract— Glass is a promising packaging and substrate 
material for high frequency applications. In this paper we 
provide the first results on the performance of transmission lines 
on polymer films laminated on glass substrates up to 170GHz.  
To benchmark the performance our stack up consists of 100um 
thick glass panel (AGC ENA1) with 15um thick build-up 
polymer (ABF GL102) laminated on both sides. Semi-additive 
processes (SAP) are employed to metallize the polymers. 
Coplanar Waveguide (Lines) have been designed and measured 
in a wide frequency range from 40GHz to 170GHz.  We also 
present the insertion loss of microstrip lines in W-band (75GHz 
to 110GHz). In addition, for the first time, we present the 
characterization of electrical parameters (dielectric constant 
and loss tangent) of glass and polymer build up film-based stack 
up for W band (75GHz to 110GHz). For the extraction of 
dielectric constant and loss tangent of the proposed stack up, 
microstrip ring resonator (MRR) method is used.  The dielectric 
constant of the presented stack up remains stable around 4.6 for 
the entire band while loss tangent varies from 0.004 to 0.008
from 75GHz to 100GHz. The average insertion loss for CPW 
lines at 40GHz,110GHz and 170GHz were measured to be 
0.085dB/mm, 0.21dB/mm and 0.275dB/mm respectively. The 
measured insertion loss at 110GHz for microstrip line is 
0.23dB/mm. The results show good and stable electrical 
performance of the glass-based stack up up to 170GHz and show 
its potential for utilization in designing high performance 
passives and packages for the development of future wireless 
generations. 
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I. INTRODUCTION

The rapid developments in mobile and multimedia 
applications are demanding higher data rates and creating 
challenges for the current mobile networks. In response to 
this demand for more capacity, fifth generation (5G) mobile 
network is being developed. The main distinction between 
5G and earlier generations is the use carrier frequencies from 
mm-wave region, which enables much wider spectrum 
allocation. Carrier frequencies like 28GHz and 39GHz offer 
bandwidths in the order of hundreds of megahertz to 
multiples of gigahertz, as compared to a few megahertz in 
case of lower carrier frequencies. The higher physical 
bandwidth directly translates to higher data rates. The 5G will 
soon make its way to the market and will be commercially 
available to the consumers. However, new applications like 
multi-gigabit communication, wireless virtual reality, 
autonomous driving, high resolution imaging and 
nondestructive testing will need even higher data rates. 
Therefore, the development of ‘beyond 5G’ is already under 
discussion and is an active research area. Data rates of the 

order of 100Gbps will only be achievable by using carrier 
frequencies above 100GHz which motivates us to explore 
untapped sub-THz region [1].

Given the path loss at sub-THz frequencies the RF modules 
will need to support massive MIMO with a multitude of 
antenna array elements along with low loss interconnects and 
passives to realize the necessary gain and directivity through 
beam steering. Higher dielectric losses, sensitivity of 
performance to the material properties, variations in circuit 
dimensions and increased effect of package parasitics make
design at sub-THz frequencies very challenging. A major 
driver is form factor and cost reduction while maintaining 
high performance and for that using low cost materials and 
processes is essential, and therefore packaging plays a critical 
role. Exploration of new materials, processes and integration 
approaches can provide advantages in terms of size and 
performance.

Low temperature co-fired ceramic technology (LTCC), low 
loss laminates-based stack ups, silicon wafer level packaging, 
are various packaging platforms available for RF integration. 
LTCC has stable dielectric constant ( r = 9.8), low loss 
tangent (tan δ = 0.0007) and hermetic properties. These 
attributes make it an ideal candidate for achieving good 
electrical performance in high frequency applications. 
However, consumer market is driven by factors like cost, 
functionality and miniaturization. Therefore, use of LTCC is 
very limited due to thicker substrates, higher process 
temperatures, large feature sizes and smaller panel sizes.  
LTCC-based solutions are bulky and, often, cost prohibitive 
for the consumer applications. In addition, large CTE 
mismatch between LTCC and PCB creates reliability 
problems for larger sized modules.

Use of low loss laminates is an alternative solution to LTCC.
Polymers have made significant advances in enabling 
substrates with good and stable high frequency properties. 
Large panel processing capability is a big advantage of 
polymers over LTCC. A comparison of properties of LTCC 
and organics is given in [2]. Polytetrafluoroethylene (PTFE)
is the best-known polymer dielectric with the lowest loss 
tangent and a very low-moisture absorption. However, the 
high cost of fabricating thin film, the need for additional 
bonding adhesives are disadvantages of using PTFE. In 
recent years, liquid crystal polymers (LCP) have emerged as 
an alternative to PTFE. They have PTFE-like properties and 
their availability in flexible thin films (25um) and large panel 
processing capability (300x450 mm2) made them a promising 
substrate and packaging material [3]. However, the CTE of 
LCP can be relatively high in the z direction causing 
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reliability concerns for assembling chips onto the substrate. 
The disadvantage with most laminate-based buildups is the 
layer to layer registration for stacking multiple layers. 
Surface roughness of polymers also plays a critical role at 
high frequencies. To achieve good electrical performance, 
they need to be polished which introduce more steps in their 
processing [4].  It is very hard to create precise cavities in 
polymers due to material flow during high temperature 
conditions. The line dimensions are also limited to around 
10 m

Silicon Wafer Level Packaging (WLP) is an interesting 
approach for RF modules due to their near monolithic 
integration capabilities. However, it uses compression 
molding to form the RDL and can lead to large die-shifts. Due 
to high loss tangent (0.015) of silicon, the antenna and other 
high performance RF structures need to be integrated on the 
top side of the module to avoid large parasitics of the Through 
Silicon Vias (TSV) making it single sided with heat removal 
from the bottom side of the chip. The CTE mismatch between 
the silicon module (3ppm/C) and PCB (15 ppm/C) can create 
reliability problems as well.

Advanced glass-based packaging provides some unique 
opportunities for sub-THz modules. Glass substrates achieve 
BEOL-like precision Redistribution Layer (RDL) ground 
rules, enabled by excellent dimensional stability. Glass-based 
substrates and packaging technologies are promising 
candidates for higher frequency. Due to high dimensional 
stability, glass offers precise metallization which is critical for 
such high frequencies. Process cost can be reasonably low for 
glass substrates due to large panel processing capability. Low
moisture absorption of glass in comparison to organics
ensures its superior electrical performance at extreme 
environments. Co-efficient of thermal expansion (CTE) of 
glass can be tailored which makes it suitable for superior fine-
pitch assembly technologies. These advantages make glass a 
promising packaging and substrate material for making high 
frequency modules but its performance has never been 
characterized for frequencies above 50 GHz [5-6]. The data 
sheets report properties of glass up to 10GHz only hence there 
is a need for characterization.

In this paper we provide the first results on the performance of 
transmission lines on polymer films laminated on glass 
substrates up to 170GHz. We also report the electrical 
properties of the glass-based stack up in W-band (75GHz to 
110GHz). Our stack up consists of 100um thick glass panel
(AGC ENA1) with 15um thick build-up polymer (ABF 
GL102) laminated on both sides. Semi-additive processes 
(SAP) are employed to metallize the polymers. The properties 
of the materials used in the proposed stack up are shown in 
Table I. It is worth mentioning that the glass properties are 
known until 10GHz only and hence high frequency 
characterization is required.

II. DESIGN OF TEST STRUCTURES

Microstrip and Co-planar waveguides (CPW) lines are 
commonly used planar transmission lines and their insertion 
loss gives a good idea about the suitability of a material for 
high frequency applications. Therefore, these lines were used 

to investigate high frequency performance of glass polymer 
stack up. The lines were designed with an impedance of 70Ω 
to maintain compatibility between via-less CBCPW probe 
pads and RF probes, and to avoid dispersion in microstrip 
lines [7].  In addition to that, Microstrip Ring Resonators 
(MRRs) were used to extract the electrical properties 
(dielectric constant and loss tangent) of the stack up in W-
band (75GHz to 110GHz). 
 

TABLE I
MATERIALS USED IN PROPOSED STACK UP

Material Thickness
(um)

Dielectric 
Constant

Loss 
Tangent

Glass
AGC ENA1

100um 4.9 
@10GHz

.0056@
10GHz

Build-up 
Film
ABF-GL102

15um 3.2
@45GHz

.0045@
45GHz

A. Coplanar Waveguide (CPW) Lines
CPW lines of 70Ω were designed on the glass polymer 

stack up using Keysight Advance Design System (ADS).
Since CPW lines don’t require ground plane, only the top side 
of the stack up was metallized. The dimensions for the 
designed CPWs are shown in Table II. Since pitch for the 
measurement probes is different for W and D-bands, two 
separate sets of lines were designed. 

                         

Fig. 1 CPW Line Structure on Glass/Polymer Stack Up

Table II
DIMENSIONS OF DESIGNED CPW LINES

Fig.2 Microstrip Line with via-Less CBCPW to Microstrip Transitions on 
Glass/Polymer Stack Up

Parameter W-band
(um)

D-band
(um)

g 38 27

w 80 45

wg 180 100

h 100 100

tp 15 15

WWg

g

h tp
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B. Microstrip Lines
Microstrip lines of 70Ω were designed on the glass stack 

up using Keysight ADS. In order to probe the designed 
microstrip lines, CPW to microstrip transitions were required. 
Via-less CPW probe pads were designed according to the 
guidelines presented in [8-9]. Total width of the via-less CPW 
probe pads was kept less than λg/2 to avoid the parasitic 
parallel plate waveguide mode [8]. 

Since CPW ground pads don’t have vias, they rely on 
capacitive coupling for grounding hence their performance is 
frequency dependent. Higher frequencies have a better 
coupling to ground in comparison to the lower frequencies.
To de-embed this behavior and accurately extract the 
microstrip line loss, TRL structures were also included in the 
test vehicle. The dimensions for the designed microstrip line
along with probe pads can be seen in Fig.2.

C. Microstrip Ring Resonator (MRR)
MRR method is a very reliable method for high frequency 
characterization of dielectric materials. Insertion loss of 
MRR has resonant periodic peaks. Dielectric constant is 
extracted from the location of resonant peaks while loss 
tangent of the material is calculated by unloaded quality 
factor of the peaks. MRRs were designed using eq (1)=                         (1)

where fn corresponds to the nth resonance, r is the mean 
radius of the ring, and c is speed of light. For calculating the 
radius for the fundamental frequency n equals 1. To capture 
multiple resonances in the band of interest (75GHz to 
110GHz) two different MRRs were designed with 
fundamental frequencies at 10GHz and 15GHz. TRL 
structures were also included in the test vehicle to extract the 
response of the ring resonators by shifting the reference plane 
to the end of the feeding lines. MRR with feed lines and mean 
radii dimensions for 10GHz and 15GHz is shown in Fig.3. 

                                                    (c.)

Fig 3. Microstrip Ring Resonator with feed lines

III. FABRICATION

To fabricate the test vehicle, the build-up polymer film was 
vacuum laminated onto glass. The metallization was formed 
using standard semi-additive process (SAP) where in a seed 
layer of Ti/Cu (30nm/150nm) was deposited using physical 
vapor deposition (PVD). A negative tone photoresist was 

used for photolithography on a mask aligner system. 8 μm of 
Copper was plated electrolytically. The sample was annealed 
at 180C in N2 environment after resist stripping (to mitigate 
adhesion issues arising from plating stresses) before 
differentially etching the seed layer. Physical dimensions and
surface roughness profile of the fabricated panel was 
measured using Zeta Optical Profiler. The fabricated 
dimensions were very close to the designed values (Fig.1 &2)
which shows the precision metallization capability on glass 
substrates. The measured rms value of surface roughness was 
180 nm which is less than the skin depth of copper at 110GHz 
(197nm). The fabricated samples along with the measured 
physical dimensions are shown in Fig.4. 

(a)

(a)

                           (b)
                                                                           
                                                                     
                                                                     (c.)

                         (d)                                                           (e)                        

                                              (f.)

(g)
Fig4. Fabricated Samples (a) W-band CPW Line (b) Microstrip Thru 
Structure (c) CPW lines coupon (d) MRR at 10GHz with shifted reference 
plane after TRL (e) MRR at 15GHz with shifted reference plane after TRL
(f.) Embedded Microstrip Line (g) Fabricated Microstrip Test Vehicle

rm = 2.7mm@10GHz 

             1.8mm @15GHz 

reflect

microstrip

line

thru

W-band CPWs

D-band CPWs

feed length=500um gap=30um 

662



IV. MEASUREMENT

The measurement set up is shown in Fig. 5. Anritsu VNA 
(ME7808) and frequency extenders 3742A-EW were used to 
measure all the scattering parameters till 110GHz. 
CascadeMicroTech ACP-110-GSG-200 probes were used to 
probe the W-band samples. Agilent E8361C vector network 
analyzer along with millimeter wave controller and extenders 
(V06VNA2), were used to measure the D-band (110-170 
GHz) CPWs. The probes used for D-band were 170-S-GSG-
75-BT by Cascade. LRRM calibration was performed using 
WinCal software to remove the losses from cables, test head 
and probes. Good calibration was achieved as the thru 
standard varied only by 0.1dB for the entire frequency range. 
The measurement for each structure is described in the 
respective sections.

(a)

(b)
Fig 5. Test Set Up (a) Probe Station with VNA and Extenders (b) Probing 

Test Vehicle

A. CPW Lines
CPW lines were measured under LRRM calibration. The 
results are shown in Fig.6. CPWs do not have a backside 
metallization and it is assumed that the fields don’t escape the 
dielectric. But while doing measurements, the substrate is 
placed above a metal chuck. To avoid any reflections from 
the metal chuck, a 1mm thick FR4 sheet was placed between 
the CPW samples and chuck. The scattering parameters of 
different samples of 5mm long CPW lines were measured 
from 40GHz to 110GHz. The D-band CPW lines were 4mm 
long. The low loss behavior of CPW lines is evident from the 
measurement. All the samples have good measurement 
correlation with one another. The average insertion loss for 
CPW lines at 40GHz,110GHz and 170GHz was measured to 
be 0.085dB/mm, 0.21dB/mm and 0.275dB/mm respectively
(shown in Fig.7). This shows the stability of the electrical
properties of the proposed stack up and its potential for 
utilization as a substrate material for making low loss 
interconnects up to 170GHz.

           

                         (a)                                                                           (b)                            

                (c.)                                                                                      (d) 

Fig6. Measured Scattering Parameters of CPW Lines (a) S11(dB) vs 
Freq(GHz) of 5mm CPW Lines (b) (a) S21(dB) vs Freq(GHz) of 5mm CPW 
Lines (c) (a) S11(dB) vs Freq(GHz) of 4mm CPW Lines (d) (a) S21(dB) vs 
Freq(GHz) of 5mm CPW Lines

                          (a)                                                           (b)
Fig.7 Insertion loss of CPW lines in dB/mm (a) 40GHz to 110GHz (b) 
110GHz to 170GHz

B. Microstrip Lines
The fabricated microstrip line and TRL structures were first 
measured under LRRM calibration. The measured insertion 
loss for thru structure (Fig. 4b), line and microstrip line 
(Fig.4e) can be seen in the Fig.8. These responses exhibit 
higher insertion loss at lower end of the band due to the 
presence of via-less capacitive coupled ground pads of CPW 
probe pads as explained earlier. The performance improves 
at higher frequencies and the trend is consistent in thru and 
microstrip line structures which implies that the insertion loss 
of the microstrip line can be accurately extracted by de-
embedding the CPW probe pads and transitions.   
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Fig. 8 Measured Scattering Parameters for Thru and Microstrip Line 
Structures under LRRM Calibration

For microstrip line loss extraction, TRL structures were 
measured first. To remove the effect of CPW probe pads, 
TRL calibration was performed to shift the reference plane. 
The extracted loss of 3.5mm long microstrip line can be seen 
in Fig.9. The microstrip line exhibits an insertion loss of 
0.23dB/mm at 110GHz which shows low loss performance 
of the glass stack up in W-band.

Fig. 9 Extracted Insertion Loss of Microstrip Line after TRL Calibration

C. Microstrip Ring Resonators
Multiple samples were fabricated and measured for both 
designed rings (10GHz and 15GHz) to avoid any error in 
characterization due to fabrication and measurement 
discrepancies. Measurement was done using TRL calibration 
to de-embed CPW probe pads, transitions and feed lines. 
Measured responses of the designed microstrip ring 
resonators are shown in the Fig.10. The responses are close 
to one another which imply that these responses can be used 
for accurate extraction of Df and Dk of the glass stack up.  

         (a)

Fig10. Extracted Insertion Loss of MRRs after TRL calibration (a) 10GHz 
MRR (b) 15GHz MRR

There are two popular models to extract the effective 
permittivity of microstrip line based on the dielectric constant 
of its material. The first is to use a Quasi-Static Model [10]. 
It gives a good estimate of the dielectric constant of the 
material but doesn’t include the dispersion effect which is 
very prominent at high frequencies. The second is a 
dispersive model [7] which is expected to be more accurate 
at millimeter wave frequencies. The results of the extracted 
dielectric constant can be seen in Fig.11. The results show 
that the dielectric constant of the glass based stack up remains 
stable in W-band. The dispersive model predicts it to be 
around 4.6 for the entire W-band.

(a)

(b)
Fig 11. Extracted Electrical Properties of Glass Based Stack Up (a) Dielectric 
Constant using Quasi-Static and Dispersive Model (b) Loss Tangent

The ring resonator’s unloaded quality factor gives its total 
loss which is a combination of conductor loss and dielectric 

(b)
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loss. Conductor loss is theoretically calculated and subtracted 
to obtain dielectric loss under the assumption that the ring 
doesn’t have any radiation losses when the ratio of its line 
width to mean radius is much less than 0.2 [7]. The results 
show that the loss tangent varies from .004 to .008 from 
75GHz to 100GHz.

The extraction of loss tangent using MRR is done by an 
indirect method. The ring resonator’s unloaded quality factor 
gives total loss. That total loss includes the loss due to 
conductor and dielectric materials. Conductor loss is 
theoretically calculated and subtracted from that to obtain the 
loss for dielectric material under the assumption that the ring 
doesn’t have any radiation losses when the ratio of its line 
width to mean radius is much less than 0.2 [7]. The 
calculated/extracted loss tangent values from different ring 
resonators have been shown in Fig. 11. The results show that 
the loss tangent varies from .004 to .008 from 75GHz to 
100GHz and hence glass is a promising candidate as a core 
substrate material for sub-THz modules

V. CONCLUSION 

In this paper we provide the first results on the performance 
of transmission lines on polymer films laminated on glass 
substrates up to 170GHz. The average insertion loss for CPW 
lines at 40GHz,110GHz and 170GHz was measured to be 
0.085dB/mm, 0.21dB/mm and 0.275dB/mm respectively. 
The measured insertion loss at 110GHz for microstrip line is 
0.23dB/mm. In addition, MRR method is used for material 
characterization. The dielectric constant of the stack up is 
stable around 4.6 in frequency range of 75GHz to 110GHz.
The extracted loss tangent is below 0.008 till 100GHz. This
investigation shows stable and good electrical performance 
of the glass-based stack ups in sub-THz region.
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