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ABSTRACT 

New VLSI and VHSIC devices require increased 

performance from electronic packages. The major challenge 

that must be met in materials/process development for high 

complexity and high speed integrated circuits is the pro

cessing of ever larger amounts of signals with low propaga

tion delay. Hence, materials with low dielectric constant 

and low dissipation factor are being sought. 

In this investigation the dielectric properties of 

the most commonly used composite materials for printed 

circuit boards, Teflon-glass and Epoxy-glass, were measured 

in the frequency and temperature intervals of 100 HZ - 1 GHZ 

and 25 -260°C, respectively. From the measured results, it 

is concluded that Teflon-glass is more suitable for the 

board level packaging of high performance circuits due to 

its lower dielectric constant and dissipation factor. 

xi 



CHAPTER ONE 

INTRODUCTION 

The advances currently being made in VLSI and VHSIC 

circuit densities are necessitating the development of new 

concepts, designs, material systems and processing approach

es for the associated interconnection and packaging systems. 

Silicon circuits with 500 input/output (I/O) connections and 

clock rates of 500 MHZ are now being designed [1]. Operation 

at these circuit speeds require that the conductor networks 

in the package be designed as transmission lines. This will 

place stringent requirements on the geometries and proper

ties of both the conductor and dielectric materials. 

The overall electrical requirement, then, is high 

signal speed with low signal propagation delay time at the 

chip level. Ultimately electrical frequencies involved may 

range 10 MHZ to 2-3 GHZ or higher, with propagation delays 

being increasingly critical at higher frequencies [2]. 

For the dielectric materials in particular, 

dielectric constant and dissipation factor are important 

properties in that they control the electrical loss 

characteristics of the system, and these loss parameters 

become more critical as electrical frequencies increase. 
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An added complication is that dielectric constant is 

not linear with temperature and frequency. Values may 

indeed exhibit one or more peaks and may increase dramati

cally at the glass transition temperature of a given 

material. Here then, is a critical area in which little 

data exists. 

1.1 Why Low Electrical Loss PCBs? 

In the analysis of many electrical circuits it is 

reasonable to assume that a voltage applied at one end of a 

wire appears simultaneously at all points along the length 

of the wire. Actually the speed of a voltage signal along a 

wire is finite; it is determined by a property of the 

insulator surrounding the wire, namely its relative 

dielectric constant (£ ). If the insulator is air (or a 

vacuum), the relative dielectric constant is 1 and the 

signal travels with the speed of light in free space, which 

in units is about 30 centimeters per nanosecond. In other 

insulators the dielectric constant is larger and the speed 

is reduced by a factor proportional to the square root of 

the dielectric constant. It is described by equation (1): 

V = C/(£ * * . 5) ( 1 ) 

where C = 3.0E08 m/s 

Since PCBs are composites of a number of materials 

(such as fabrics, resins, and modifiers), the materials used 



in this composite will determine the resultant dielectric 

constant of the printed circuit board. Room temperature 

dielectric constant values measured at 1 MHZ [3] for a 

number of candidate resins, fabrics, and laminates are shown 

in Table 1.1 

TABLE 1.1 - Room-Temperature 
dielectric constant values 

at 1 MHZ for various 
fabrics, resins and laminates 

Material Dielectric constant 

Epoxy-glass laminate (FR-4) 5-6 

Polyimide-glass 4.3-5.0 

Polybutadiene-glass laminate 3.2-3.5 

Polybutadiene-quartz laminate 3.0-3.2 

Epoxy-Kevlar laminate 3.8-4.5 

Polyimide-Kevlar laminate 3.5-4.0 

Teflon-Kevlar laminate 2.2-2.5 

Epoxy-quartz laminate 3.5-4.0 

Polyimide-quartz laminate 3.1-3.4 

Glass fabric 4.5-5.5 

Kevlar fabric 4.1-4.4 

Quartz fabric 3.0-3.6 

Alumina ceramic substrates 8.5-9.5 



4 

As we see, when electronic packaging designers re

view supplier's data for PCBs, substrates and coatings data 

for the critical values of dielectric constant and dissipa

tion factor are not available at high frequencies. Hence, 

this has provided the impetus for studying the and D at 

high frequencies and temperatures for the two composites. 

For a fiberglass printed-circuit board the di

electric constant is approximately 4, and so the propagation 

speed is reduced by a factor of 2; in other words, signals 

travel through the conductors in the board at about 15 

cm/ns. Because a signal may have to go appreciably farther 

than 15 centimeters to get from one chip to another, 

propagation delays can exceed a nanosecond. In slower 

digital devices a delay of this magnitude is insignificant 

because the switching delays of the logic gates are tens or 

hundreds of nanoseconds. In a computer built out of devices 

that switch in a nanosecond, however, propagation delays 

clearly have a major influence on the overall speed of 

operations. It is for this reason that minimizing the value 

of the dielectric constant (*'r) and the conductor lengths 

are of critical importance in the design of the package. 

In addition it is very important to keep the value of the 

dissipation factor (D) low. The dissipation factor is a 

measure of the electrical loss characteristic of any 
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insulating material and is of great importance at high 

frequencies. 

1.2 Measurement Techniques 

Some of the most common methods currently used in 

measuring dielectric constant and dissipation factor are now 

briefly described and their applicability to common printed 

circuit board samples are analyzed. 

1.2.1 (ASTM) Method 

Nominally, these methods cover the determination of 

dielectric constant and dissipation factor .of specimens of 

solid electrical insulating materials when the standards 

used are lumped impedances. The frequency range that can be 

covered extends from less than 1 HZ to a megahertz [4]. 

In order to extend the rang& of frequency of this 

method to 1 GHZ the following important aspects of di

electric constant and dissipation factor measurements should 

be considered. 

1.2.1a General Measurement Considerations 

These methods are based upon placing a specimen of 

material in an electrode system with a vaccum capacitance 

that can be either calculated accurately or determined by a 

calibration in the absence of the solid material. The 

problem of determining the two capacitance values that are 
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required, directly or indirectly, to determine is best 

illustrated by reference to Figures 1.1 and 1.2 The figures 

show two parallel plate electrodes between which the unknown 

material is to be placed for measurement. In addition to 

the desired direct-interelectrode capacitance, Cv the 

system as seen at terminals a-a' includes the following: 

Cg = Fringing or edge capacitance 

C = Capacitance to ground of the outside 
^ face of each electrode 

CL = Capacitance between connecting leads 

C^g = Capacitance of the leads to ground 

CLe = Capacitance between the leads 
and the electrodes 

Only the desired capacitance, C , is independent of the 

outside environment, whereas all the others are dependent 

(to a degree) on the proximity of other objects. If one 

measuring electrode is grounded, as is often the case, all 

of the capacitances described (except the ground capaci

tance of the grounded electrode and its lead) are in 

parallel with the desired C . The lead capacitance can 

usually be made negligibly small. The edge capacitance, C , 

in air, can be calculated with reasonable accuracy, but in 

the presence of the dielectric the value changes. Empirical 

corrections have been derived for various conditions, based 
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Figure 1.1 - Flux lines between Electrodes 

CI. 

1 

Figure 1.2 - Stray capacitances. 
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on published work [5]. Before applying these corrections 

the general equation and relation of dielectric constant and 

capacitance must be outlined as: 

Dielectric constant, f - It is the ratio 
r 

of the equivalent parallel capacitance, Cp, 

of a given configuration of electrodes with 

a material as a dielectric to the capaci

tance, C , of the same configuration of 

electrodes with vacuum (or air) as the 

dielectric: 

£r " Cp/Cv 

And finally relating capacitance and dielectric 

constant of a given specimen to its physical geometry, we 

have capacitance in farads as follows: 

C = £r£cA/t (2) 

or dielectric constant as: 

£r = Ct/A£0 (2a) 

where: t = thickness of the specimen (m) 

2 A = effective area of the electrode (m ) 

= constant value of 8.85 X 10_1^(F/m) 

As is apparent from the previous description, 

measuring dielectric constant and dissipation factor 
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involves many complicated components. Nevertheless, as we 

will see later in this work, many of them can be overcome. 

Now, let us move into the next sections in order to briefly 

review the different methods of measuring dielectric 

constant and dissipation factor. 

1.2.2 Microwave Approach 

This is another method to determine an effective 

dielectric constant and dissipation factor of plastic-based 

microwave circuit substrates with £ in the approximate 

range from 2.3 to 2.7 [6]. 

This method is suitable for testing PTFE (polytetra-

-luoroethylene), glass-cloth or glass-fiber reinforced poly

styrene, and similar materials using a normal specimen 

thickness of 1/16 in. (1.6 mm) at a normal frequency of 9.6 

GHZ. And the dimensions of the board which this method is 

valid for, 2.0 by 2.7 in. (50 by 70 mm), is not large enough 

for printed circuit board geometries. 

Even though frequency range of- this method is very 

high, for the PCB use it is well above the maximum frequency 

for forecasted circuit applications (i.e., 1-2 GHZ). A 

brief review of this method for measuring £ and D is 

offered as supplement in Appendix A. The third alter

native for measuring the dielectric constant and dissipation 
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factor is a method developed by L. Hartshorn and W.H. Ward 

[7] which will be described in the next section. 

1.2.3 Micrometer Electrodes System 

This method describes apparatus devised for the 

measurement of the dielectric constant and dissipation 

factor of insulating materials over a wide range of radio 

frequencies. The range covered is from 10 KHZ to 100 MHZ. 

Both dielectric constant and dissipation factor may be 

obtained as the ratio of capacitance readings. 

The final working apparatus for this system allows a 

specimen in the form of a disc 5cm in diameter and 1 or 2 mm 

thick, to be placed between the copper electrodes. The 

distance between them is adjustable by means of a micro 

meter-head, which is rigidly mounted in a kind of inverted 

copper cup with a stout copper rim. Accordingly, the disc 

electrodes were made of this diameter. 

Although the sample dimensions of this method are 

consistent with PCB applications, this is a new, non

standard method requiring special instrumentation. Hence, 

this system was deemed unsuitable for our study. A brief 

review of this method for measuring e and D is also 

offered as supplement in Appendix B. 
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1.3 Study Feasibility of Extending the Standard 

ASTM Method to Higher Frequency and Temperature 

Having reviewed the above alternative measurement 

methods, the standard test methods for A-C loss character

istics and permittivity (dielectric constant) of solid 

electrical insulating materials (ASTM) have been selected 

for use for the high frequency and high temperature 

measurements. The frequency range that the above mentioned 

method covers is not more than 1 MHZ. However, in this work 

the intention is to examine the extendability of the range 

of the frequency to 1 GHZ and temperature to 200°c. 

According to ASTM method, fringing and stray 

capacitance, the source of error can be eliminated by 
* 

surrounding the ungrounded electrode by a shield. Further

more, the equations for calculating edge capacitance, are 

empirical, based on published work [5] (see Chapter Two). 

They are expressed in terms of picofarads per centimeter of 

perimeter and are thus independent of the shape of the 

electrodes, which make this approach suitable for PCB 

geometry measurements. 

When a guard ring is used, the possibility exists 

that the measured dielectric constant and dissipation factor 
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may be less than the true value. This is caused by 

spurious, additive resistances associated with the guard 

circuit. This may arise from high contact resistance, lead 

resistance, or from high resistance in the guard electrode 

itself. For these reasons the guarded electrode (three-

terminal) method, which is not always convenient or 

practical and which is limited to frequencies less than a 

megahertz, is not to be used. Techniques using two terminal 

intelligent instruments, which are designed primarily to 

give the highest possible accuracy, eliminates the errors 

caused by series inductance and resistance in the connecting 

leads at the higher frequencies. 

The objective of this research is to measure the 

dielectric constant and dissipation factor of two major 

printed circuit board composite materials (Teflon-glass and 

Epoxy-glass) as a function of frequency and temperature. In 

the following chapter we will focus our attention on the 

experimental procedures as well as measurement apparatus. 



CHAPTER TWO 

EXPERIMENTAL PROCEDURE 

This chapter discusses the procedure of measuring 

dielectric constant and dissipation factor of PCB com

posites. The composites studied here, as mentioned in 

Chapter One, are epoxy-glass and teflon-glass. The 

frequency and temperature ranges of 1 HZ - 1000 MHZ and 25°C 

- 260°C, respectively, are of particular interest. 

To date, measurements of the dielectric constant and 

dissipation factor of these PCB materials up to the 

microwave range have not been published. To measure and 

D at frequencies up to 1 GHZ the Hewlett-Packard model HP 

4192 A [8] and HP 4191 A [9] LF and RF Impendance analyzers, 

respectively, were selected and are described in the 

following sections of this chapter. The systems offer 

reliable and accurate measurements over the frequency range 

of concern. 

In the following sections of this chapter, the 

sample preparation and instrument set-up will be described 

in detail. At room and elevated temperatures, the di

electric constant and the dissipation factor of the 

13 
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composites will be measured in the following two range of 

frequencies: 

1. low frequency range 5 HZ-13 MHZ 

2. Radio Frequency range (1-1000)MHZ 

2.1 Sample Preparation 

The purpose of this section is to describe the 

printed circuit board samples and the preparation techniques 

for dielectric property measurements. Theoretically any 

plastic can serve as the base for a printed circuit board; 

however, certain materials are more useful and have been 

standardized by National Electrical Manufacturers Associa

tion (NEMA) (ASTM standards are identical) and the Federal 

Government [5]. The best way to ensure a quality board is, 

of course, to have them made by a manufacturer who is 

approved under BS 9760 system and who also has The American 

Underwriters Laboratory approval. 

To meet these requirements, parallel plate capaci

tance test structures on single-layer, double-sided printed 

circuit boards (Figure 2.1) were designed and fabricated for 

the dielectric and dissipation measurements without guard 

ring excitation. The structures were made by Boeing 

Electronics Company, Seattle, Washington, per ASTM 

standards. The materials-of-construction consist of copper 

conductor electrodes because of their low electrical 
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1.000 DIA 0.030 TYP 1.060 OIA 

Figure 2.1 - The test structures fabricated at Boeing. 
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resistivity (1.6 micro-ohm-cm), low cost, and solderability, 

and either an Epoxy-glass or Teflon-glass dielectric. The 

copper electrodes patterns were delineated through photo

lithographic techniques. The thickness of the processed 

2 copper foil is 0.0014 inch (1 ounce/feet ). 

The major factor that limits the use of particular 

insulating medium in PCB composites is its dielectric 

constant. The alone, however, is not the sole criterion 

for selecting a material - even for high-speed applications. 

Other factors must also be taken into account. Many 

low-dielectric plastics have questionable insulation 

resistance, moisture obsorption, mechanical strength, and 

handling and processing qualities, which make them poor 

choices in many applications. The logical approach is to 

choose as low-dielectric a material that will satisfy all 

othe,; requirements. Epoxy-glass dielectrics possess 

excellent electrical and physical properties compared to 

other composites, which often renders them the sole 

candidates for many high electrical-stress insulation 

applications. These properties are fairly stable under a 

variety of environmental stress conditions, such as 

temperatures up to 300°F and relative humidities of 95 to 

100 percent. Dielectric constants and dissipation factors 

for epoxies are low, ranging from about 3 to 6 and 0.009 to 
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0.03, respectively, at room temperature and 60 to 1000 HZ. 

The other PCB candidate is Teflon-glass, which has compara

ble outstanding properties to Epoxy-glass. They can be 

listed as: 

1. High Thermal stability; continuous-service 

temperature of 400 to 500°F. 

2. Excellent electrical insulating and dielectric 

properties up to 400 to 500°F. 

3. High inertness to chemical and solvents. 

4. Extremely high degree of purity; almost no side 

reactions, by-products or contaminants. 

5. Lowest coefficient of friction of any solid 

material. 

6. The dielectric constant of Teflon is 2.2 to 3.2 

at 20°C and 1 MHZ, and the lowest among the PCB 

composites. Teflon-glass also exhibits one of 

the lowest dielectric power loss over the same 

temperature and frequency ranges. Dissipation 

factors range from 0.001 to 0.0001. For more 

information and data on the properties of the 

two materials, one should refer to references 

[10 and 11]. 
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The samples are prepared for the measurements in the 

low and high frequency as: 

1. To prepare samples for measurements in the low 

frequency range using the HP 4192 A, modifications were made 

in order to minimize the effect of stray capacitances and 

inductances (See Chapter One). It is necessary to use a 

non-conductive clip in order to make contact with the (50 

ohm) coaxial cables of the test fixture at the edge of the 

sample electrodes. This required also cutting a fine notch 

through the guard ring without damaging or distorting the 

copper electrodes of the samples. Figure 2,2 shows a 

modified sample to be used in measurements. 

It was found wise to be very careful to have the 

edge of the samples smooth and perpendicular to the plane of 

the sheet and should also be as flat and uniform in thick

ness as possible, and free of voids, inclusions of foreign 

matter, wrinkles, and other defects. 

2. For measurments in the radio frequency range 

using HP 4191 A, the samples were modified in accordance* 

with instrument and ASTM requirements. 

In order to use HP 4191 A in the frequency range 1 

MHZ to 1000 MHZ, the coaxial test fixture must be employed. 
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Figure 2.2 The test structure after notch cut . 

10.0 mm 

Figure 2.3 Test structure for RF measurements 
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To mount the sample in the test fixture the sample dimen

sions must be greatly reduced. Thus, the Boeing samples 

were cut and filed into discs of 10 mm diameter, consistent 

with the factors governing the fine notch cut. Figure 2.3 

shows a drawing of the discs were then cleaned to remove 

smeared copper particles at the edges accordingly: 

( 1 )  H C L  s o a k  f o r  3 0  m i n u t e s  

(2) DI water rinse for 10 minutes 

(3) N2 blow until dry 

The samples were then dried at room temperature for 

24 hours before taking measurements in the high frequency 

range. The corresponding empirical correction equations of 

stray capacitances for the types of the test samples just 

described, to be used in this research are given in Table 

2 . 1 .  
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2.1 Calculations of vacuum and Edge capacitances . 

Type of Electrode correction for stray 
field at an edge ,Pf 

1)Disk electrodes without 

gurd-ring: 

Diameter of the electorede= 

diameter of the specimen: 

Ce=(0.0087-0.00257 lnt)P 

where:a «t 

v////////////Ĵ \ 
I*—d—>1 T 

2)Unequal electrodes: Ce=(0.0041 K-0.00252 1 nt 

+0.0068)P 

where: K= an approximate 

— i- ^ value of the specimen 

t permittivity and 

?r 
a <<t 

(dimensions 1n mil 1imeters) 
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2.1.1 Geometry of Specimens 

Geometry of specimens is one of the important 

aspects for determining the dielectric constant and 

dissipation factor of a material; sheet specimens are 

preferable. The source of the greatest uncertainty in 

dielectric constant is in the determination of the dimen

sions of the specimen, and particularly that of its 

thickness which should, therefore, be large enough to allow 

its measurement with the required accuracy. For 1% 

accuracy, a thickness of 1.5 mm (0.06 inch) is usually 

sufficient. 

2.1.2 Terminology 

At this time it is necessary to show the basic 

mathematical relations and terms which we have outlined 

earlier. Let us start by the following sequence: (1) 

capacitance - is the ratio of a quantity, Q, of electri

city to a potential difference, V. 

C = Q/V (F) (1) 

where 

Q = charge in coulombs and 

V = potential in volts 

(2) Dissipation factor (tan ' ) (loss tangent) - is the ratio 

of the loss index to its relative permittivity or: 

D = = - / ^ ( 2 ) 
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It is also the tangent of its loss angle, or the cotangent 

of its phase angle, q. 

D = tan ? - cot 6 = Xp/Rp 

=G/wCp = 1/w Cp Rp (3) 

where: 

G = equivalent a-c conductance, 

Xp = parallel reactance, 

Rp = equivalent a-c parallel resistance, 

Cp = parallel capacitance, and 

w = 2r (sinusoidal wave shape assumed). 

As will be given, the dissipation factor, D, of the 

capacitor is the same for both series and parallel represen

tations as follows: 

D = wRsCs = 1/wRp Cp (4) 

The relationships between series and parallel components are, 

as follows: 

Cp = Cs/(1 + D2) (5) 

Rp/Rs = (1 + D2)/D2 = 1 + (1/D2) = 1 + Q2 (6) 

while the parallel representation of an insulating material 

having a dielectric loss (Figure 2.4) is usually the proper 

representation, it is always possible and occasionally 

desirable to represent a capacitor at a single frequency by 

a capacitance, Cs, in series with a resistor, Rs, as shown 

in Figure 2.5. 
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Rp = 1/G 

WW— 

Figure 2.4 - Parallel circuit 

Cs Rs 

•j H—m-

Figure 2.5 - Series circuit. 
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Loss angle (phase defect angle),f, which is the 

angle whose tangent is the dissipation factor, is also the 

difference between 90° and the phase angle. Phase angle,Qj 

which is the angle whose cotangent is the dissipation 

factor, is also the angular difference in the phase between 

the sinusoidal alternating voltage applied to a dielectric 

and component of the resulting current having the same 

frequency as the voltage. 

The relation of phase angle and loss angle is shown 

in Figures 2.6 and 2.7. 

2.2 Measurements 

This section describes two techniques for measuring 

and D of Teflon-glass and Epoxy-glass composites. The 

auto balance bridge circuit employed in the 4 192 A [8] 

permits the vector-voltage-current ratio measurement method. 

And the automated transmission-line reflection measurement 

of the HP 4191 A [9] is suitable for laboratory use and has 

been successfully used in the frequency range up to 1000 

MHZ . 

2.2.1 LF Impedance Analyzer 

The LF 4192 A, shown in Figure 2.8, is employed for 

the measurements in the frequency range 5 HZ to 13 MHZ. The 

parasitic contributions from the cables, experimental 



r ~ 3  

I 

V V 

Figure 2.6 - Vector diagram for 

parallel circuit. 

1/  c s  

Figure 2. 7  - Vector diagram for 

series circuit. 
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apparatus, etc. were nullified through zero open (parallel 

mode) and zero short (series mode) testing prior to each 

frequency measurement. The capacitance values obtained were 

corrected for fringing effects through the equations given 

in Chapter One. 

The HP 4192 A Impendance analyzer is fully automa

tic, high performance test instrument designed to measure a 

wide range of impedance Parameters as well as gain, phase, 

and group delay. The two measurement display sections, 

Display A and B, provide direct read put of the selected 

measurement parameters which in this case will be capaci

tance and dissipation factor, with 4% digit resolution along 

with the appropriate units. 

The 4192 A employs certain functions which make the 

best use of the intelligence capability of its micropro

cessor. This microprocessor - based design of the hardware 

makes operation simple, yet improves performance to realize 

the accurate measuring capabilities. The zero offset 

adjustment function measures the residual impedance and 

stray admittance inherent to the test fixture used, and 

offsets the effects of these parasitic parameters to zero 

with respect to the measured values. Zero offset can be 

performed for one spot frequency only. If the spot 

frequency is changed, zero offset must be performed again. 
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Figure 2.8 - HP model 4192 A LF Impedance analyzer 

HP 16047C 

Figure 2. 9  - High frequency test fixture. 
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Zero offset should be performed at two different cases: (1) 

open mode, when the test fixture or test leads a terminated 

and (2) short mode, when the test fixture or test leads are 

shortened. Figure 2.9 shows the test fixture employed in 

this frequency measurement. 

2.2.2 RF Impedance Analyzer 

The RF 4191 A is employed for the measurements in 

the frequency range 1 MHZ to 1000 MHZ. 

The HP Model 4191 A RF Impedance Analyzer, shown in 

Figure 2.10, is a fully automatic, high performance test 

instrument designed to measure diverse impedance parameter 

values of electronic devices and materials at extended 

frequencies ranging from MF to the UHF region. The 4191 A 

can make reflection parameter measurements (absolute value 

|T| with phase angle e, real Tx and imaginary part Ty) of 

the sample which is terminated at a single 50-- test port. 

These multiple measurement parameters of the 4 191 A enable 

straight forward measurement of the desired parameter values 

obviating the necessity of complex parameter conversion 

calculations which are usually time-consuming processes in 

RF vector measurements. 



Figure 2.10 - HP model 4191 A RF Impedance analyzer. 

v '  >  i 
- IV". : £ k  '  - J  If • •'!" ?,;! 

•ft 

on OS 50ft 

Figure 2. 1 1  The Three reference -termina
tions. 
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To optimize measurements, automatic calibration data 

for the entire test frequency range must be stored into the 

4191 A before beginning measurements. Through the calibra

tion routine, trial measurements with definitive reference 

terminations shown in Figure 2.11 ( 0--- 0s and 50 ;-) are 

made to calculate the correction factors based on measure

ment deviation results from the reference values. 

Thus, the RF 4191 A should be calibrated against 

three known terminations; the first is a transmission line 

with a short end. To realize this, the 0 -Q. termination is 

mounted on the APC7 unknown connector. The reflection 

coefficient T for the shorted end is (-1,0). The second is 

a transmission line with open end. The reflection coeffi

cient for the open end is (1, 0). The third is a trans

mission line terminated by a 50-T-load. The reflection 

coefficent for the 50 su termination is (0, 0). Figure 2.12 

displays the locations of the reflection coefficients in the 

Smith chart for the three terminations. 

The magnitude and phase angle of the reflection 

coefficient are converted to digital form in the 4191 A 

Impedance analyzer. The above discussion emphasizes that 



Figure 2.12 Reference termination vectors 
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the 4 191 A measurement accuracy substantially depends on the 

accuracies of the standard terminations used. 

Since a coaxial fixture must be used, the device to 

be measured will be inserted into the fixture chamber shown 

in Figure 2.13. The correction value for fringing and stray 

capacitance of this test fixture is 0.082 PF [9]. 

2.3 High Temperature Measurements 

High temperature measurements of <? and D were also 

performed on samples used in the room temperature low 

frequency experiments. The RF Impendance Analyzer could not 

be used for elevated temperature measurements because the 

samples are connected directly to the instrument, and 

therefore could not be thermally decoupled. 

A Blue M free convection oven was used to heat the 

test structures for elevated temperature studies. The upper 

80% of the oven the temperature could be controlled to 

within ± 1 degree°C. Measurements were made at least 30 

minutes after constant temperature was attained inside the 

oven as monitored with 51 k/g liquid digital thermometer. 

The results of the aforementioned experiments will 

be given in the next chapter. 



Ratchet Stop 
(hp P/N: 16091-60011) 

Coaxial Fixture 
( 7 mm inner diameter: 

hp P/N 04191-85302) 
(10 mm inner diamerer: 

hp P/N 16091-60012) 

Terminal Spring 
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Figure 2.13 Coaxial Fixture set. 



CHAPTER THREE 

EXPERIMENTAL RESULTS 

In this chapter the results from the dielectric 

constant and Dissipation factor measurements as a function 

of frequency, temperature and dielectric thickness are 

given. 

3.1 Frequency Dependence 

Before showing the results of dielectric properties 

of the composites, optical micrographs of cross-sections 

of the Teflon-

glass and Epoxy-glass are shown in Figures 3.1 and 3.2, 

respectively. The continuous layers of two materials 

are quite clear, i.e.,the solid resin and interconnected 

glass fiber layers, respectively. 

3.1.1 Low Frequency Measurements 

In this series of experiments the HP 4192 A was 

employed to measure c- r and D in the frequency range 100 HZ 

to 13 MHZ at room temperature. 

Figure 3.3 displays the variation in dielectric 

constant of Teflon-glass with frequency. Each point in the 

figure represents the mean of measurements from at least 

three different sample structures. As in all appropriate 

succeeding plots, only some representative frequencies are 
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( A )  

Figure 3. 1 Optical micrographs of Teflon 
glass composite at 4X (A) and 
500X (B) magnification. 



(A)  

X—4 

( B )  

Optical micrographs of Epoxy-
glass composite at 4X (A) and 
500X (B) magnification. 
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shown for the sake of clarity. The data indicates a steady, 

though slight decrease in with increasing frequency, i.e. 

from 2.97 at 50 HZ to 2.90 at 10 MHZ. 

The dielectric constant variation of Epoxy-glass as 

a function of frequency is shown in Figure 3.4. Similar 

behavior is observed in that •= decreases from 5.82 at 100 

HZ to 5.39 at 10 MHZ. 

The corresponding variation of dissipation factor 

with frequency at room temperature for the same sample 

structures of Teflon-glass and Epoxy-glass are shown in 

Figures 3.5 and 3.6 For Teflon-glass (Figure 3.5) the data 

indicates that dissipation factor is virtually constant 

within this frequency range; whereas the dissipation factor 

of Epoxy-glass (Figure 3.6) at room temperature increases as 

the frequency increases, i.e., from 0.0086.at 10 KHZ to 

0.0199 at 10 MHZ. 

3.1.2 High Frequency Measurements 

In this series of experiments the HP 4191 A was 

employed to measure :? and D in the frequency range 1 MHZ to 

1 HZ at room temperature. 

Figure 3.7 shows the variation in dielectric 

constant of Teflon-glass as a function of frequency. Each 

point in the plot represents the mean of measurements from a 
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minimum of four different sample structures. The data 

indicates only a slight change in the £ with frequency, 

i.e., an increase from 2.75 at 1 MHZ to 2.84 at 1 GHZ. 

Figure 3.8 displays the € of Epoxy-glass as a 

function of frequency. Unlike in the case of Teflon-

glass,.;: remained at a relatively constant value of 5.41 

over the entire frequency range of 1 MHZ to 1 GHZ. 

The variation is dissipation factor of Teflon-glass 

as measured in the frequency range 1 MHZ to 1 GHZ at room 

temperature is shown in Figure 3.9. Measurements from at 

least four different sample structures are represented at 

each point of the plot. D is virtually constant (0.000) up 

to 200 MHZ and then increases with increasing frequency to 

0.004 at 1 GHZ. In the case of Epoxy-glass Figure 3.10 

shows the corresponding D variation as a function of 

frequency. Similarly, D remained at a constant value (0.014) 

up to 100 MHZ and then increases with frequency to 0.0368 at 

1 GHZ . 

3.2 Temperature Dependence 

In this phase of the study the temperature depen

dence of j£F and D for the board materials in the frequency 

range 10 HZ to 10 MHZ were measured. 
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Figure 3.11 shows the variation in 6 of Teflon-r r 

glass as a function of temperature. Each point in the 

figure represents the mean of measurements of two different 

sample structures. For seven different temperature levels 

(40, 60, 100, 140, 180, 220, and 250°C), measurements were 

made at 29 seperate frequencies ranging from 80 HZ to 13 

MHZ. For clarity, only four representative frequencies are 

shown. At 100 HZ, as the temperature is raised, £ remains 

relatively constant, whereas for 100 KHZ and 1 MHZ the slope 

is slightly negative. For example, at 1 MHZ edeceases 

from 2.98 at 40°C to 2.61 at 250°C. A contrasting behavior 

is observed in the temperature dependence of for 

Teflon-glass at 10 MHZ, since t increases from 3 at 180°C 

to 3.68 at 250°C. The variation of with temperature for 

Epoxy-glass is shown in Figure 3.12. It can be seen that 

increases moderately as the temperature is raised from 40° 

to 160°C. For example, at 10 MHZ €• increases from 5.68 at 

40°C to 6.17 at 160°C. Further increase of temperature 

causes a rapid increase in - as well as discoloration of 

composite material. Since discoloration is an indication of 

the chemical breakdown of the dielectric, the measurements 

were not continued at higher temperatures. 

A contrasting behavior is also observed in the 

temperature dependence of D for the two materials. The 
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corresponding variation in dissipation factor of Epoxy-glass 

is shown in Figure 3.13. An inverse dependence on tempera

ture is exhibited up to 140°C. Above 140°C there is a rapid 

increase in D with increasing temperature. For example, at 

1 MHZ D decreases from 0.0160 at 40°C to 0.011 at 140°C; 

then D suddenly increases to 0.0259 at 160°C. Conversely, D 

of Teflon-glass, shown in Figure 3.14 varies slowly at 1 MHZ 

and 100 KHZ with temperature up to 220°C and then increases 

as the temperature increases. While the D at 10 MHZ varies 

slowly up to 160°C and then increases from 0.0021 at 160°C 

to 0.0161 at 250°C. 

3 . 3 Thickness Dependence 

Figure 3.15 shows the variation in dielectric 

constant of Teflon-glass at room temperature. Two samples of 

* 

different thickness were selected for measurement at low 

frequency (104-107 HZ) and high frequency (10^-10^ HZ). The 

data indicates an inverse relation between sample thickness 

and its dielectric constant, in both low and high frequency 

range. For example, sample (Thickness = 1.48 mm) exhibits a 

value of fr=2.59 at low frequency while sample (Thickness = 

155 mm) indicates a value of £^,=2.13 in the same range of 

frequency. More importantly, however, the figure also 

indicates a discernable difference in values as measured 
•r 

by both methods. 
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Figure 3.16 displays the corresponding plot of 

dissipation factor for the same sample thicknesses (1.48 and 

1.55 mm). As the plot indicates the sample thickness does 

not effect the variation of dissipation factor with 

frequency. However, D for the two samples at low frequency 

up to 200 MHZ is essentially zero, but at higher frequencies 

D increases as the frequency increases up to 0.0085 at 1 

GHZ . 

3.4 Comparison 

As already shown, in Figures 3.3 through 3.10, the 

variation in room temperature dielectric constant and 

Dissipation factor of Epoxy-glass and Teflon-glass as a 

function of frequency in the low and high frequency range 

have been measured with the two different instruments. 

Finally, in this section we will compare these variations 

determined at low and high frequency range for the same 

samples with the different instruments plotted on the same 

figures. Each point in the figure represents the mean of 

measurements from at least two different sample structures. 

The HP 4 192 A and HP 4191 A were low and high frequency 

range measurements, respectively. The HP 4262 A Digital LCR 

meter and spring clip fixture were also selectively employed 

as a further check. 
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Figures 3.17 and 3.18 show the variations in 

dielectric constant of Teflon-glass and Epoxy-glass at room 

temperatures in the low and high frequency ranges. At low 

frequency, <• for Teflon-glass remains constant, i.e., 2.19 

as measured by the LF impedance analyzer (120 HZ - 10 MHZ) 

and 2.17 as measured by the LCR meter (frequency range 120 

HZ - 10 KHZ). At high frequency range, 1 MHZ - 1 GHZ, using 

coaxial fixture the value of 2.82 is obtained. In the case 

of Epoxy-glass Figure 3.18 displays the variation in at 

room temperature as a function of frequency. Again, ̂  ̂ 

exhibits an inverse dependence on each set of frequency 

measurements. In low frequency range r- decreases from 4.98 

at 1 KHZ to 4.58 at 10 MHZ. Data of LCR Meter at low 

frequency shows the same slope, ̂  of 4.95 at 1 KHZ and 4.85 

at 10 KHZ. In high frequency range 6r drops with the same 

slope from 5.17 at 1 MHZ to 4.88 at 1 GHZ. 

Figures 3.19 and 3.20 display the variation in 

dissipation factor of Teflon-glass and Epoxy-glass at room 

temperature. D of Teflon-glass (Figure 3.19) is virtually 

constant up to 100 MHZ and then increases to 0.01 at 800 

MHZ. Conversely, D of Epoxy-glass (Figure 3.20) exhibits a 

positive dependence on frequency, where at low frequency D 

of 0.0105 at 10 KHZ increases to 0.0199 at 10 MHZ. At high 

frequency the overlap of both fixtures, spring clip and 
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coaxial, is observed. The value of D increases slightly up 

to 100 MHZ and then increases to 0.0379 at 1 GHZ. The 

differences in 6^ and D values observed between the low and 

high frequency methods will be discussed in detail in the 

next chapter. 



CHAPTER FOUR 

DISCUSSION OF RESULTS 

Experimental Results related to (1) low and high 

frequency dependence of < and D of Teflon-glass and 

Epoxy-glass at room temperature, (2) temperature dependence 

of • and D of the composites in the low frequency range and 

(3) thickness dependence of ? and D of Teflon-glass at low 

and high frequency are discussed sequentially in the 

following sections, preceded by a general introduction to 

the dielectric properties of printed circuit board 

materials. 

4.1 Dielectric Properties 

The dielectric properties of materials are of great 

importance in the electronic field. The properties of most 

concern in this study are the dielectric constant and 

dissipation factor. The principal characteristics, 

definitions and equations for dielectric constant and 

dissipation factor have been given in Chapter Two. In this 

section, however, the aspects which determine the dependence 

of and D on the frequency and temperature of composites 

are briefly summarized. 
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4.1.1 Polarization Processes 

The reaction of a dielectric material to an electric 

field is different than that of free space because the 

dielectric contains charge carriers that can be displaced, 

leading to polarization effects. The polarization of the 

surrounding material can have a large effect on the field 

acting on a particular molecule. There are four possible 

types of polarization in a dielectric material. First, 

electron polarization is caused by the shift of the center 

of the negative electron cloud of each atom from its 

positive nucleus. Second, ionic polarization arises from 

the displacement of positive and negative ions in relation 

to one another. Third, orientation polarization is present 

in the case of materials which have assymetric molecules 

whose permanent dipole moments can be aligned by the 

electric field; and the fourth is space charge polarization 

which is due to the accumulation of charges at phase 

interfaces in composites. The total polarizability of the 

dielectric is the sum of these polarization sources [12]. 

The materials properties, moreover, are characterized by the 

presence of these polarizations, one or more of which are 

always present at a given frequency and temperature. 
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The dependence of the dielectric constant on 

frequency in an alternating electric field depends on the 

flexibility with which the dipoles can adjust with each 

reversal of the field. The time required to achieve this 

adjustment (i.e., attains equilibrium orientation) is called 

the relaxation time, and its reciprocal is called the 

relaxation frequency. When the frequency of the applied 

field exceeds that of the relaxation frequency of a 

particular polarization process, the dipoles cannot reorient 

rapidly and the process will therefore be terminated. The 

relaxation frequencies of the polarization processes are 

different from each other; thus, it is possible to determine 

their contributions to dielectric constant and dissipation 

factor experimentally as shown in Figure 4.1 [12, 13]. 

The dissipation factor which occurs in dielectrics 

is a useful indication of the energy loss as heat. Figure 

4.1 shows its variation with frequency and the resultant 

peak that occurs when the frequency of an applied field is 

the same as the relaxation frequency of a particular type of 

polarization process. The magnitude of the dissipation 

factor will be at its maximum at these resonant frequencies. 

When the relaxation frequency is large compared to the 

frequency of the applied field, the losses are small. 

Similarly, when the relaxation frequency is small compared 
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to the frequency of the applied field, losses are also 

small. 

In general, temperature has a two-fold effect 

on the dielectric materials namely, it (1) increases 

the relaxation frequencies and (2) it changes the magnitude 

of the polarization contribution. As the temperature 

rises the orientation polarization contributions in the 

resin and glass diminish due to disorientation of the 

dipoles. This, in turn, leads to a reduction in dielectric 

constant. At higher temperatures, ionic polari.zation 

in the glass is also affected because the binding force 

between the ions or atoms is weakened. This factor would 

in turn yield a positive temperature coefficient for 

the dielectric constant with increasing temperature at 

a given frequency. Little has been reported on the tempera

ture dependence of the space charge process in composites 

of the type under investigation. 

Energy losses in dielectric materials result 

from three primary processes: 

1. Ion migration losses 

(a) D-C conductivity losses 

(b) Ion Jump and dipole relaxation losses 

2. Ion vibration and deformation losses 

3. Electron polarization losses 
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The ion vibration and deformation losses become important in 

the infrared but are not a major concern for frequencies 

below about 10 GHZ. By far the major factor affecting the 

use of dielectric materials are the ion migration losses 

which tend to increase at low frequencies and as the 

temperature is raised. The maximum dissipation factor 

results whenever the frequency of the applied field is the 

same as the relaxation frequency, that is, when resonance 

occurs [14]. 

4.1.2 Composites 

The printed circuit boards used in this study (i.e., 

Epoxy-glass and Teflon-glass) can be considered as com

posites. They are made by impregnating rolls of woven glass 

cloth with a polymer on resin. The percentage of resin in 

the cloth is carefully controlled. Then the layers are 

stacked between sheets of copper foil and pressed in a large 

hydraulic press [15]. The existence of a continuous 

lamellar structure typical of such boards has been observed 

in the samples used in this study, as shown in Figures 3.1 

and 3.2. To simplify the discussion, it will be assumed 

that the boards consist only of the two primary phases, the 

resin and glass (which are sandwiched between the copper). 

It is also assumed that both phases are isotropic; albeit, 
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it should be remembered, that even if the phases are 

isotropic in a particular property, the composite may be 

anisotropic in structure. Therefore, with the composite, the 

property may vary as a function of direction. Further, it 

is assumed that the composite is statistically homogeneous, 

i.e. if small elements of the material are taken, then these 

will be representative of the same physical properties as 

the entire sample. 

The physical behavior of a composite can be 

predicted with an exactitude which depends on the precision 

with which phase geometry can be specified. In a funda

mentally important paper [16], Brown showed that the 

dielectric constant of a composite must depend not only on 

the dielectric constants of the two phases and their volume 

fractions but also on the composite geometry. 

The important expression for the dielectric constant 

of structures corresponding to the two-phase printed circuit 

board composites (i.e., serial layers of resin and glass 

between copper electrodes) is: 

- r 6r1 5r2 

where ^ and are the volume fractions of each phase, 

which are equal to the relative layer thicknesses. 
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4.2 Frequency Dependence 

The effect of frequency on the dielectric constant 

of Teflon-glass and Epoxy-glass is shown in Figures 3.3 and 

3.4, which display the low frequency data. As discussed 

earlier, electronic and ionic polarization should not be 

effected at this low frequency. The relatively invariant 

value of 2.90 measured for Teflon-glass also indicates 

negligible decay of the space charge or orientation 

polarizations, whereas the slight decrease in of Epoxy-glass 

from 5.80 to 5.40 over the same frequency range suggests 

decay in at least the space charge polarization process. 

A similar explanation can be given for the effect of 

frequency on^r in the high range as shown in Figures 3.7, 

3.8, 3.18 and 3.19. Again a relatively constant value for 

Teflon-glass is measured in conjunction with a small 

decrease in ̂  for Epcxy-glass. 

Although the dissipation factor for Teflon-glass in 

bcth the low and high frequency ranges (Figures 3.5 and 3.9, 

respectively) fluctuates, there is no indication of maxima 

that are associated with the complete decay of the space 

charge or orientation polarization contribution. Hence the 

resonant frequency for either process has not been exceeded. 

Significant increase in the dissipation factor of Epoxy-

glass as a function of frequency (Figures 3.6 and 3.10), 
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however, suggests that the resonant frequency of one 

of the polarization processes is being approached. Figure 

3.10 when rationalized to Figure 4.1 suggests that it 

is the orientation polarization process. 

4.3 Temperature Dependence of the Composites 

Temperature dependence of dielectric constant 

and dissipation factor of the composites have been shown 

in Figures 3.11 to 3.14. The variation in dielectric 

constant of Teflon-glass as a function of temperature 

as shown in Figure 3.11 indicates that at low frequencies 

(i.e., 1 MHZ, 100 KHZ, 100 HZ) £ decreases as the tempera

ture is raised, i.e., for 1 MHZ, f decreases from 3 

at 40°C to 2.6 at 180°C. Whereas for higher frequency 

of 10 MHZ, £ decreases at low temperature, passes through 

a minimum at 180°C, and then increases. Disorientation 

of dipoles decreases £ at temperatures up to 180°C, 

and then as the temperature further increases £ begins 

to increase due to the dominance of the ionic polarization 

effect. Conversely, £r of Epoxy-glass exhibits a slight 

positive dependence on temperature up to 100°C suggesting 

a greater influence of ionic polarization at lower tempera

tures . 
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The variation in dissipation factor of Teflon-glass 

in all the measured frequencies (Figure 3.14) is constant 

up to 180°C and then increases as the temperature increases 

to 250°C. The slope of the temperature dependence of 

D for Epoxy-glass (Figure 3.13) is negative up to 130°C 

and as the temperature increases to 160°C then changes 

to positive. A detailed explanation of the contrasting 

behavior observed is not possible, however, due to the 

lack of developed theory and reported data in this area. 

4 . 4 Thickness Dependence of £. r 
and D of Teflon-glass 

In this section the thickness dependence of 

and D of Teflon-glass at low and high frequency will 

be discussed. 

As it was shown in Section 4.1.2, printed circuit . 

boards are mixtures of two materials in which the effective 

dielectric constant depends on the properties of the 

constituent phases, their volume fractions and the composite 

geometry. Teflon-glasses at two different thickness 

were examined in the low and high frequency ranges as 

shown in Figure 3.15. The observed difference with such 

a slight variation in the thickness (i.e., 1.48 and 1.55mm) 

is probably due to the variations in the relative thickness 

of Teflon-glass layers between the two samples. Conversely, 
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the corresponding dissipation factor of the samples over 

the same frequencies yields a relatively constant value 

and indicates that it is independent of sample thickness. 

4.5 Measurement Discrepancy 

The measurements in this investigation were based 

on the (ASTM) method extended to higher frequency and 

temperature. The frequency dependence of f and D of 

various printed circuit board materials up to 1 MHZ can 

typically be found in the literature (1). However, in 

this study, measurements of €r and D have been extended 

up to 1 GHZ for Epoxy-glass and Teflon-glass. 

The HP 4192 A and HP 4191 A impedance analyzers 

were employed for making the measurement in low frequency 

and high frequency range of 10 HZ - 10 MHZ and 1 MHZ 

- 1 GHZ respectively. Figure 3.17 indicates that there 

is a discrepancy of 27% in measuring the dielectric constant 

of Teflon-glass at the same frequency using these two 

instruments. Similarly in Figure 3.18 the discrepancy 

of almost 11% in measuring dielectric constant of Epoxy-

glass is indicated. Conversely, in the case of dissipation-

factor measurements of these composites the discrepancy 

of the two employed instruments is minimal as seen in 

Figures 3.19 and 3.20, where all the values of D at the 
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same frequency using the instruments fall on the same 

curves. The basic discrepancy in dielectric constant 

values associated with the two measuring instruments 

could be due to a combination of factors, principle of 

which are: 

(1) the errors associated with the resolution, 

sensitivity and calibration of each instrument and 

(2) the errors arising from sample preparation. 

The measurement resolution and accuracy of each 

instrument depends on the measuring frequency and the 

necessary calibrations which are performed under automatic 

settings of both the instruments. The basic accuracy 

for each instrument is about 1 to 3%. This would, however, 

only account for a small fraction of the error associated 

with the measurements. The remainder or majority of 

the error in each instance must be attributable (in large 

part) to sample preparation. For example, cleaning of 

the 10mm discs after cutting and filing (per section) 

typically resulted in an 8% reduction in dielectric constant 

values due to removal of smeared copper particles at 

at the edges. Further cleaning might lead to further 

(albeit slight) reductions. More importantly, however, 

it can be seen from Figure 3.1 and Eq. 4.1, that cutting 

smaller discs from the 1 inch diameter sample could easily 
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provide samples of varying resin-to-glass thickness due to 

the non-uniformity of the two layers. This could account 

for much of the observed error. 

Lastly, the experimental data of this investigation 

indicate that both Epoxy-glass and Teflon-glass are suitable 

for printed circuit board use. However, the results suggest 

that Teflon-glass would be the preferred substrate for high 

speed integrated circuit packaging applications because of 

its lower dielectric constant and dissipation factor. 



CHAPTER FIVE 

CONCLUSION 

Dielectric constant and dissipation factor of 

Teflon-glass and Epoxy-glass were measured as a function of 

frequency, temperature and sample thicknesses. Results 

showed that the (ASTM) method measurements of solid 

dielectric materials could be extended to higher frequency 

and temperature. 

The relatively constant value of 2.90 and 2.80 was 

measured for the dielectric constant of Teflon-glass in the 

low and high frequency ranges, respectively. A constant 

dissipation factor of virtually 0.000 was measured up to 200 

MHZ and then it increased to 0.01 as the frequency increased 

to 1 GHZ. 

The dielectric constant of Epoxy-glass, on the other 

hand, decreases as the frequency increases, for example, 

from 5.0 at 1 KHZ decreases to 4.60 at 10 MHZ in the low 

frequency range and from 5.70 and 10 MHZ to 4.89 at 1 GHZ. 

The dissipation factor, however, exhibits a positive 

dependence on frequency. The lowest value of 0.01 was 

measured at 10 KH-Z and the highest of 0.04 at 1 GHZ. 
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The discrepancy in measurement of the dielectric 

constant of the composites encountered between the low a.nd 

high frequency techniques can be attributed in large part to 

errors associated with (1) the resolution, sensitivity and 

calibration of the instruments, and (2) sample preparation. 

The effect of temperature on dielectric constant and 

dissipation factor of the composites vary with frequency. 

For example, dielectric constant of Teflon-glass at 100 HZ 

remains relatively constant as the temperature is raised, 

where as for 100 KHZ and 1 MHZ the slope is slightly 

negative. The variations of ̂  with temperature for 

Epoxy-glass increases moderately as the temperature is 

raised from 24°C to 160°C. For example, at 1 MHZ, £ 

increases from 4.92 at 40°C to 5.95 at 160°C. The effect of 

temperature on dissipation factor of Teflon-glass varies 

slowly up to 160°C and then increases with temperature 

increase. For example, the D at 10 MHZ increases from 

0.0021 at 160°C to 0.0161 at 250°C. The variations in D of 

Epoxy-glass showed an inverse dependence on temperature up 

to 140°C and then increases rapidly with temperature 

increase. For example, at 1 MHZ D decreases from 0.0160 at 

40°C to 0.011 at 140°C; then D increases to 0.0259 at 160°C. 
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The variations in dielectric properties for both 

composites could be explained within the context of 

polarization effects. 

Also a relatively constant value of dielectric 

constant was measured for two samples of different thick

nesses of Teflon-glass. For example, £ of 2.59 for sample 

thickness of 1.48mm and 2.13 for sample thickness of 1.55mm, 

respectively, were measured. The dissipation factor of the 

two different thicknesses is essentially independent of 

frequency. 

The results of this investigation show that there is 

a clear need for more work and research on the dielectric 

properties of the composite materials, including, (1) high 

frequency dielectric properties of composites at high 

temperature, (2) effect of swelling and shrinkage of a 

composite material which may arise not only as a result of 

changes in temperature but also from other causes, and (3) 

effect of the phase dimensions and structural periodicity of 

the composite which, in general, becomes more important as 

the dimensions are decreased. 



APPENDIX A 

MICROWAVE APPROACH 

This method covers the determination of an effective 

permittivity (dielectric constant) and dissipation factor of 

plastic-based microwave circuit substrates with permittivi

ties in the approximate range from 2.3 to 2.7. 

The method is suitable for testing PTFE glass-cloth 

or glass fiber reinforced polystyrene.. The nominal sample 

thickness of 1/16 inch (1.6mm) at a nominal frequency of 9.6 

HZ. 

Summary of Method 

Substrate specimens, with copper removed, become the 

supporting dielectric spacers of a microwave stipline 

resonator when properly positioned and clamped in the text 

fixture. The measured values of resonant frequency of the 

stripline resonator and the half power frequencies are used 

to calculate dielectric constant and dissipation factor of 

the test specimen. The test specimen consists of one or 

more pairs of test cards. 
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Significance 

Dielectric constant and dissipation factor are 

fundamental design parameters for microwave circuitry. 

Dielectric constant plays a principal role in determining 

the wave length and impedance of striplines. Dissipation 

factor (along with copper losses) determines attenuation and 

power losses. 

Apparatus 

Appendix A, Figure A.1 shows the stripline resonator 

circuit, etched from one side of a thin PTFE/glass-cloth 

laminate clad with 1 oz copper on two sides using a 

photoresist and etching process capable of reproducing 

circuit dimentions with (0.01-mm) tolerance. All copper 

shall be removed from the other side of the laminate. 

Appendix A, Figures A.2 and A.3 show the drawing of 

test fixture used for making the measurements. 
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APPENDIX B 

MICROMETER-ELECTRODE 

The dielectric constant and dissipation factor of 

insulating materials over a wide range of radio frequency 

can be measured using this method. 

The method is that of capacitance-variation in a 

tuned circuit, with a thermionic voltmeter as a detector of 

a resonance. The adjustments are made by means of two 

micrometer condensers, one being a plate condenser in which 

the sample is inserted, and the other a cylindrical 

condenser of linear law and of very small range, which 

serves to measure the sharpness of the resonance. 

The errors due to residual inductance and resistance 

at the high frequencies are present, these errors, together 

with those associated with imperfect contact of electrodes, 

may be eliminated, partly by very careful attention to 

details in the construction of the apparatus, and partly by 

the procedure followed in making the measurements. 

Appendix B, Figure B.1 shows the final apparatus 

adopted for making the required measurements. 
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