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ABSTRACT 

Under the assumption of quasi-transverse electric and magnetic (quasi-

TEM) mode of propagation, the transmission characteristics of a thin film mi

crostrip line have been studied. Several numerical programs were employed to 

calculate the frequency dependent electrical parameters of the microstrip line, and 

to carry out the transient simulation in the thesis. Based on the simulation results, 

the relations of pulse distortion to the signal frequency content and the length of 

line have been investigated. Several transmission characteristics, such as attenua

tion and dispersion have been paid more attention, and their dependences on the 

frequency dependent electrical parameters have also been studied. Furthermore, a 

designing rule for the geometry of thin film microstrip lines is drawn, and a general 

conclusion is made concerning the effect of conductor losses on thin film microstrip 

line parameter and the things which should be considered in the design. 
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CHAPTER 1 

INTRODUCTION 

With the development of VLSI technology and digital computer, the in

terconnection line becomes finer and finer, and the signal speed becomes faster 

and faster. Therefore the distortion caused by microstrip lines becomes a very 

important factor for designers to consider. 

Along an ideal TEM transmission line, in the absence of reflection from 

mismatches at the terminations, a pulse will always keep its original shape while 

its propagating. As the sizes of conductor lines become finer, the effect of losses 

caused by the conductor itself can no longer be ignored. As the result, pulse 

distortion which is caused by attenuation and dispersion occurs even if there is no 

cross talk or reflection. Pulse distortion usually causes time delay for a signal. In 

the extreme case, it will cause false switching of computers. 

Microstrip line is a kind of planar transmission line with a structure shown 

in Fig. 2.3. The line width of microstrip lines is in the range of several microns 

to about one hundred microns in current technology. The electrical parameters of 

microstrip lines are often calculated by numerical methods [1],[2]. 

There are a great number of papers published regarding the topic of pulse 

propagation along microstrip lines. Among them, Keith W. Goosen's work [3] is 

interesting and inspiring in the discussion of dispersion. A. Deutsch's paper [4] 

gives a general review and an overall discussion of the topic. J. L. Prince's paper 

[5] discussed coupled lossy lines by using the CAD tools that are also used in this 

work, and the discussion in his paper gives a very helpful guidance in the study of 

this thesis. 

The purpose of this work was to study the effect of conductor losses on 

the transmission characteristics such as attenuation and dispersion of a single mi

crostrip line. The study included the skin effect and the change of characteristics 

caused by skin effect. It should be mentioned that all of the studies of this thesis 

are under the assumption of the Quasi-TEM line. Program UA2DL[1] is employed 

to get the frequency dependent inductance and resistance of the line. Since the 
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capacitance is believed to zemain almost constant in a wide frequency range for 

a silica based microstrip line, a constant capacitance is used in the simulation of 

this thesis. In the work done in this thesis, the program UAC[2] is used to cal

culate capacitance, and the frequency domain analysis program UATLF[5] is then 

employed to carry out the transient simulation. During the study, different sig

nals have been investigated. A detail discussion of relation of pulse distortion with 

dispersion and attenuation has been done on the basis of the simulation results. 

General conclusions have been drawn concerning the effect of conductor losses on 

thin film microstrip line. 
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CHAPTER 2 

ELECTRICAL PARAMETER CALCULATION 

An incremental length of an uniform TEM transmission line can be descrided 

by the R, L, G ,C network (Fig. 2.1). The fundamental differential equations [6] 

for this transmission line are 

4' 

f = f. (2.2) 

If the excitation is a sinusoidal signal, these equations can be simplified as 

dV 
|^ = -(R + ju,L)I (2.3) 

¥. = -(G + ju>C)V (2.4) 

where R, L, C, and G axe per unit length values of resistance, inductance, capaci

tance and conductance of the line Combining Eq. 2.3 and Eq. 2.4, we can get the 

solutions: 

V = e iut(Vae-*1 + Vbe fX) (2.5) 

J = (2.6) 

where = yj ja+juc}' = + juL){G + ju>C). The e71 term represents 

a wave traveling in the negative direction, and e~7Z represents a wave traveling in 

the positive direction. Va and % are constants determined by boundary conditions 

at the input and output ends of the line. 
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Figure 2.1 Circuit diagram for the transmission line model. L and C are inductance 

and capacitance per unit line length, R and G are conductor resistance and shunt 

conductance per unit line length. 

V. H 
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V. 
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or 

Figure 2.2 Electrical configuration of the transmission system. 
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According to the circuit shown in Fig. 2.2, the two boundary conditions can 

be written as 

Va + Vb = V.-IZ. (2.7) 

V. _ _ (Vae-^ + Vhe<1) 
j  |l=l - Z l -  Z 0 ( V a e _ y ,  _  y i e 7 , j (2.8) 

In the above formulas, ZQ = \fzfY = Y/(R + juL)/(G + juC), I is the length of 

transmission line, ZS is the impedance of the driver, and V, is the external voltage 

excitation. 

If Z» is chosen the same as ZQ, then 

VA = \V. (2.9) 

v"Tc'""wm=^c'""r (2-10> 

where T = (Zi — Zo)/(Zi + Zo) is defined as the reflection coefficient. If Zi is 

chosen the same as Zo too, there will not be any reflection and Eqs. 2.5, 2.6 will 

be simplified as 

V = (2.11) 

(2-12) 
0 

From the above discussion, it can be seen that the solutions are of travelling 

wave form. As mentioned earlier, the above solution is only valid for a sinusoidal 

driving signal. If Vt is a pulse signal, it can be treated as a synthesis of many 

sinusoidal signals with different frequencies. Then the solution of the differential 

equations for the transmision line (Eqs. 2.1, 2.2) should be a superposition of 

various sinusoidal solutions like Eqs. 2.11, 2.12. 
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A single microstrip line is a kind of plane transmission line which is usually 

formed of a conductor, an infinite conducting ground plane, and a dielectric ma

terial between the conductor and the ground. The microstrip line considered in 

this paper is Bhown in Fig. 2.3. It contains a rectangular conductor with 25/im 

by 5ftm cross section, an infinite perfect ground plane, and a 25/xm thick layer of 

silica dielectric between the conductor and the ground. Generally speaking, many 

programs can calculate the electric parameters of this kind of microstrip line, but 

some can only calculate the values of these electric parameters under the assump

tion of perfect conductor. However, some of the electrical parameters, especially 

resistance and inductance, are frequency dependent due to the finite conductivity 

of the conductors. As a result, the wave propagation constant and characteris

tic impedance of transmission lines will be functions of frequency too. Therefore 

a numerical program should be employed to calculate the frequency dependent 

parameters. 

dielectric 

> > * i > t r j > t i t r-T 

ground plane 

Figure 2.3 Diagram of a microstrip line. The geometry of the microstrip discussed 

in this thesis is w = 25/im, t = 5/<m, and h — 25/<m. The dielectric material is 

silica with er=3.9, and the metal could be either Cu or Al. 
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The main factor that causes the parameters to change with frequency is 

the frequency dependent field penetration in the conductors. According to the 

electromagnetic field theory, as the frequency of electromagnetic wave increases, 

the electrical field inside the conductor is "squeezed" into a thin sheath underneath 

the surface of the conductor. The thickness of the sheath is called skin depth, a 

function of frequency and conductivity of the metal. The explicit form of the skin 

depth is 

Fig. 2.4 shows the relation of skin depth and frequency for both copper and alu

minum. Clearly, skin effect makes the resistance and inductance of the microstrip 

line frequency dependent. When frequency increases, the area through which cur

rent flows will decrease, so resistance will increase. However, the magnetic field 

inside the conductor will decrease at the same time according to Ampere's theo

rem, which will cause inductance to decrease. For a 25fim by 5/im copper line, the 

skin depth is less than half the size of the smaller edge of the conductor when the 

frequency is higher than about 6xl08Hz, and it is predictable that there will be 

an obvious increase of the resistance beyond this frequency. Below this frequency, 

the resistance and inductance of the line are accurately approximate by their DC 

value. When frequency is greater than this value, the change of the resistance 

and inductance with frequency must be taken into account. A program UA2DL is 

employed to calculate the frequency dependent resistance and inductance of the mi

crostrip line in this work, and then these electrical parameters are used in UATLF, 

a frequency-domain based transient simulation program that is used to carry out 

the transient simulation. When UATLF is used in the simulation of a frequency 

dependent network, several groups of frequency dependent electrical parameters 

are needed to interactively form the parameter library of UATLF. The program 

will accept parameter values at up to 10 different frequencies, and do an internal 

piece-wise linear fit for the prediction of the parameter values at other frequencies. 

(2.13) 
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UA2DL is a numerical program based on integral equation method. Con

ductors (excluding ground metal) are divided into many small rectangular elements 

during the calculation. In order to insure the accuracy of calculation, the size of 

each element should be smaller than the skin depth in the high frequency case. 

Since the uniform discretization is used in UA2DL, the program is not suitable for 

very high frequency if the size of conductors are not very small. When the driving 

signal is a 1GHz pulse array and forty harmonic terms are considered in the simu

lation, the skin depth for the fortieth harmonic term (f= 40GHz) is about 0.316372 

fim for copper. Therefore the dimension of each discrete element should be at least 

less than 0.15 (im to insure that there at least are two layers of elements inside the 

skin depth sheath. The upper limit of the number of discrete elements is defined to 

be 1200 (for the consideration of process quota permitted by the computer that we 

used and the CPU time consumed in the calculation) in this calculation because 

the computer needs to deal with some 1200 by 1200 matrices in the upper limit 

conditions. By using the VAX8700, one of the main computers in the computer 

center of the University of Arizona, about one hour of CPU time is needed in the 

calculation of one single group of resistance and inductance in the case of 1150 

elements, so we must be cautious in determining the discretization. 

Figs. 2.5, 2.6, 2.7, and 2.8 are curves of resistance and inductance vs fre

quency for both copper and aluminum microstrip line with the shown (Fig. 2.3) 

geometry. The curves are based on the numerical results obtained from UA2DL. 

Curve 2 of Figs. 2.5 and 2.7 are obtained from calculation based on the well known 

equation of skin resistance. FVom the results, we find that the skin resistance ap

proximation can express the resistance changing tendency on a certain scale, but it 

begins to increase with frequency later than the real resistance does as frequency 

increases, and it is less than the real value. 

As mentioned earlier, only parameter values at only 10 frequency points can 

be stored in the libary of UATLF, so it requires a careful decision on which 10 

groups of parameters should be used to insure the accuracy of the library. This 

decision is based on the base frequency of the driving signal, the tendencies of 

change of the frequency dependent resistance and inductance, and the number 
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of harmonic terms considered in the transient simulation. Since forty harmonic 

terms are usually taken into account in the transient simulation performed later, 

the frequency range of these ten groups of parameters should at least cover the 

frequency range of the forty harmonic terms. 
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Figure 2.4 Skin depth vs frequency for both Cu and A1 material. 
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Figure 2.5 Resistance vs frequency for a Cu microatrip line with a 25pm by 5/im 
cross section. Curve 1 is the value calculated by UA2DL, curve 2 is the value 
calculated from R,. 
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Figure 2.6 Resistance vs frequency for a A1 microstrip line with a 25pm by 5/itn 
cross section. Curve 1 is the value calculated by UA2DL, curve 2 is the value 
calculated from R,. 
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Figure 2.7 Inductance vs frequency for a Cu microstrip line with a 25/im by 5/jm 
cross section. 
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Figure 2.8 Inductance vs frequency for a A1 microstrip line with a 25/im by 5/im 
cross section. 
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CHAPTER 3 

TRANSIENT SIMULATION 

3.1 The Consideration of Driving Signal and Terminal Impedance 

The transient simulation is carried out by a frequency domain analysis pro

gram UATLF. UATLF has a restriction on input signal, namely an input signal 

of UATLF must be a periodic, symmetric (rise time must equal to fall time) pulse 

array as shown in Fig. 3.1. In Fig. 3.1, DT is the rise time and fall time, DTM 

is the pulse top width, T is the period of the pulse array, and VQ is t.lio pulse 

height. In order to simulate practical cases, DT/(2DT+DTM) is chosen as 1/10, 

and (2DT+DTM) is chosen as T/2; this is usually the pulse shape of a digital 

signal. 30MHz, 250MHz, and 1GHz pulse array were used to test the responses of 

the microstrip line to different frequency signals. 

V 

-DTM _ 

- DT -» - DT -* 
time 

T 

Figure 3.1 External excitation waveform (periodic). 

According to the theory of Fourier series, an infinite periodic pulse signal 

can be synthesized by many sinusoidal signals with different frequencies. This kind 

of signal can be expressed as 
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V(i) = £ Cnc">nwo< (3.1) 
n=—oo 

where wo = 2tr/T, T is the period of the pulse signal, and Cn is the complex Fourier 

coefficient. 

According to Eq. 3.1, the pulse signal is composed of a DC term, base 

frequency term, double frequency term, etc. The base frequency of the series is just 

the frequency of the pulse array. To avoid misunderstanding, the frequency of the 

pulse is also called pulse repetition rate in the following discussion. The collection 

of absolute values of C„ forms the frequency spectrum of the pulse signal, and the 

physical meaning of the absolute value of Cn is the weight of the component with 

frequency nu>o in the spectrum. The general principle of UATLF is to transform 

the applied pulse signal into the frequency domain (to decompose the signal into a 

collection of sinusoidal components) first, then solve for the responses in frequency 

domain for each component, and finally combine all of the responses together and 

inversely transform it back to the time domain. 

Since some electrical parameters are no longer constant in the high fre

quency range, signals with different frequency will see actually different electrical 

networks while propagating. UATLF stores all of the electrical parameters as 

functions of frequency in its library, from Chapter 2, we know that the charac

teristic impedance of a TEM transmission line is y/(R + juL)/(G + juC), and if 

the terminal impedance equals the characteristic impedance, there will not be any 

reflection from the terminal. The microstrip line discussed here is of a silica dielec

tric layer, and the conductance G is believed to be almost zero over the concerned 

frequency range. In the very high frequency range, such as 1GHz, uL » R is satis

fied for the microstrip line discussed in this thesis, so the characteristic impedance 

becomes a pure real number y/L/C. If L and C are frequency independent, y/L/C 

will be independent of frequency. Although the inductance L considered here is 

a function of frequency, it changes very slowly with frequency and makes y/L/C 

almost a constant, for example y/L/C=73.23il at 30MHz, and y/L/C= 71.6312 at 
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1GHz. In a moderate high frequency range, such as 30MHz, uL » R is not sat

isfied in our special microstrip line structure; the impedance is a complex number 

(87.82 — j48.45)ft. 

UATLF permits complex load and driver impedances, but the impedances 

must be constants (not functions of frequency). If the driving signal is a sinusoidal 

signal, to avoid reflection, the drive and load impedance can be simply chosen the 

same as the characteristic impedance of the microstrip line for a certain frequency, 

for example (87.82-j'48.45) for a 30MHz sinusoidal signal. However, a pulse ar

ray signal contains lots of sinusoidal signals with different frequencies; for each 

component, the characteristic impedance will be different. When the frequency of 

the signal increases, the real part of the characteristic impedance will approach to 

y/L/C while the imaginary part approches to zero. As mentioned in chapter 2, 

the reflection coefficient is 

r=frf (32) 

Table 3.1 shows a comparison of reflection coefficients for the two terminal 

impedances, namely Zn — y/[R(u}o) + ju}oL(uo)\/juoC(uo) = (87.82 — j48.45)ft, 

and Zi2 = y/l(uo)/c(wo) = 73.2312. Tj corresponds to the reflection coefficient 

of Zn, and 1*2 corresponds to that of Z12, and base frequency uq is 2n x 30MHz. 

Although the reflections of Zn for base frequency and double frequency are larger 

than those of Zn, the condition is reversed for the higher order components, and 

the total reflection in the case of Zn is larger than that in the case of Zn. The 

simulation results (Fig. 3.2, Fig. 3.3) support the conclusion. Based on this con

clusion, Zi — y/L{ij)fi)IC{uo) is always used in the following matched terminal 

simulations. In the 250MHz and 1GHz pulse signal cases, uL » R is satisfied, so 

the reflection caused by mismatch of terminal will be even smaller than that in 

the case of a 30MHz pulse signal. Because inductance L varies with frequency, Zi 

varies with base frequency of applied signal too. Z\ values are 72.72ft and 71.63ft 

for 250MHZ and 1GHz pulse signal respectively. 
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Table 3.1 The comparison of the magnitude of the reflection 

coefficients of the terminals Zn and Zn 

Magnitude of T 
Frequency ti r.i 

u>o 0.000 0.301 
2u?o 0.127 0.181 
3u>o 0.180 0.128 
4wo 0.211 0.097 
sua 0.225 0.082 
6uo 0.237 0.071 

3.2 Simulation Results for a Line with Matched Terminations 

The first investigation in this section is on the transient analysis of a single 

microstrip line with matched driver and load impedance. In order to study the pulse 

distortion with signal frequency, three driving signals 30MHz, 250MHz, and 1GHz 

pulse arrays, are applied to test the responses of the microstrip line. For thin film 

carriers, the maximum interconnection line length is about 20-45 cm [4], so 1 inch, 3 

inch, 6 inch, and 10 inch lines are studied respectively in the following investigation. 

To study the effect of frequency dependence of electrical parameters, two sets of 

tests have been designed. The first one has frequency dependent resistance and 

inductance (capacitance is always treated as a constant, and shunt conductance is 

always zero in this investigation as mentioned in the last chapter); it is called AC 

case. The second one has frequency independent parameters (all of the parameters 

are chosen the values at their base frequencies); it is called DC case. The simulation 

results of the responses, for a 10 inch microstrip line with cross section shown in 

Fig. 2.3 for 1GHz and 30MHz testing signals, are shown in Figs. 3.4a,b, and Figs. 

3.5a,b (Figs. 3.4a, and 3.5a are AC results, Figs. 3.4b, and 3.5b are DC results). 

Since the 250MHz signal is a compromise between 1GHz and 30MHz, to save space, 

the corresponding transient responses are not presented here. It is clear that the 
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pulse distortion increases with the pulse frequency in the AC case, but there is no 

pulse shape distortion except pulse height decrease with line length for all three 

DC cases. The reason why there is no pulse distortion in DC case will be discussed 

in the next chapter. Four parameters, namely rise time, fall time, pulse height, and 

pulse width are used to define the degree of pulse distortion. Rise time is defined 

as the time between 90% pulse height and 10% pulse height at its rising edge, and 

the fall time is defined as the time between 10% pulse height and 90% pulse height 

at its falling edge. The pulse height used here is the highest point of a pulse beside 

its overshoot spike points. The pulse width is the distance between the two half 

pulse height points. 

The relations of rise time, fall time and pulse height vs length of the mi-

crostrip line for all three testing signals have been studied, and the results are 

shown in Fig. 3.6 , Fig. 3.7, and Figs. 3.8a,b respectively. It should be pointed 

out that there is no rise time or fall time change in DC cases. The reason for this 

phenomenon will be discussed in Chapter 4 and Chapter 5. In addition, there is 

no pulse width change in either AC or DC cases. The reason why pulse width 

remains contant is that the times of electrical charge and discharge are the same 

because of the same time constant. Fig. 3.6 and Fig. 3.7 show that the rise time 

(and fall time) keeps constant in 30MHz cases no matter the electrical parameters 

are frequency dependent or not, even if the line is as long as 10 inches. Generally 

speaking, the frequency dependent effect is not so serious in the 30MHz range, and 

the attenuation is still almost uniform in this frequency range too. The 250MHz 

signal is somewhat different; its rise time increases with the length. However it 

does not change significantly. The 1GHz signal shows a large increase of rise time 

and fall time with the length of the microstrip line. The ratio of rise time of the 

signal after a 10 inch transmission to the that of the signal in the driving end is 

4.67 : 1, namely the rise time becomes 4.67 times of its original value after the 10 

inches of transmission. FYom the above discussion, we can conclude that the signal 

will be delayed by frequency dependent parameters in the high frequency case, but 

the effect is not so important in relatively low frequency case such as 30MHz. The 
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detail reason of this phenomena will be explained in the next chapter by means of 

the dispersion and attenuation. 

Since Al is widely used as a conductor in the semiconductor industiy, an 

Al microstrip line with the same structure has also been studied in this thesis. 

The results (Figs. 3.9, 3.10, 3.11a,b) of the Al line are similar to those of the Cu 

line, except that the rise time changes a little more sharply and the pulse height 

attenuates more strongly than those in the Cu line in the 1GHz case. The reason 

is that Al has less conductance than Cu both in the DC case and in the high 

frequency range; thus it causes more losses and pulse distortion than Cu at the 

same frequency (Eq. 2.1). 

Figs. 3.8a,b and Figs. 3.11a,b show that the pulse heights decrease with the 

length of line and the attenuation increases with frequency of the input signal. It is 

easy to understand the tendency because the resistance of microstrip line increases 

with the frequency (Fig. 2.4). A study of attenuation factor for different harmonic 

components will be done in the next chapter. The attenuation effect discussed here 

is a combined effect of all of the harmonic components. Since the conductance of 

aluminium is smaller than copper, the attenuation of an Al line is higher than a 

Cu line. 

3.3 Simulation Results for a Line with Loading Terminal 

of 1 pf Capacitor 

In addition to the cases of matched load, a lpf capacitor load has also been 

studied for simulating the CMOS device situation. Since the impedance of a pure 

capacitor (1/juic) changes with the signal frequency, the response at load end of 

the line is strongly frequency dependent. At low frequency, the impedance is so 

large that the load can be treated as an open end. As the frequency increases, the 

impedance will decrease at the same time. Therefore at extremely high frequency, 

the impedance is so small that the load can be treated as short circuited. To 

a pulse array, that means different harmonic components of the input signal see 

different load impedance. Here let's review the definition of reflection coefficient 
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and discuss the reflection of a pure reactance termination case. The reflection 

coefficient is defined as 
r  -  V b  -  Z '~Z» 
l ~ v A

e  Z, + Z0' 

Usually r is a complex number and can be expressed as |r|ejfl. The voltage at the 

terminal is the superposition of the incident wave and the reflected wave, namely 

V,(0 = VAe-T, + VBe*. (3.3) 

Since Vg = VJ4e_27'|r|eJ*, Vx can be simplified to be 

Vt = VAe-*'(l + |IV#). (3.4a) 

Using V+ instead of V^e-7', 

Vz = F+(l + |r|e,tf). (3.46) 

In the general case, Zi = aj + jo2 and Z0 = b\ + jbi. Therefore 

[(a? - 6? + a\ - 6|)2 + 4(a26x - a^)2]0'5 /« 
1 (a ,+6,) a  + («2 + 6a)a ( ' 

and 

0 = (180°±) tan-1 [ — .  ( 3 . 6 )  

Whether the 180° should be taken into account depends on the signs of the numer

ator and the denominator inside the bracket of the arctangent of Eq. 3.6. For a 

lossless transmission line with a pure capacitance termination, ai = 0 and 62 = 0. 

Based on Eq. 3.5, |r| = (a| + + &}) and clearly it equals 1, so the reflection 

at the terminal will be a total reflection. For the 30MHz signal, the line is lossy 

and 62 is not zero for the first several harmonic terms. The values of |T| for the 

first several harmonic terms are calculated by using Eq. 3.5. The results show that 

the values of |r| for the first ten harmonic terms are almost 0.98. For 250MHz and 

1GHz signals, u>L R is satisfied and 62 ~ 0, so the magnitudes of the reflection 

coefficients are all almost 1. The reflection also causes a phase change between the 

incident wave and the reflect wave, and the magnitude of the phase diiference is 
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determined by Eq. 3.6. Fbr a pure capacitance termination, 62 is simply —l/uic 

and obviously is a function of the frequency. Therefore the different components of 

the input signal have different phase shifts when they encounter the termination. 

Unfortunately, UATLF only allows input of a fixed load impedance instead 

of a function of frequency, so the error caused by the difference of reflection co

efficient for different frequency must be studied in the applications of frequency 

dependent load impedance. A Fourier analysis of the input signal was used to in

vestigate when UATLF is still approximately valid for the application of frequency 

dependent load impedance. Figs. 3.12, 3.13 and 3.14 show pulses which contain 

the first seven, ten, and fifteen harmonic terms respectively. The applied pulse is 

also shown in the figures for the purpose of comparison. The applied pulse is such 

that the rise time is ten percent of its pulse width and five percent of its period. 

The results show that there is a relatively big difference of the rising edge between 

the pulse which only contains the first seven harmonic terms and the applied pulse. 

On the other hand, the rising edge of the pulse which contains fifteen harmonic 

terms is almost the same as that of the applied pulse. As a compromise, there is a 

little difference between the rising edge of the pulse which contains ten harmonic 

terms and that of the applied pulse. Therefore, as an acceptable approximation, 

only ten harmonic terms are considered in this section. 

The impedance of 1/jwc is about — j5308fi for a 30MHz sinusoidal signal , 

and is —7*530.8(2 for a 300MHz (frequency of the tenth harmonic term for a 30MHz 

pulse array) signal. Although it changes rapidly, comparing with the characteristic 

impedance of the microstrip line, it is still large enough to keep the reflection 

coefficient approximately constant (both in magnitude and phase). Table 3.2 shows 

the phase shift of the reflection coefficient for the first ten harmonic terms for 

30MHz, 250MHz, and 1GHz pulse signals used in this thesis. The results indicate 

that the phase shift for the first ten harmonic components of the 30MHz pulse signal 

do not vary much, but the phase shift varies greatly for the same components of the 

250MHz and 1GHz pulse signals. Obviously, UATLF is still approximately valid 

for a pulse signal with pulse repetition rate less than 30MHz and with described 

pulse shape. Figs. 3.15, 3.16 show the relation of the rise time and pulse height 
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vs the line length for the 30MHz case. Comparing with Fig. 3.6, we can see that 

the change of rise time is caused by reflection, because there was no measureable 

change of rise time in the case of matched load under the same driving signal. 

Table 3.2 The phase shifts for the first ten terms of the 

three pulse signals 

Phase Shifts (degree) 
9n 30MHz 250MHz 1GHz 
0i 1.90 13.09 48.50 
02 3.37 25.45 83.28 
03 4.90 37.44 106.4 
04 6.40 48.50 120.97 
08 7.98 58.74 131.18 
06 9.52 67.88 138.04 
07 11.06 76.10 143.79 
08 12.58 83.96 148.23 
09 14.11 90.04 151.25 

010 15.64 95.98 154.31 

We conclude, based on the phase shifts shown in Table 3.2, that for 30MHz 

base frequency and for load capacitance of around 1 pf or less, acceptable pulse 

simulation results are obtained from UATLF by using a reactive but frequency 

independent termination that equals the capacitive reactance at the base frequency. 

For higher base frequencies, the upper load capacitive limit must be scaled down 

proportionally with the scaling of frequency to obtain satisfactory simulation results 

from UATLF or similar programs (with frequency independent load impedances). 

Since frequency dependent load impedances are often met in the practical 

application, and usually the reflection is a dominant factor of pulse shape distortion, 

a modification to UATLF to change the fixed load into a function of frequency 

is very helpful for the study of mismatched termination. Because a driver or a 

load circuit can usually be simplified into a Thevenin equivalent circuit, namely a 
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impedance and a voltage source, it is not hard to know the frequency response of 

a Thevenin equivalent circuit. The method to modify the program could simply 

be the method used in the UATLF for the frequency dependent transmission line 

parameters, that is to set a library curve interactively by several special points of 

frequency. 
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Figure 3.2 A 30MHz pulse through a 6 inch line with the terminal of Zt = (87.82 — 
j48.45)ft (Cu metal). 
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Figure 3.3 A 30MHz pulse through a 6 inch line with the terminal of Zi = 73.23(2 

(Cu metal). 
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Figure 3.4a A 30MHz pulse through a 10 inch AC line with the matched termination 
(Cu metal). 
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Figure 3.4b A 30MHz pulse through a 10 inch DC line with the matched termination 
(Cu metal). 
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Figure 3.5a A 1GHz pulse through a 10 inch AC line with the matched termination 
(Cu metal). 
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Figure 3.5b A 1GHz pulse through a 10 inch DC line with the matched termination 
(Cu metal). 
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Figure 3.6 Rise times vs the length of the AC line with matched termination (Cu 
metal). 
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Figure 3.7 FM1 times vs the length of the AC line with matched termination (Cu 
metal). 
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Figure 3.8a Pulse heights vs the length of the AC line with matched termination 

(Cu metal). 
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Figure 3.8b Pulse heights vs the length of the DC line with matched termination 

(Cu metal). 
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Figure 3.9 Rise times vs the length of the AC line with matched termination (A1 

metal). 
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Figure 3.10 Fall times vs the length of the AC line with matched termination (A1 

metal). 
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Figtire 3.11a Pulse heights vs the length of the AC line with matched termination 

(A1 metal). 
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Figure 3.11b Pulse heights vs the length of the DC line with matched termination 

(A1 metal). 
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Figuie 3.12 The comparison of the applied pulse and the pulse with only the first 

7 harmonic terms. 
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Figure 3.13 The comparison of the applied pulse and the pulse with only the first 

10 harmonic terms. 



48 

• -15 HARMONIC TERMS 
x « APPLIED SIGNAL 

O" 

TIME 
Figure 3.14 The comparison of the applied pulse and the pulse with only the first 

15 harmonic terms. 
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Figure 3.15 Rise time vs the length of the AC line with a Ipf capacitor load (Cu 

metal). 
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Figure 3.16 Pulse height vs the length of the AC line with a Ipf capacitor load 

(Cu metal). 
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CHAPTER 4 

DISCUSSION ON PULSE DISTORTION 

In this chapter, pulse distortion due to dispersion and attenuation, and its 

dependence on the electrical parameters will be studied. Some general conclu

sions will be made on the relation between distortion and the frequency dependent 

electrical parameters. 

As discussed in Chapter 2, with a matched driver and load impedance, the 

voltage along a TEM transmisioh line which is driven by a sinusoidal signal is 

V = \VAE>U-"<* 
mm 

where 7 is propagation constant with the expression of 

7 = y/(R + ju>L)(G + juC). (4.1a) 

Clearly 7 is a complex number, and can be expressed as a real part plus an imagi

nary part 

7 = a+j/3; (4.1 6) 

a is the attenuation constant, and 0 is the phase constant. Obviously a and /? are 

functions of the electrical parameters R, L, G, and C. The explicit expression of a 

and /? were deduced by Suwan Voranantakal [7]. The simplified deduction is shown 

in the following: 

First square both sides of Eq. 4.1a, 

72 = (R + juL){G 4- juC). (4.2a) 

Then rearrange Eq. 4.2a to get 

72 = (RG - ui2LC) + ju(RC + GL). 

According to Eq. 4.1b, y2 is 

(4.26) 
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72 = (<*2 - &*) + • (4-3) 

From Eq. 4.2b and Eq. 4.3, two equations are obtained on the basis of equality of 

real parts and imaginary parts of the Eq. 4.2b and Eq. 4.3b respectively, 

a2 - p2 = (rg - l>2lc) (4.4) 

2 ap = u(rc + gl). (4.5) 

Combining Eq. 4.4, and Eq. 4.5, the explicit expressions of a and /? are found to 

be 

« = - u2lc) + y/(rg - u2lc)2 + u2(lg + rc)2]}* (4.6) 

0={h-(rg-u2lc)+y/(rg-lj*lc)2+u>2(lg + rc)2]}* . (4.7) 

Since the conductance G is always zero in all simulations discussed in this thesis 

for the reason mentioned in Chapter 2, then Eq. 4.6 and Eq. 4.7 are simplified to 

« = {\[~u2lc + y/u*l2c2+u,*r?c2]}* (4.8) 
A 

/? = {\[u2lc + y/u>*l2c2 +u)2r?c2]}$ (4.9) 

According to the electromagnetic theory, two velocities are defined to de

scribe the property of a travelling wave, namely group velocity and phase velocity. 

Group velocity is the velocity of envelope of the signal, which is defined as 

Phase velocity is simply the velocity of a given phase point of the sinusoidal signal. 

It is the measurement of how fast a given point on the wave travels along the line. 

The phase velocity is defined as 
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Va  = . (4.10) 
" 0(u>) V ; 

If the phase velocities of different Fourier components of a pulse are different, the 

pulse shape will change after some transmission. This effect is known as dispersion, 

and the relation between velocity and frequency is known as dispersion relation. 

Plugging Eq. 4.7 into Eq. 4.8, a dispersive equation for a Quasi-TEM transmission 

line without shunt conductance is obtained 

Vp  =  + y/u*L2C* + w2 .R2C2]}* '  

Eq. 4.8 and Eq. 4.11 are the foundations for the further discussion of pulse shape 

distortion. In order to study the relation between the pulse shape distortion and 

the frequency dependent electrical parameters, several cases with different electrical 

parameters are investigated in the following sections. The purpose of the following 

discussion is to make clear what is the main factor causing pulse distortion. 

4.1 Case on a Line with a Zero Resistance, Constant Inductance 

and Capacitance. 

This condition corresponds to a perfect lossless transmission line. The trans

mission line can be expressed as an LC network and all of the parameters are 

frequency independent. In this case, the propagation constant can be simplified as 

7 = a + jfi = y/juL x juC — jwy/LC. 

In the above equation, 7 is a pure imaginary number, so a = 0 and /? = uy/LC. 

Thus phase velocity can be simplified as 

V — — = —== 
' " / ?  y / L C '  

Since L and C axe frequency independent constants, phase velocity Vp  must be a 

constant too. A curve of the disperson relation of this special condition is shown 

in Fig. 4.1a. The curve is based on the calculation from Eq. 4.11. During the 
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calculation, the value of R is chosen to be zero and the L is the value at 30MHz 

and C is always a frequency independent constant as mentioned in Chapter 2. The 

result (Fig. 4.1a) shows a constant phase velocity with frequency. Thus there 

should not be any pulse shape distortion in this case, and the pulse will keep its 

original shape. In order to prove the conclusion, a 1GHz pulse signal mentioned in 

the last chapter is used to test the transient response of the microstrip line with 

zero resistance and constant L and C (the value of L is chosen at 30MHz). The 

pulses before and after the 10 inch transmission line are shown in Fig. 4.1b. This 

simulation result shows no pulse shape distortion or attenuation. 

4.2 Case on a Line with Constant Resistance, Inductance, and 

Capacitance. 

In this case, the values of R and L are chosen at 30MHz, and capacitance C 

is always a constant as mentioned earlier. By using Eq. 4.8 and Eq. 4.11, the phase 

velocity VP and the attenuation constant A are calculated through the 30MHz to 

40GHz range (shown in Figs. 4.2a,b). The results show that a is almost a nonzero 

constant especially after 108Hz, and the phase velocity in this case varies rapidly 

before 108Hz but becomes almost constant after 3 X 108Hz. This means that the 

line is very dispersive before 108Hz but becomes non-dispersive after 3 x 108Hz. As 

in Section 4.1, a 1GHz pulse signal is employed to test the pulse shape distortion 

through a 10 inch such transmision line. The result of transient simulation (Fig. 

4.2c) shows that the pulse is still of the original shape but has been uniformly 

attenuated. This result is predictable because the attenuation constant and the 

phase velocity are constant for all of the frequency components of a 1GHz pulse 

array. It should be mentioned that the frequencies of all the harmonic components 

of a 1GHz pulse array are higher than their base frequency 1GHz. This is why 

there is no dispersion in this case (Fig. 4.2a). 

4.3 Case on a Line with a frequency Dependent Resistance, 

Constant Inductance and Capacitance. 
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In this situation, R is a function of frequency and changes from 126.7 

ft/meter to 1037.9fi/meter when frequency changes from 30MHz to 40GHz. The 

value of L is chosen at 30MHz, and C is a constant. The phase velocity and 

the attenuation constant versus the frequency are shown in Fig. 4.3a and Fig. 

4.3b. It is interesting that although R becomes almost ten times as large as 

its original value when frequency changes from 30MHz to 40GHz, the disper

sion relation in Fig. 4.3a still remain almost the same as the dispersion relation 

in Fig. 4.2a with a constant resistance (the value of R is chosen, at 30MHz). 

Prom Fig. 2.7, we know that R and L remain constant before 10MHz. There

fore there is no difference of the two curves in the low frequency range. In the 

very high frequency range, U>AL2C2 %> U>2R2C2, so VP approaches to L/\/LC. 

For example, U*L2C2 = 1.8 x 10®, but U2R2C2 = 9.9 x 103 at 1GHz. There

fore the two curves (Figs. 4.2a, 4.3a) should be the same after 1GHz. In an 

intermediate high frequency range such as 108Hz, the value of the resistance is 

not the DC value and the UAL2C2 > U>2R2C2 is not satisfied either. In this 

case, U>2R2C2 = 41.5 and U2R2
DCC2 = 39.5, but Y/U*L2C2 +u>2R2C2 = 14.7 and 

^/u*L2C2+u2R2
DCC2 = 14.6, so difference caused by resistance change is very 

small. When DC resistance increases (caused by higher resistivity or smaller con

ductor cross section), the curves of Figs. 4.2a and 4.3a will drop more rapidly in 

the low frequency range and the "knee point" will shift to the higher frequency 

range. Now, we can claim that the dispersion in the low frequency is caused by the 

DC resistance, and the increase of resistance with frequency due to the skin effect 

will not cause additional dispersion in lines with the similar geometry. 

Although the change of resistance with frequency does not cause additional 

dispersion, it does not mean that there is no pulse distortion. The frequency depen

dent resistance causes a nonuniform attenuation with frequency. Fig. 4.3b shows 

that the attenuation constant becomes about 5 times as large as its original value 

when frequency increases from 1GHz to 40GHz. The attenuation factor is of the 

form of e~a', and it is a function of both attenuation constant and the length of 

the microstrip line. Let's use a numerical example to explain how much the atten

uation factor changes. Same as the previous sections, a 1GHz pulse signal is used 
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to test the pulse distortion through a 10 inch transmission line. The attenuation 

constant of the first harmonic term is 1.37 (see Fig. 4.3b), and then the attenuation 

factor is e~°-254x1-37. On the other hand, the attenuation factor of the fortieth har

monic term is e-0-254*7 1, so the attenuation of the fortieth harmonic component 

is e1-46=4.3 times as big as that of the first harmonic component. With line length 

increase, the difference of the attenuation factor of each harmonic component will 

increase rapidly. 

The transient result (Fig. 4.3c) shows a symmetric distortion after the 10 

inch transmission line. As expected, the pulse has been smoothed in its corners, 

because the corner part of a pulse is formed by the high frequency components. 

As a result, the rise time of the pulse (defined as Chapter 3) becomes more than 

twice of the original value (<r/'ro — 2.333). It should be pointed out that this 

effect is caused by nonuniform attenuation (Fig. 4.3b) rather than by dispersion 

because the phase velocities of all Fourier components of the signal are still the 

same. Although the phenomena looks like dispersion, it is not dispersion. To 

distinguish with dispersion, I call this effect as pulse smoothening by nonuniform 

attenuation. 

4.4 Case on a Line with a Zero Resistance, a Frequency Dependent 

Inductance and a Constant Capacitance. 

The relation between L and frequency is shown in Fig. 2.5. L decreases with 

frequency, but the rate of change is very small. Obviously, there is no attenuation 

in this case because resistance is zero, and it makes a equal to zero. As expected, 

result (Fig. 4.4a) proves once again that the dispersion in the low frequency range 

is caused by DC resistance, because there is no dispersion in the low frequency 

range in this case. Differing from Section 4.1, there is some dispersion effect in the 

high frequency range, / > 108Hz in this case (Fig. 4.4a). When we compare Fig. 

4.4a with Fig. 4.2a and Fig. 4.3a, it is not hard to conclude that this dispersion 

is caused by the frequency dependent inductance. The result seems somehow out 

of the estimation, as the inductance changes so small and the resistance changes 
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relatively larger. Returning, to check Eq. 4.11, one can easily see that the two L 

terms in the denominator are dominant in the high frequency range. If a; is large 

enough, Vp approaches to l/y/L(u)C. Since C is a constant as mentioned, L is the 

only factor which aifects the value of phase velocity in the high frequency range. 

The transient simulation result (Fig. 4.4b) shows a nonsymmetric response 

with an obvious undershoot and overshoot. Based on its dispersion relation (Fig. 

4.4a) and the.fact that the attenuation constant is zero, it is clear that this non-

symmetric response is caused by dispersion. The phenomena can be explained 

as that the high frequency components travel relatively faster than low frequency 

components. As a result, the pulse will change its shape in the edges after a period 

of transmission. In order to check whether the result is caused by numerical error, 

another UATLF simulation with 80 Fourier terms (normally 40 terms are used in 

simulation) has been done for a double check of the result. The simulation results 

show that the convergence is very good in these two runs, and it indicates that the 

phenomena is not due to numerical error. 

4.5 Case on a Line with a Frequency Dependent Inductance, and 

Constant Resistance and Capacitance. 

The difference between this section and Section 4.4 is that there is a nonzero 

constant resistance (the value is chosen at 30MHz) in this case. It is easy to see 

that the dispersion relation (Fig. 4.5a) is a combination of Figs. 4.2a and 4.4a, in 

other words, the dispersion is caused by DC resistance in the low frequency and 

by frequency dependent inductance in the high frequency range. In this case, Fig. 

4.5b shows an almost constant attenuation through the whole frequency range, so 

there is no nonuniform attenuation in this situation but there is dispersion in the 

high frequency range. Since a DC resistance has been introduced, there is uniform 

attenuation to the pulse height after the 10 inch transmission. As expected, the 

transient simulation result in this section (Fig. 4.5c) is a proportionally decreased 

copy of Fig. 4.4c. The undershoot and overshoot are still there, but the magnitude 

is decreased. 
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4.6 Case on a Line with Frequency Dependent Resistance, 

Inductance, and Constant Capacitance. 

This is the most practical case and is the same as the AC cases in the last 

chapter. The frequency dependence of the resistance and inductance of the line are 

shown in Fig. 2.4 and Fig. 2.5 respectively. The frequency dependent resistance 

and inductance cause both dispersion and nonuniform attenuation (Fig. 4.6a, Fig. 

4.6b). Comparing the attenuation constant and the dispersion relation with that in 

Sections 4.3 and 4.4, we can see that the results in this section are the combinations 

of the results of Sections 4.3 and 4.4. 

The transient simulation result is interesting because the overshoot and un

dershoot shown in Sections 4.4 and 4.5 have disappeared in the case. The reason is 

simply that the overshoot and undershoot are composed of the very high frequency 

components, the attenuation of those high frequency components are larger than 

those to the low frequency ones, and the overshoot and undershoot are consumed 

by the nonuniform attenuation. It is interesting that the nonuniform attenua

tion caused by the skin effect helps to decrease the pulse distortion by consuming 

the overshoot and undershoot. On the other hand, the nonuniform attenuation 

smoothens the pulse shape (mentioned in Section 4.3) and makes the rise time 

increase even larger. The rise time ratio before and after the propagation along 

the 10 inch transmission line is tT/tTO = 4.67, larger than 2.333 in Section 4.3. 

The increased rise time between Sections 4.6 and 4.3 is caused by the frequency 

dependent inductance. 

In the above sections, the capacitance is supposed to be a constant whose 

value is determined by the geometry of the line and the dielectric material. Because 

silica is widely used in the semiconductor industry, the microstrip line discussed in 

the above sections and the previous chapters is a silica based line. The dielectric 

constant of silica is about 3.9. Besides silica, several other dielectric materials such 

as PSG and alumina, etc. sire also used in the industry. Some of these materials 

have larger dielectric constants than silica, and of course this will cause larger 

capacitance of the microstrip line. In order to study the effect of the change of 
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dielectric material, a microstrip line with a larger dielectric constant was studied. 

The microstrip line has the same geometry with the one discussed previously and 

the dielectric constant is 7, almost doubled the value of silica (3.9). Figs. 4.6d, 4.6e 

are the dispersion relation and the relation of attenuation constant vs frequency 

of the line. The results show that the phase velocity of a TEM wave in this line 

is relatively smaller than that in the silica based line at the same frequency. The 

change of the phase velocity with frequency in this line is also slower than that in 

the silica based line. This fact indicates that the dispersion in this line is smaller 

than that in the silica based line. However, the attenuation constant of this line 

varies more rapidly than that in the silica based line. Checking Eqs. 4.8, 4.9, 

one can easily find that both a and fi become y/2 larger if capacitance is doubled 

(suppose £r is doubled) and the other parameters remain constant. As a result, the 

phase velocity will become y/l/2 of its original value. Larger capacitance causes 

larger pulse distortion. Fig. 4.6f shows that the relative rise time (tr/tro) becomes 

5.6 after the 10 inch transmission line, instead of the 4.67 in the silica based line. 

The rise time increase is caused by stronger nonuniform attenuation. 

From the dispersion relations shown in the above sections, it is not hard to 

see that there is a larger dispersion in the low frequency range. Then why is there 

no measureable pulse distortion apparent? The above discussion can not answer 

this question. A detailed investigation of this question will be done in next chapter. 
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Figure 4.1a The dispersion relation of a line with R=0, C—const, and L=const. 
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Figure 4.1b The 1GHz pulse through a line with R=0, C=const. and L=conat. 
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Figure 4.2c The 1GHz pulse through a line with R — R(f0), C=const., and L = 

L(f.) 
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Figure 4.3a The dispersion relation of a line with R  =  R ( f ), C=const., and L  
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Figure 4.3b The attenuation constant vs frequency of a line with R  =  R ( f ) ,  

C = c o n s t . ,  a n d  L  =  L ( f „ )  
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Figure 4.3c The 1GHz pulse through a line with R  =  R ( f ) ,  C=const., and L  =  

H f . )  
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Figure 4.4a The dispersion relation of a line with R=0, C=const., and L  = !(/). 
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Figure 4.4b The 1GHz pulae through a line with R=0, C=const., and L = £(/). 
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Figure 4.5c The 1GHz puise through a line with R  =  R ( f 0 ) ,  C=const., and L  =  
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Figure 4.6a The dispersion relation of a line with R  =  R ( f ) ,  C=const., and L  =  
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Figure 4.6b The attenuation constant vs frequency of a line with R  =  R ( f ) ,  

C=const., and L  =  L ( f )  
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Figure 4.6c The 1GHz pulse through a line with R  =  R ( f ) ,  C=const., and L  =  £ ( / )  
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Figure 4.6d The dispersion relation of a line with R  =  R ( f ) ,  C=const. (er = 7), 
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Figure 4.6e The attenuation constant vs frequency of a line with R  =  R ( f ) ,  

C=const. (er = 7), and I = L ( f )  
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Figure 4.6f The 1GHz pulse through a line with R  =  R ( f ) ,  C=const. (er = 7), 

and L  =  L ( f )  



73 

CHAPTER 5 

INVESTIGATION OF DISPERSION 

OF LOW FREQUENCY SIGNALS 

The results in Chapter 3 show that there is almost no change of the rise time 

while the 30MHz pulse signal propagates along the microstrip line with matched 

load and driver impedance, even though this microstrip line is as long as 10 inches. 

Therefore, we know that the pulse shape distortion becomes larger when frequency 

increases. On the other hand, the dispersion relation (Fig.4.6a) indicates that the 

dispersion effect is larger in the low frequency range than in the high frequency 

range, because the phase velocity changes faster in the low frequency range than 

that in the high frequency range. It seems that the two results are contradictory. 

The following discussion is an attempt to explain the problem. 

As mentioned in Chapter 2, a pulse array can be expressed as an infinite 

discrete Fourier series, and the components of the series are the DC term, the base 

frequency term, the double frequency term, the triple frequency term, etc. Since 

the electrical parameters are frequency dependent, as discussed previously, the 

attenuation and the dispersion will be different for these components. In Chapter 3, 

it was demonstrated that the first ten harmonic terms can approximately represent 

the original pulse of Fig.3.1. Tables 5.1, and 5.2 show the values of the attenuation 

constants and the phase velocities of first ten harmonic terms for the 30MHz, 

250MHz, and 1GHz pulse signals. It should be noted that all of the data shown in 

the tables are extracted from the program UATLF, and they match the theoretical 

results (Fig. 4.6a, Fig .4.6b) very well. 

Table 5.1 shows that the attenuation constant changes more slowly over the 

first 10 harmonics in the 30MHz case than that in the 1GHz case. The ratio of the 

attenuation constant of the tenth term to the first term is about 1.4 in the 30MHz 

case, but the same ratio is about 2.9 in the 1GHz case. From this it appears that the 

30MHz pulse signal should have smaller distortion due to the effect of nonuniform 

attenuation discussed in Chapter 4. On the other hand, Table 5.2 also shows that 
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the phase velocity varies faster in the 30MHz case than that in the 1GHz case, 

and the tendency is especially big for the first several harmonics. For example, the 

difference of the phase velocity between the second Fourier component and the first 

one is 0.177 X108 km/sec., the difference between the third one and the second one 

is 0.05 x 10®km/sec., and the difference between the fourth one and the third one 

is 0.024 x 108km/sec. in the 30MHz case. The correspondent velocity differences 

are 0.013 X 108km/sec., 0.0072 X 108km/sec., and 0.0051 X 108km/sec. respectively 

in the 1GHz case. As a conclusion, the 30MHz pulse signal has larger dispersion 

than the 1GHz signal. This implies that the 30MHz signal should have larger pulse 

distortions such as rise time increase and pulse width brodening, because it has 

a larger dispersion. Since there is no such distortion observed in the 30MHz case 

(Fig.3.4a) , there must be some other factors making the distortion negligiable. 

The following study will prove that the pulse width and rise time are the two most 

likely possible factors. 

Table 5.1 The attenuation constants for the first ten terms of 

the three pulse signals 

Attenuation Coefficients(l/M) 
30MHz 250MHz 1GHz 

«1 0.9278 1.2494 1.8015 
«2 1.0500 1.4552 2.4155 
<*3 1.0982 1.6356 2.9464 

1.1303 1.8015 3.4169 
o5 1.1612 1.9543 3.8086 
<*6 1.1893 2.1075 4.1341 
a 7 1.2160 2.2612 4.4604 

1.2420 2.4155 4.7239 
«9 1.2675 2.5478 4.9878 

<*10 1.2927 2.6804 5.2522 
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Table 5.2 The phase velocities for the first ten terms of the 

three pulse signals 
Phase Velocities(M/S) 

v„„ 30MHz 250MHz 1GHz 
v* 1.1208 x 108 1.3457 x 10" 1.3730 x 10" 
v.2 1.2590 x 10" 1.3611 x 10" 1.3833 x 10" 
V„3 1.3017 x 10" 1.3684 x 10" 1.3889 x 10" 
V* 1.3200 x 10s 1.3730 x 10" 1.3929 x 10" 
vb5 1.3299 x 10" 1.3757 x 10" 1.3957 x 10" 
Vp« 1.3362 x 10" 1.3783 x 10" 1.3974 x 10" 
VP7 1.3408 x 10" 1.3808 x 10" 1.3991 x 10" 

00 1.3443 x 10" 1.3833 x 10" 1.4003 x 10" 
vp9 1.3473 x 10" 1.3847 x 10" 1.4014 x 10" 

vpio 1.3499 x 10" 1.3861 x 10" 1.4026 x 10" 

Propagating through an I inch microstrip line, different frequency compo

nents need different time if dispersion exists. The travelling time difference between 

the mih component and the nth component of pulse is 

A, -( 1 1 \ 
— ( T/ 

— it ) 
ypn Vpm 

Vpn and Vpm are the phase velocities for the nth and mth components respectively. 

Take a 10 inch transmision line as an example, the first six A<mn for a 30MHz 

signal and a 1GHz signal have been calculated and listed in Table 5.3: 

Table 5.3 The time differences between the nearby harmonic 

components for a 10 inch transmission line. 

Time Difference(sec.) 
Aimn 1GHz 30MHz 
A<21 1.07 x lO-11 1.93 x lO"10 

A*32 0.58 x lO-11 0.52 x 10"1U 

A<43 0.42 x lO"11 0.22 x 10~10 

A<54 0.27 x lO"11 0.11 x 10~10 

A<65 0.18 x 10"11 0.70 x 10"11 

A<76 0.12 x lO"11 0.50 x 10"11 
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The rise time used in the 1GHz pulse signal is 0.5 x 10~10 sec., and the 

pulse width is 5 x 10-losec., so the ratio of A<2i to the rise time is 0.214, and the 

ratio of to pulse width is 0.0214. On the other hand, the rise time used in the 

30MHz pulse signal is 0.167 X 10-8sec., and the pulse width is 1.67 x 10-8, and 

the the correspondent ratios are 0.116 and 0.0116. Clearly, they are smaller than 

those ratios in the 1GHz case . Furthermore, Atm„ decreases faster in the 30MHz 

case than that in the 1GHz case. The ratio of Atji to the rise time of the applied 

signals is 0.528 and 0.174 for the 1GHz pulse signal and the 30MHz pulse signal 

respectively. Therefore, the rise time increase in the 1GHz case should be bigger 

than that in the 30MHz case, although the dispersion effect is larger in the low 

frequency range. In addition to the nonuniform attenuation factor, the pulse shape 

distortion of the 30MHz pulse becomes negligiable compared to that of the 1GHz 

pulse. It should be noted once again that all of the three testing pulse signals are of 

the same pulse shape. They are proportionally enlarged or squeezed, so they have 

the same relative frequency spectrum (that means they have the same weights in 

the base frequency, double frequency, etc., but the values of base frequency, double 

frequency are different). 

To investigate the dispersion effect in the low frequency region, several 

10MHz pulse signals were designed to test the dispersion. The purpose of choosing 

10MHz pulses is to make the dispersion even larger than that in the 30MHz pulse 

case, because the dispersion relation (Fig. 4.6a) shows that the difference of the 

phase velocity is relatively larger among the first ten harmonic components of the 

10MHz pulse. The first testing signal is of the same pulse shape as the previous 

three testing signals, namely DT/(DT+DTM)=1/10. The simulation result shows 

that there is no rise time change through the transmission of the 10 inch line. The 

second pulse signal has a 0.5 x 10~10sec. rise time which equals one that is used in 

the previous 1GHz signal, but the pulse width is still 5 x 10~8 sec.. With two hun

dred Fourier terms being taken into account, the simulation result of the transient 

response after a 10 inch transmision is shown in Fig.. 5.1. The result shows that 

the pulse has been smoothened slightly at its corners. It is hard to tell whether the 

smoothening is caused by dispersion or nonuniform attenuation, because both of 
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the factors can cause the distortion. In oi'der to study the pure dispersion caused 

by the DC resistance in the low frequency range, the inductance L and resistance 

R were fixed to their DC values. Then, the same simulation was carried out and 

the result is shown in Fig. 5.2. This result is almost the same as in Fig. 5.1. 

After checking the attenuation and the dispersion relations, we can conclude that 

the smoothening is caused by the dispersion because the attenuation factor is a 

constant in this case. To study the pulse broadening caused by dispersion (which 

has never been observed in the previous study of this thesis), a 10MHz pulse array 

which has a pulse exactely like the 1GHz one in the previous simulation is studied, 

namely DT=0.5 x 10-10sec., DTM=4 X 10~losec., but T=10~7sec.. This means 

that the pulse width is only 1 two hundredth of the pulse period. In order to 

obtain the same accuracy obtained in the previous analysis of the transmission of 

the 1GHz signal with only the first ten harmonic terms taken into account, 1000 

harmonic terms must be considered in this case. Because the envelopes of the 

spectrum of these two signals are absolutely the same, the energies carried by the 

harmonic components which have frequency lower than 10GHz (the tenth harmonic 

term of the previous pulse signal) are the same. Unfortunately, UATLF is not able 

to handle this kind of calculation. Once the number of harmonic terms is bigger 

than 300, the simulation result will oscillate and the amplitude is greater than 106. 

Furthermore, when the number increases to 400, one of the external subroutines of 

UATLF will be jammed. Therefore the simulation is not able to be carried out by 

UATLF. Since the pulse width is small compared to the period, the signal can be 

treated as a single pulse. Some other programs may be used to carry the analysis, 

but the work is beyond this thesis. Here I end the analysis of the characteristics of 

the thin film microstrip line. Several general conclusions will be drawn in the next 

chapter. 
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Figure 5.1 The 10MHz pulse through a AC line (Cu metal), the pulse with the 

shape of t r  = 0.5 X 10~'°iec., and („ = 5 x 10~#iec. (200 harmonic terms taken 

into account). 
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Figure 5.2 The 10MHz pulse through a DC line (Cu metal), the pulse with the 
shape of t T  = 0.5 x 10~loaec., and t w  =  5 x 10~*aec. (200 hannonic terms taken 
into account). 
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CHAPTER 6 

CONSroERATION OF THE LINE GEOMETRY DESIGNING 

As discussed in the previous chapters, there is no obvious pulse shape dis

tortion in the low frequency range except the pulse height reduction (the pulse 

shape proportionally attenuated), but there is a significant pulse distortion in the 

high frequency range, such as / > 250MHz. Therefore, it is necessary to discuss 

how to minimize the distortion in the design of a high frequency microstrip line. 

According to Quasi-TEM theory and the results of the previous chapters, 

the pulse shape distortion is caused by the nonuniform attenuation and disper

sion for an unshielded single microstrip line with matched terminations. On the 

other hand, the nonuniform attenuation and the dispersion can be attributed to 

the electrical parameters R, L, C, G and especially their frequency dependence. 

From the results of the last several chapters, we know that the dispersion in the 

high frequency range is caused by the frequency dependent inductance and the 

nonuniform attenuation is caused by the frequency dependent resistance for a line 

with constant capacitance and zero shunt conductance, so how to minimize the 

frequency dependence of these two parameters is the key point to reduce the pulse 

shape distortion. The study begins with an investigation of the relation of the 

frequency dependent parameters and the line structure, then the discussion of how 

to minimize the frequency dependence of resistance and inductance. 

The frequency dependence of resistance and inductance is the result of skin 

effect according to our assumption, so how to minimize the inference of skin effect 

is very important to minimize the pulse distortion. In a certain frequency range, 

the smaller the cross section of the line is, the smaller inference of the skin effect is, 

so decrease the cross section is a way to minimize the pulse distortion. However, a 

smaller cross section will cause larger DC resistance that means large attenuation. 

If the line length is not very short but the cross section is very small, the line will 

attenuate pulses rapidly. Therefore the limitations of DC resistance and fabrication 

process must be considered in the design of the geometry of a line. For a certain 
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uniform metal line with a rectangular cross section shown in Fig. 2.3; once the value 

of w X t is determined, the value of per unit length DC resistance is determined 

as well. According to the discussion in Loizos P. Vakanas' thesis [1], the electric 

current distribution on the cross section of a microstrip line is shown in Fig. 6.1. 

For lines with a fixed area of cross section w X t, one that has bigger w and smaller 

t causes less nonuniform attenuation and dispersion because the skin effect has 

its effects in the higher frequency range for this line. For example, the thickness 

of metal h is thinner than the skin depth for a concerned frequency range, the 

difference of the electric current density is very small between the top layer and 

the bottom layer of the metal (Fig. 6.1), so the frequency dependence of the 

electric parameters is smaller than a thicker line in the concerned frequency range. 

Furthermore if u; ^ t is satisfied (it is usually satisfied in microstrip lines), the 

nonuniform distribution of electric current caused by skin effect of two side surfaces 

will be negligeable in a certain frequency range, then the frequency dependence 

of the electrical parameters will be even weaker. Therefore the pulse distortion 

caused by this line will be relatively smaller than usual ones, and this line has 

a better high frequency performance. FYom the above discussion, it is clear that 

to increase w and decrease t is helpful for minimizing the frequency dependence 

of resistance and inductance. In order to get some quantitative concept, three 

numerical examples are studied to explain the conclusion. Figs. 2a,b, 3a,b, and 

Figs. 4a,b are dispersion relations and the relations of attenuation constant vs 

frequency for three microstrip lines with cross sections of metal of 40fim x S.lfim, 

25firm x 5fim, and 15/im x 8.3fim respectively. The areas of the cross sections are 

almost 125/imJ, and all three lines have a 25fim thick dielectric layer. Line 2 is 

exact the one discussed in Chapter 3. The results show line 3 is most dispersive 

and has strongest nonuniform attenuation among the three lines. On the other 

hand, line 1 is the best one among the three. The results of transient simulation 

show the relative rise time (tr/tro) after a 10 inch transmission are 3.67, 4.67, and 

5.43 for these three lines respectively. Obviously, line 1 is the best of the three, so 

a wide line should be considered first in the design if it is permitted by the layout 

and the fabrication process. It should be pointed out that the area of the line 
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cross sections nre fixed among the above discussion. If both w and t nre big, the 

conclusion is not necessarily ture. 
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Figure 6.1 The current density distribution in the four vertical 

layer of a single conductor, above a perfect, infinite ground plane 
at / = 400MHz.ll] 

15 

The thickness of the dielectric layer h is another adjustable variable. A 

smaller h gives a smaller inductance but a bigger capacitance. Although a constant 

C does not directly cause dispersion or nonuniform attenuation, a bigger value 

of C makes the nonuniform attenuation and dispersion even stronger when the 
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inductance and resistance are functions of frequency. Going back to check Eqs. 

4.8, 4.11, one can easily find that every term of the equations contains a factor 

C, so the value of the capacitance modifies the variation of the resistance and 

inductance. Three numerical examples which represent three microstrip lines with 

the same size metal but different dielectric layers are studied to investigate the effect 

of the thickness of the dielectric layer. The metal of three lines is copper with a 

25fim X 5fim cross section (w = 25/jm, t = 5 fim). The thickness of dielectric layer 

axe lOfxm, 25fim, and 40fim for three lines respectively. Among them, line 2 is the 

one exactly the same as the line 2 discussed above and in Chapter 3. Figs. 6.3a,b 

are the dispersion relation and the relation of attenuation constant vs frequency 

for line 2. Figs. 6.5a,b and Figs. 6.6a,b are the same relations for line 1 and line 

3 respectively. When we compare the results of line 1 with that of line 2, it is 

clear that line 1 is more dispersive and has stronger nonuniform attenuation effect. 

After the study of transient simulation, the relative rise time (tr/tro) is 6.67 after 

a 10 inch transmission for line 1, but the corresponding value for line 2 is 4.67 as 

mentioned early. The results of line 3 show a smaller dispersion and nonuniform 

attenuation, and hence the corresponding relative rise time is 3.83. Besides the 

better frequency response, the net attenuation is smaller in this case too. The 

pulse height after the 10 inches transmission is 0.395 (V) instead of the 0.345 (V) 

in the case of line 2. Therefore, the thickness of dielectric layer should be as thick 

as possible if the designing and process permit. 

When t and h are fixed, to decrease w makes the capacitance decrease but 

the inductance and DC resistance increase. This situation enhences the nonuniform 

attenuation. Figs. 7a,b are the dispersion relation and the relation of attenuation 

constant vs frequency of a line with the geometry of w — 12.5fim, t = 5/zm, and 

h = 25/im, which is half as wide as the line 2 mentioned early. Comparing them 

with Figs. 3a,b, it is easy to find that this line has bigger nonuniform attenuation 

and it has almost same dispersion with line 2. As a result, the relative rise time 

(tr/tro) becomes 5 instead the 4.67 in line 2 after a 10 inch transmission. From 

the discussion, I believe a wider line gives a better result when the thickness of the 

metal and dielectric layer are fixed. Because UA2DL is not able to calculate the 
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electrical parameters of a line with bigger cross section, no numerical example was 

simulated for a line with a cross section bigger than 125/jm3. Fix the line width 

w and the thickness of dielectric layer, a thinner line gives a better result. A line 

with geometry of w = 25fim, t = 2.5fim, and h = 25/im was simulated and the 

relative rise time is 4.33 after a 10 inch transmission. It is better than the 4.67 in 

line 2. 

Table 6.1 lists some characteristics of several microstrip lines. The results 

show that a line with wider line width, thinner metal and thicker dielectric layer 

causes a relatively smaller distortion to pulse signals. The results also show that 

the attenuation of a line is not only determined by conductor resistance, but also 

determined by the capacitance of line. Bigger capacitance causes stronger attenu

ation. 

Table 6.1 List of the geometry, electrical parameters, and pulse shape 

distortion of different microstrip lines. The unit for w, t and h is jzm, 

and the units for iZ(/0)» L(f0), and C are Sl/m, iiH/m, and pf/cm 

respectively. Base frequency /„ is 1GHz. 

line w t h R { f 0 )  U f a )  C t r / t r o  H „ ( V )  
1 25 5 25 201 0.405 0.79 4.67 0.35 
2 40 3.1 25 182 0.335 1.00 3.67 0.36 
3 15 8.3 25 238 0.462 0.65 5.43 0.38 
4 25 5 10 201 0.260 1.37 6.67 0.32 
5 25 5 40 202 0.490 0.63 3.83 0.40 
6 12.5 5 25 346 0.517 0.59 5.00 0.34 
7 25 2.5 25 316 0.420 0.78 4.00 0.32 
8 12.5 5 10 348 0.362 0.92 7.00 0.29 

As to lines with a smaller cross section such as a few square microns, they 

belong to the category of on chip interconnection. In this case, the per unit DC 
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resistance is very big so the line is very lossy. Fortunately, the line length of this 

kind of interconnection is very short, for example no longer than 10mm. The skin 

effect is not an important factor for this kind of lines for the range of frequency 

of most digital signals. Although there is no big inference of skin effect, the line 

is still very dispersive because of the DC resistance for the reason discussed in 

Chapter 4. Because there is little nonuniform attenuation caused by skin effect 

for most frequency range of signals through this kind of lines, pulse distortion is 

only possibly caused by dispersion according to our assumption (C=constant and 

G=0) and the results of previous chapters. Since the line length is very short and 

without nonuniform attenuation, the dispersion caused by the conducting loss is 

negligeable. Unfortunately, this kind of lines usually have a structure of metal 

line, dielectric layer (usually oxide), semiconductor substrate and metal ground. 

The shunt conductance in this case is usually nonzero and sometimes frequency 

dependent. It affects both dispersion and attenuation. Capacitance, on the other 

hand, is not a constant value any more. It is caused by both dielectric layer and 

semiconductor like a MOS capacitor which is frequency dependent and sometimes 

has relationship with the applied voltage and the contact of interface. The original 

assumption of this thesis (C=constant and G=0) is no longer satisfied. Because of 

the restriction of our simulation tools, the study on this kind of structure is not 

included in this thesis. 
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Figure 6.2a Dispersion relation for a line with geometry of to = 40ftm, t = 3.1 ftm 
and h = 25pm. 
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Figure 6.2b The relation of attenuation constant vs frequency for a line with ge

ometry of to = 40pm, t = 3.1 /im and h = 25ftm. 
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Figure 6.3a Dispersion relation for a line with geometry of w = 25/im, t = 5/im 
and h = 25/im. 
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Figure 6.3b The relation of attenuation constant vs frequency for a line with 

ometry of u> = 25/im, t = 5fim and h = 25/im. 



r8 i -

FREQUENCY(Hz) 

Figure 6.4a Dispersion relation for a line with geometry of w = 15/im, t = 8.3fim 
and h = 25fim. 
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Figure 6.4b The relation of attenuation constant vs frequency for a line with ge

ometry of w  = 15/im, t  = 8.3/im and /» = 25/im. 
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Figure 6.5a Dispersion relation for a line with geometry of w = 25/im, t = 5pm 
and /i = 10fim. 
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Figure 6.5b The relation of attenuation constant vs frequency for a line with ge
ometry of w = 25ftm, i = 5(tm and h = 10/tm. 
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Figure 6.6a Dispersion relation for a line with geometry of w = 25/im, t = S/im 
and h = 40fim. 
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Figure 6.6b The relation of attenuation constant vs frequency for a line with ge

ometry of w — 25/jm, t = 5fim and h = 40pm. 
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Figure 6.7a Dispersion relation for a line with geometry of ID = 12.5/im, t = 5/tm 

and h = 25/im. 
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Figure 6.7b The relation of attenuation constant vs frequency for a line with ge

ometry of to = 12.5fim, t = 5fim and h = 25/im. 
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CHAPTER 7 

GENERAL CONCLUSIONS 

Several general conclusions can be made to describe the transmission char

acteristics of a pulse signal through a thin film microstrip line. Although the con

clusions are drawn from the microstrip line with several specific geometries, they 

are expected to be representation of other thin film microstrip lines with similar 

structure. 

(1) For a general digital signal, up to 100MHz with <r/T=0.05, there is very little 

pulse distortion which is caused by microstrip line itself, even in the situation where 

the line length is as long as 10 inches. There is a uniform pulse height reduction. 

(2) When the frequency is 250MHz, there is an obvious pulse distortion if the line 

length is longer than about 3 inches. If frequency goes even higher, the distortion 

becomes more serious. 

(3) When terminal impedance is far from the characteristic impedance of the line, 

reflection is a dominant factor to the pulse shape distortion. 

(4) In the low frequency range, such as 107Hz in the specific microstrip line, the 

line is much more dispersive than in higher frequency range but the resultant 

pulse distortion is negligible for the pulse with similar pulse shape described in the 

previous chapters. The dispersion is caused by DC resistance of the line. 

(5) Dispersion in the high frequency range is caused by the frequency dependent 

inductance rather than the frequency dependent resistance. This is contrary to the 

general belief that the frequency-dependent losses are the main factor of dispersion 

at high frequencies, probably driven by the fact that the dependence of resistance 

with frequency is much stronger that for the than inductance. 

(6) Non-uniform attenuation in the frequency domain caused by the frequency de

pendent resistance causes a symmetric distortion to the signal pulse by smoothening 

its corners. The distortion looks like dispersion, and it causes rise time increase 

and subsequent delay. 

(7) To optimize the design of a thin film microstrip line, the line should be as wide 

as possible and the dielectric layer should be as thick as possible if the fabrication 
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and designing permit, because both narrower line and thinner dielectric cause a 

stronger pulse distortion if the line is not very short. The thickness of the metal 

should be as small as possible to reduce the inference of skin eifect, but thinner 

metal gives a stronger DC resistance. Therefore, the line width and the thickness 

of metal should be adjusted properly to minimize the distortion. 
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