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APPLICATION OF MICROSTRIP TRANSMISSION LINE

TO HIGH SPEED DIGITAL DATA BUS

I. INTRODUCTION

Present Problems :

With recent advancement in solid state technology,

very high speed digital integrated circuits have become

a reality. Up to the time when this paper is written,

emitter coupled logic (ECL) is considered to be the

fastest integrated logic available commercially. These

high speedECL circuits must be treated with special

care which is not usually required by conventional

TTL circuits. Most TTL circuits do not require strict

precautions for connecting signal paths together. Wires

are bundled together for look and tidiness, cross-talk

and signal distortions are not really a big problem

for relatively short runs. Therefore a system designer

who is familiar only with TTL circuits will run into

many problems when he tries to use the new ECL high

speed circuits. Cross-talk which was not an important

problem, now becomes significant. Signal distortion

due to reflection must now be considered. The propagation

delay on a transmission line suddenly becomes a possible

source for logic error. All these problems lead to

a conclusion that the system designer must brush

up on his transmission line theory and approach his
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new design in a more cautious manner.

Purpose of the Study :

Among the problems in a high speed digital system,

the author found the problems in a high speed data

bus to be most challenging. The purpose of this study

is to find practical methods to implement a high speed

digital data bus. Microstrip transmission line was

selected for the purpose of the study. Each of the

significant problems and their solutions were investigated

and presented in the following chapters.
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II TRANSMISSION LINES

Types of Transmission Line

Any conductor(s) which conveys electrical signals

from one point to another can be considered as a

transmission line. The most common types of transmission

line used in a data bus are single conductor, wire over

ground, coaxial, twisted pair and microstrip. Single

conductor has the virtue of simplicity and can be

easily installed by wire wrapping technique. It is

commonly used in slow TTL circuits. Wire over ground

offers improved performance, but uniform characteristic

impedance cannot be guaranteed over the length of

the line. Coaxial only works the best when loads are

not distributed. Twisted pair transmission line will give

acceptable performance, but the distance between the

pair of conductors cannot be kept constant easily.

Therefore the characteristic impedance cannot be

strictly controlled. Due to the rigid physical structure,

microstrip transmission line has a uniform characteristic

impedance which is required by high speed data transmission.

Microstrip

Microstrip transmission line is basically a

transmission line built on a two-sided printed circuit

board. One side of the board is a copper ground plane
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and the other side is a narrow strip of copper, together

they form a transmission line. It has uniform characteristic

impedance through-out the length because the distance

between the strip and the ground plane is controlled

by the uniform thickness of the dielectric of the

board. The large ground plane also serve as a shield

for electrical noise. Microstrip transmission line

of any specific shape can be mass produced like regular

printed circuit boards. This is particularly useful for

mini-computer manufacturers because it provides a

method for producing a low cost data bus system.

The microstrip transmission line used in the

following tests is indicated in figure 1. The transmission

line is structured in such a way so that it resembles a

real application. Four card edge connectors are mounted

on the line at uniform distances apart. Signal sources

or loads can be added at any of the four positions.

This microstrip transmission line will be used as a

high speed data bus. Besides the data bus, there is

a power bus on the same board for convenience of

distributing power to all the circuit cards.

Each circuit card has a pair of ECL gates, one

for receiving and one for transmitting. These two

gates are located at a very close distance to the

card edge so that connections from the gates to the

data bus will be very short. Any signal paths on the
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circuit cards is also a microstrip transmission line

similar to the line used for the data bus.



Circuit Cards

Card edge
Connector
pins

Card edge
Connectors

15 inches

Fibre-glass

1

Ground
plane

6

Power
Bus

Data
Bus

ECL gates

Signal connections on bottom side

Figure 1 : Microstrip transmission line used in

the following tests.,
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Characteristic Impedance :

Characteristic impedance is one of the most

important properties of a transmission line. It is

a function of the physical dimensions and the dielectric

constant of the material separating the conductors.

The characteristic impedance (Z0) of the microstrip

transmission line can be calculated from the information

given in figure 2.

t

dielectric

W

AI A
P ZIA Iff% 771,

w = 0.035 inch

h = 0.063 inch

t = 0.0035 inch

e
r

= 5

W>> w

microstrip

ground plane

Figure 2 : Cross-sectional dimension of the microstrip

transmission line.
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The Characteristic impedance, Zo , of a microstrip

line is : ( Reference 1 )

Z
87 in ( 5.98 h

0.8 w + t+ 1.41

Where : e
r
= relative dielectric constant

of the board material.

w,h,t = dimensions indicated in figure 2.

For the microstrip line used in the study :

e
r
= 5

Z
87 In (

5.98 h

e
r

+ 1.41 0.8 w + t

87
1n

, 5.98 x 0.063

15 + 1.41 0.8 x 0.035 + 0.0035

= 85.3 ohms



RT Zo

B

-5.2v

Figure 3A : Series Termination

z
0

Figure 3B : Parallel Termination

-2v

RT = Zo

10
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travelling down the line. In data bus application,

distributed loading is implied, therefore series

termination can be ruled out in this application.

Parallel termination requires the loading resistor

(RL) and terminating resistor (RT) to be combined and

placed at the end of the line. The terminating resistor

has to be equal to Zo and satisfy the D.C. loading

condition at the same time. Waveform generated at

point A (Figure 3B) will travel down the line and

arrive at point B without reflection because RT=Zo.

A distinct advantage of using parallel termination

is that full-voltage waveform exists along the full

length of the line. This property is ideal for application

in data bus. In the following two sections application of

parallel termination to the microstrip line will be

demonstrated.

D.C. Termination :

In parallel termination, loading resistor and

terminating resistor are combined and placed at the end

of the line. The value of this resistor has to be equal

to Z
o
in order to eliminate all reflections. However

the value of Z
o

is usually too low for D.C. loading

limit of the driving gate. That is if RT ( In figure 3B )

is connected to -5.2v, which is the normal supply

voltage for ECL-10000 gates, output current limit of
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the driving gate will be exceeded. Therefore a separate

-2v power supply is required for terminating purpose.

This method of parallel termination is called D.C.

termination.

Characteristic impedance of the microstrip

transmission line was calculated in chapter 2 to be

85 ohms. A test was set up (Shown in figure 4) to

compare the actual and calculated values of Zo. The

effect of using different values of R
T
on the waveform

was also recorded. Photos of waveforms of the test

is indicated onfigures5A,B and C. A comparison of these

photos shows that the actual Z
o

of the line is 75 ohms.

R
T
values which are higher or lower than Z

o
will lead to

signal distortion as shown on figures 5A and 5C.

Oscilloscope

Pulse Generator

( EH-122 )

-2v

Figure 4 : D.C. Termination with Single Load.



(A)

0V

2

(B)

Figure 5 : Waveforms for D.C. termination circuit

indicated on figure 4.

13

R
T
=5o n

R T=75 n_
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(C)

Figure 5 : Waveform for D.C. termination

fir =100

circuit indicated on figure 4.
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A.C. Termination :

One serious drawback for D.C. termination is

that a separate -2v power supply is required. In order

to save the extra power supply, a method called A.C.

termination is used. A.C. termination (Figure 6) is a special

case of parallel termination. The principle behind this

method is that two paths are provided at the termination,

one for the signal (A.C.) and one for the D.C.. Since

this is a high speed data bus,operating frequency

will be in MHZ range, typically 50MHZ and above. To

the signal, the capacitor CT would look like a short

circuit, the existence of RL has no effect on the signal.

The equivalent terminating circuit is shown in figure 6B.

The effect of introducing the capacitor C
T

can

be analysed as follows :

1
Z = R
T T j27cfC

T

Where 75 ohms

C
T
= 0.01 pf

f = 50 F1U-1Z

1
Z
T
= 75 +

j2x x 50 x 10
6
x 0.01 x 10

-6
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Oscilloscope

0

Pulse Generator

(EH-122)

Figure 6A : A.C. Termination.

ZT
R
T

CT

-5.2v

Figure 6B : Equivalent Terminating Circuit.
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Z
T

= 75 .

1

J

= 75 j 0.318 ohms

The real component is much greater than the

imaginary component in the terminating impedance (ZT).

Therefore Z
T
will behave almost like a pure resistive

load. A resulting waveform similar to D.C. termination

should be expected. This is verified in figures 7A

and 7B.

A.C. termination has several advantages over D.C.

termination. It eliminates the requirement for an additional

power supply. The output current loading requirement

of the driving gate can be met by adjusting the value

of R
L

independently. R
T
can be chosen equal to Z

without worrying about overloading the driving gate.

Because of these advantages, A.C. termination was chosen

in the subsequent tests.
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(A)

C,V

_r)

)v

f=50 MHZ

f=100 MHZ

(B)

Figure 7 : Waveforms for A.C. termination circuit

indicated on figure 6A.
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IV TERMINATION WITH DISTRIBUTED LOADS

Effect of. Loading on Characteristic Impedance :

It was shown in the previous chapter that

for proper functioning of the data bus, the terminating

impedance must be equal to Zo of the line. This sounds

a little bit too easy, it seems that all one has to do

is to choose a resistor equal to Zo. But actually there

are more difficulties involved. Problems arise when loads

are distributed along the line, characteristic impedance

of the line,Z
o

, will no longer remain the same. For

a lossless line the characteristic impedance of a

transmission line is :

L
Z =I °
o C

o

(4-1)

where L
o
is the intrinsic inductance per unit length

of the line and C
o

is the intrinsic capacitance per

unit length of the line. ECL gates have a high input

impedance and a high output impedance when the gate is

at "OFF" state. Therefore only the capacitive effect

need be considered for A.C. conditions. The characteristic

impedance of the line changed by gate loading, Zc: is :

Z' =
0

L Z
o 0

Co + Cd I 1 + Cd
C
o

(4-2) (Ref. 1)
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where Z
o

is the original line impedance and C
d

is the

distributed gate capacitance per unit length of the line.

The value of C
d
is obtained by summing the total

capacitance of the loading gates and divide this sum

by the length of the line. An assumption was made

about the uniform distribution of gate capacitance

along the length of the line. But this is not true

because gate capacitance exists only at points where

gates are connected to the line. Fortunately in data bus

application, gates are connected to the line at uniform

intervals where circuit cards exist. This can approximate

the uniform distribution assumption quite well. Experi-

mental results in the following section will support the

approximation.

Single Termination :

It was shown that the line impedance with distrib-

uted loading can be calculated if the original line

impedance,Z0, and the loading condition were given.

To validate the theoretical derivation, a distributed

loading test on the line previously used was set up.

For simplicity, signal was assumed to transmit only

from one end of the line and a single termination was

used at the other end of the line. (Indicated in figure 8)

Four circuit cards were connected to the data bus.

On each of the circuit cards, there were two gates,



ECL-10000 gates

A

21

Pulse

Generator ITT

CT ±

I

z
o
= 75 ohms

Z' = 58 ohms

Gate input capacitance = 2.9 pf / gate

Gate output capacitance = 2 pf / gate

R
T

= Lo = 58 ohms

C
T
- 0.1 of

RL = 500 ohms

-5.2v

Figure 8 : Single termination with distributed loads.
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one for transmitting and one for receiving. There

were totally four input gate loads and four output

gate loads on the line.For ECL-10000 gates, each input

load has a capacitance of 2.9 pf and each output load

has a capacitance of 2 pf. The line impedance with

distributed loading, Z(') , can be calculated as follows :

Given : Z
o

= 75 ohms

Line length = 15 inches

Calculations :

From equation (4-2)

Z
o 1 +

cd

Z
o

C
o

(4-3)

4

Total gate capacitance = 4 x 2.9 + 4 x 2

= 19.6 pf

C
d

19.6npf - 1.3 pf / in.

tpd
C
o Z

o

Where tpd
= propagation delay per unit

length of the line,
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t
pd

= 1.017 0.475 e
r
+ 0.67 ns/ft (Ref. 1)

= 1.017 0.475 x 5 0.67

= 1.77 ns/ft

= 0.148 ns/in

0.148
C
o

= 1.975 pf/in
75

Substituting Co and Cd into equation (4-3),

Z =
Z0 +

Cd

Co

Zo

75

+
1.3
1.975

= 58 ohms

The waveforms at point D (figure 8) were observed

with values of RT set to Z
o
and Z' respectively. Result

shown in figure 9A indicates that the characteristic

impedance of the line is no longer 75 ohms, waveform

was distorted due to reflection. Figure 9B shows that

the line impedance with distributed loading is equal

to 58 ohms. Smooth, undistorted waveform proves that

there is no reflection because of perfect impedance

matching .



(A)

C.'

-2.
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RT=Zo=75A,

R
T
=Z 'o=58.a

(B)

Figure 9 : Waveform at point D of the circuit indicated

in figure 8.
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Double Termination :

In the previous section the signal was assumed to

transmit only from one end of the line and terminate

at the other end of the line. But this is only a

special case in data bus application. Most likely a

signal can be transmitted at any location of the

line where there is a transmitting gate connected to it.

This means that if signal is transmitted somewhere in

the middle of the line, it will propagate in both

directions of the line. When the signal reaches both ends

reflection will occur if either end of the line is not

terminated properly. Therefore in real applications

double termination must be used. This is no more

complicated than single termination. Identical terminating

networks are connected to each end of the line. (figure 10)

Terminating resistor, RT, is the same as that used in the

previous test, but the D.C. loading resistor, RL,

is doubled in value from the previous test. The fact

that the value of the D.C. loading resistor has to be

doubled is because there are two R's in double termination.
L-

Each of the RLs is connected to the -5.2v power supply.

In order to maintain the same D.C. level supplied to the

transmitting gate, the value of RL
has to be doubled.

Signal transmitted at location B (figure 10)
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will propagate in two directions, one towards A and the

other towards D. When the signal arrives at locations

A and D, there will be no reflections because the Rflis

are equal to Lo . Same situation will occur if a signal

is transmitted at 1Ccation C. Waveforms at point D

of the line were recorded on figure 11. Similar waveforms

were obtained at points A and C of the line. The

undistorted waveforms in figure 11 validates this double

termination technique.

Pulse
Generator

T

ECL-10000 gates

IPA

ZT R
T
=58 ohms

iT

R
L
=1000 ohms

R
L

CT= 0.1 of

-5.2v

Figure 10 : Double termination

-5.2v



( A )

(B)

0

-2

Figure 11 : Waveforms at point D of the circuit

indicated in figure 10.

27

f=33 MHZ

f=50 MHZ
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Line Impedance and Voltage Swing :

Typical voltage swing for the output of an ECL

gate,4V0, is about 0.85 volts. This voltage swing will

decrease if the output impedance of the gate is significant

compared to the line impedance. An equivalent circuit of

the data bus system is represented in figure 12. The

line voltage swing, VL, is :

VL = ZI V x
o 7 + 29

29

. 0.85 x

=0.68 volt

A slightly lower line voltage swing,LVL, indicated

in figure 11 may be caused by the skin effect loss or

the higher output impedance of the individual gate.

Reduction in voltage swing will lead to the loss

of noise margin, an undesirable effect. Since the output

impedance of the transmitting gate cannot be changed,

increasing the line impedance will reduce the internal

voltage drop of the transmitting gate. Therefore the

line should be constructed to have as high an impedance

as possible for noise margin consideration. However a

higher line impedance will have an unfavorable effect



1000.$).

V

0.1.uf

L V
0

29

58n

1000.n..

Figure 12 : Equivalent Circuit of the Data Bus System
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on propagation delay. There will be a trade off between

improving noise margin and reducing propagation delay.

The effect of line impedance on propagation delay with

fixed gate loads will be discussed in detail in the

next chapter.
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V PROPAGATION DELAY

Performance Evaluation :

Propagation delay is one of the most important

criteria for performance evaluation of a high speed

digital system. Many efforts were spent by researchers

in improving the speed of switching electronics.

ECL-10000 gates have a propagation delay of only 2 ns.

However this high speed capability of the ECL gates

cannot be fully utilized if the bottle neck of information

flow is on the data bus. A slow data bus not only will

decrease the speed of the whole system but may also

lead to logic errors. Suppose several of the circuit

cards connected to the data bus have to use one bit of

information on the data bus at the same instant. The

card closest to the transmitting point will receive the

information bit with negligible delay and the card

furthest away from the transmitting point may receive

the information bit at more than one bit-length time

later. The two circuit cards which are supposed to

receive the same information bit at that instant

are in fact receiving different bits. Logic errors

would result.

Propagation delay for the line with single load

(t
pd

) was calculated to be 1.77 ns/ft in chapter IV.
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This time will increase with distributed loading.

Propagation delay of the line with distributed loading

is :

tpt x
d pd

where C
o

is the intrinsic capacitance and C
d

is the

gate capacitance, both per unit length of the line.

In a data bus system the number of gate loads are

constant once the structure of the system is determined.

Therefore the value of C
d
is constant with constant

line length. In order to reduce the propagation delay,

C
o
in equation (5-1) must be increased. From equation

(4-1) :

L
Z = 2
o C

o

Increasing Co will decrease the line impedance. This

implies that for minimum propagation delay, the line

impedance must be made as low as possible. This is in

constrast to the requirement that the line impedance be

made as high as possible for noise margin considerations.
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Propagation Delay on the Data Bus :

Propagation delay of the data bus with distributed

loading can be evaluated as follows :

Given : ( From Chapter IV )

t
pd

= 1.77 ns/ft

C
o

= 1.975 pf/in

C
d

= 1.3 pf/in

Calculation :

From equation (5-1) :

t '
pd

= tpd x 11 + Cd

= 1.77 xil +
1.975

= 2.28 ns/ft

1.3

Loading has increased the propagation delay of the

line from 1.77 ns/ft to 2.28 ns/ft.

A test was set up to evaluate the actual propagation

delay on the line. Same circuit used in double termination

test was used in this test. The signal was transmitted

from one end of the line. A multi-channel oscilloscope

was used to observe the waveforms at points A,D and E.

(Figure 13) A photograph of these waveforms is shown
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in figure 14. The wave started at point A will arrive

at point D TD seconds later. From figure 14 :

D
2.9 ns

Line length = 15 in.

12tpd, = 2.9 x 15

= 2.32 ns/ft

This value for propagation delay agrees very

closely with the calculated value of 2.28 ns/ft .

If the operating frequency is 100 MHZ, the data

bit length is 5 ns. It is interesting to know that a

complete bit-length's time is required for the wave

to travel a line of only 2.15 feet long. (5i.2.32=2.15)



Pulse
Generator

I

Oscilloscope

T

-5.2v

Or

Figure 13 : Propagation delay test.

-5.2v

35
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TD

A

D

E

Time delay of the 15 in. line = TD 2.9 ns

Figure 14 : Propagation delay of the data bus
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SUMARY AND CONCLUSIONS

The implementation of microstrip transmission

line on a high speed data bus system has been presented

in this paper. Its advantages over other common forms of

data bus system are :

1. Strict control of characteristic impedance.

2. Large ground plane serves as an electrical noise

shield.

3. Data bus, power bus and other back plane signal

connections can be integrated on the same printed

circuit board.

4. High reliability and low cost in mass production.

Terminating techniques are used to reduce signal

distortions. The A.C. terminating technique developed

is particularly useful in small systems, because it is

easy to use and does not require a separate power supply

for the termination. It was shown that a low cost high

speed data bus system can be designed by using appropiate

equations if the loading conditions are known. Experimental

results have supported the validity of the design method.

For a data bus with fixed number of gate loads, choosing

a higher line impedance will improve the noise margin but

increase the propagation delay, choosing a. lower line

impedance will do the opposite. Like most engineering
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problems, compromise must be made before a workable

system can be built.
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