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FOREWORD

This final technical report is submitted to the U.S. Army Missile

I Conr~and by the Electrical Engineering Department , Auburn University , to

complete its contract obl i gations under contract DAAK4O-77-C-0042. This

I report is published in six parts , each separate and independent of the

others. Each part summarizes significant work related to the contract

tasks completed during the period of contract performance.
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I. INTRODUCTION

A. The Problem

Hybrid integrated circuits usually contain several heat dissipating

devices bonded to a ceramic substrate . ihe substrate is in turn bonded

to a header. The whole system is completely enclosed in a metal package ,

of which the header is part . The primary heat flow path is from the

heat generating regions of the devices through the substrate and header

to the external header surface. This heat also flows through any epoxy

bond regions. A typical system geometry is shown in Figure 1.

The heat generating region of the devices will rise to a higher

temperature than the header temperature , Tc • This is due to two reasons.

First , the device generates its own heat power which ultimately flows

to the header , causing a temperature drop between the heat generating

region and the header. Second , if other devices on the substrate are

also dissipating heat , then the device experiences an additional tempera-

ture rise due to the proximity of the other devices. Thus there is

therma l coupl i ng between the devices involved .

Figure 2 shows a therma l resistance model for a particular device.

A detailed discussion of the thermal resistance concept is given by Slagh

and Ruwe [1, 2]. Note that the temperature source , ~ 1 is the increasedcp 1
temperature of this device due to the presence of other heat generating

devices on the substrate . This temperature is given by

T
~~i ~~ 1~ ij Pj (1)

j~i

I

iS
- . 
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P. iQ  T .
~ It

~~

T 5

~~~~ T
~~i

°sc
~

T
C

T c is the header lower surface temperature .

is the m id-substrate temperature under the device.

Tcpl . is the portion of the substrate temperature due to other devices.

is the heat generating temperature of device i.

P1 is the power dissi nation of device i.

°d. is the therma l resistance from device i to mid-substrate layer.

0 sc 1 
is mid -substra te to header therma l resistance for device i.

Figure 2. Thermal Resistance Model for Device i.

1

*
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where O~~ is the coupling thermal resistance from device j to

device i

N is the tota l number of heat dissipating devices on the

s u b s t r a t e

P. is the dissi pation of device j

The heat generating temperature , T ., of device i is then

1. = T + P .  (o + a ) + T (2)
j .~ 

cpl 1 1 d~ sc .~ c

At excessive heat generating region temperatures devices may suffer

from one or more of the following:

1. Change of elec trical parameters , to the point that circuit
operation is unsatisfactory [3].

2. A drastically l owered lifetime until device failure [4].

3. Immediate catastrophic failure .

It becomes important then , that the hybrid circuit design engineer

and layout technician be able to predict the maximum temperatures that

will be reached in the various devices on the hybrid substrate. One

may use numerical techniques to solve, in effect, the three-dimensional

boundary value probl em. The desired information will be gained , including

the thermal resistances of Figure 2 and Equations 1 and 2. This

approach is disadvantageous for several reasons. First , the hybrid

structure is generally quite complex. Second , boundary conditions need

to be applied at all surfaces and interfaces. Third , the engineer and/or

technician are probably unfamiliar with the necessary heat flow laws .

Fourth , the subdividin g of the system into small nodal volumes for

simulation on a computer is a time consuming task.

— -S - — 
- ~~~~ —. — - -



I
6

B . Objectives

There were two princ i pa l objectives for the investigation. First ,

is to develop an accurate two-dimensiona l heat flow model as a simplifi-

cation of the previously mentioned three-dimensiona l problem . Second ,

by the further assumption of circular symmetry , thermal resistances of

devices and coupling therma l resistances between devices are obta ined in

closed-form expressions.

For hybrid systems with a l u m i n a  or bery llia substra tes that are

epoxy bonded to a kovar header , the system three-dimensiona l partial

differential equation with interface boundary conditions has been simp-

lified to a two-dimensional equation at the mid-substrate surface witci

insignificant loss of accuracy. This means that computer so lutions by

such method s as f inite-difference techniques are greatly simp lified .

The simplif ication is manifested both in characterizing a particular

circuit layout with a solution algorithm and in the time and memory

required by the computer. Since hybrid circuit layouts invariably possess

lit t le if any physical symmetry , this method makes complex therma l

problems much more adaptable to sol ution.

By the further simplif ication of assuming that a rectangular heat

dissipating device on the substrate surface can be represented by a

circular shaped device of the same area , the temperature d i s t r i bu ti on  on

the substrate has been found in closed-form solution. By applying the

princip le of superposition , the subst ra te  temperature distribution can

be found when many dissipating devices are present on the surface. This
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method leads to a very rapid calculation of maximum device temperatures

that can be made by a layout technician wi th the aid of mathematical

tab les and a calcu lator. While the accuracy of this simplified niethod

is not as high as the full computer simulation of the two—dimensiona l

problem , it is much higher than many methods , such as the ‘ spreading

resistance ” model , in use today [5]. In addition , it al lows determination

of the additional temperature rise of a device due to the proximity of

other d issipating devices on the substrate surface. It is felt that a

simplified algorithm of this type could readily be incorporated into a

computer aided design system where other than therma l criteria are to

be considered .

II. DERIVAT ION OF THE SIMPLIFIED TWO-DIMENSIONAL
THERMAL MODEL

A. Three-Dimensional Model

The three-dimensiona l hybrid circuit system thermal model is

described in terms of noda l conductances. This is equivalent to using

finite- difference equations for solution of the partial-differential

equations with boundary conditions that describe conductive heat flow [2].

That is , the system volume is subdivided into very small volumes , each

containin g a node point at a particular temperature. Therma l conductance

G between adjacent node points is easily expressed . As the size of the

small volumes approach zero (with their number approaching infinity), the

model a pproaches perfect accuracy .

Figure 3 shows the conductance l ayout for a surface area , t~x by ~y,

S . -- -- -- S_ _~~~~~~~~~~~~~~~~ --~~~~~~~~~ --~~~~~~~~-- -~~~~~~~~~~ - - - - - --_
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Figure 3. Node and Conductance Layout
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on the substrate . Also shown are conductances extending down to the

lower header surface , s i n k e d  at a tempera ture T
~
. Since this surface

is isothermal , the heat flow direction is norma l to it. For this reason ,

lateral (i .e. in the x and y directions) conductances are omitted in

the header . Con ductance values are determ ined i n genera l by

G = 
(therma l conductivity)X (cross-sectional area)

path len g th

Applying the principle of “conservat ion of heat flow ” to nodes

designated by temperatures I and

(2G xs +2Gys+Gse
)T s Gxs (T 1+T2)+Gys

(T 3+T4)+Gsele (3)

(2G +2G +G +G h)T = G ( T l +T 2 ) ( T 3 +T 4 ) s T
~

fG hTc (4 )

k5s ~y k5s ~x 2AxAy
where Gxs = 

Ax Gys= ~y 
Gse = s 

+k5 ke

- 

k~eAy 
- 

keeAx 
G - 

AxAy
Gxe 

- 

~ 
‘ 

Gye ~y 
‘ eb ~~-_ +2ke kh 

. 
-

k5 , ke and k h are the therma l c o n d u ct i v i t i e s  of t he substrate, epoxy

and header respectively. When the s ix thermal conductances are sub-

s t i tu ted  into Equa t ions  3 and 4 , they are arranged to obtain

T +1 -21 1 +T 4-2T 2k5s 
(Ax )2 + k5s 

(Ay )2 
S + ~ 

+ 

~e 

(T~~T~~ = (5)
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V k e [le 
+ T2e - 2Te 

+ 
13e + T4e - 2T

el 1 (Ic - Te) +
e 
~ 

(Ax )2 (~~)2 j  e 
+

s 
2
e (T s Te) = 0  (6)

s e

The limit ~x-~-o and ~y-.o is then taken , where expressions such as

T1 + T2 -

~~ 
2

a2T
approach the second partial derivative , 2 ’  etc. Equation s 5 and

ax
6 become

k5sv 2T 5 + 
2 
e (Te — T~) = o (7)

keev2le + :
1
+ h 

(T c - Te) + s e (T~ - T )  = 0 (8)

2ke kh k5 ke

2 2
where

ax ay

Equations 7 and 8 are combined to give

keev
2le + ksv 2T5 + h (T

~ 
- Te) 

= 0 (9)

2ke kh

I
I

I
5- - 

- - -- - --- -
.5,
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Equations 8 and 9 then become the control l i ng par t i a l  d i f fe ren ti al

equations for the three-dimensiona l substrate-epoxy-header thermal model .

B. Assumptions fotjppxy Bonded Substrates

The point designated by temperature Te is nearer to the isothermal

l owe r header surface than i s the point des ig nate d by the tem pera ture T~
It is thus reasonable to assume that the magnitude of V2Te ~~s certainly

no larger than the magnitude of 721 Therefore, if kee<<k sS, the

first term of Equation 9 can be neglected. Also , since the second term

of Equation 8 and the last term of Equation 9 are the same, then the

first term of Equation 8 can also be neglected . Equations 8 and 9

then become

e 
1 

h (1 - I ) + 2 
e (T - I ) = Q (10)

c~~
kh ~~~~~ 

S e

k5sv2T5 + e ~~~ 
(T
~ 

- 1) = 0 (11)

2k kh

Consider a typical alumina substrate with thickness , s = 25 mils ,

and thermal conductivity , k5 
= 6XlO 4 W/mil- °C. This is bonded with

conductive epoxy of thickness , e = 5 mils , and conductivity , ke 
= 4>~0~

W/mi l-°C. Thus kee 
= 2X1O 4 W/°C, k5s 

= l.5XlO 2 W/°C and the assumption

of the preceding paragraph is valid. For beryllia substrates , k5 is

almost an order of magnitude higher , making the assumption even more

valid. Physically, this means that latera l (x and y directions) heat flow

is essentially confined to the substrate only, and neg lecting the first terms

- 5 - - -  —-—5-— - — — _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  S
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of Equations 8 and 9 will lead to almost no error. What little error

is present will cause conservative results to be predicted ; that is

higher temperatures. This is because the approximation effectively

removes the latera l conductances Gxe and Gye (see Figure 3).

C. Derivation of the Two-Dimensional Substrate Surface Model

The temperature Te is el iminated between Equations 10 and 11 to

give

T -T
v2i - ~~ c c— = O  (12)s 5 ek5s(~ç— + +

“5 e h

A temperature I is now defined as the rise in substrate temperature

above the header temperature . That is , T = Ts~
Tc’ and Equation 12 becomes

-x 2T 0; T = T(x,y) (13)

where A = 

fk s(_F + +

Equation 13 is two-dimensional and applies to the temperature

variation at the middl e of the substrate l ayer. Figure 4 shows a typical

substrate with heat dissipating devices. The edges of the substrate are

adiabatic (i.e. no heat flow norma l to them). The normal der ivative

of T at these edges is therefore zero. The shaded area is directly below

the devices in the middle of the substrate area . The temperatures I~~, T5

etc ., also of these areas, represent boundary cond i tons for Equation 13.

—5--- - —--5- . - 
~~~
__ __5 - - -  —5 -—-5-- —5-- - —
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T(x,y) = Temperature at Middle 
~of Substrate Thickness / s.
/ , J

Device j

Substrate Surface

Device  i

Top View
Norma l Derivative of I = 0

0 ________ 1 dd
~ ~~~~I ISubstrate S

i _~~~~ è — — — —è j~__ 5~ s

Epoxy e

1z  -t
Header L h

-k
Tc 

..........,A Side View

Fiqure 4. The Two-Dimensional Heat Flow Problem.
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D. Use and Advantages of the Two-Dimensional Model

While numerical methods [6] are still necessary for the solution

of Equation 13 , the problem is sim plified considerably from the three-

dimensional case. A typical procedure would be as follows (see Figure

4):

1. Designate a convenient temperature for T 5 , below device i.

Assume all other devices are passive and do not generate heat. Then

I = T5 -T~ at the shaded region in the middle of the substrate.

2. The additional boundary condition , that the normal derivative

of I is zero at the substrate edges, is ap p l ied .

3. Numericall y solve Equation 13, subject to the above boundary

conditions.

4. Evaluate the total downward heat flow , P.~ in watts, from the

mid -substrate surface. This is equivalent to summing the heat flows

down through incremental area s Ax~y as shown in Figure 3. That is

T 1 (14)
1 All areas r— + —

AxAy [ 1se G h

where T is the temperature at the middle of the particular area, AxAy.

~ 0sc1 
in Equation 2 is given by (T

5 
- T

~
)/P

~
6. ed is given by

0d 1 
= device thermal resistance + 2k5(device base surface arèiY (15)

I
5- . ~~~~~—— —- 5 .  -- - . -

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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If the device is a transistor, rc or resistor chip, its thermal resistance

is often given by the manufacturer. If not , then it can be calculated

by a “spreading resistance” formula discussed in Section III C. If

the device is a film resistor , then the device therma l resistance is

zero.

7. From the solution obtained in 3, the temperature I
s is noted

3
a long with the substrate temperature below all other devices . Then

= (T~ - T )/P. is the coupling therma l resista nce from device i to
J 3

device j, etc.

8. Steps 1 through 7 are repeated for all other heat dissipating

devices.

9. All heat generating region temperatures are then given by

Equations 1 and 2.

The thermal solution outl ined above can be done as a final system

thermal analysis , that is qu ite accurate . This does not help the

circuit layout technician , however, who needs a quicker method of calcu-

lating peak device temperatures, as wel l as guidel i nes for device placement.

The two-dimensiona l problem will be further simplified in the next section

in order to accomplish these goals.

It should be further noted that the temperature distribution I,

given by the solution of Equation 13 also represents the temperature

on the ~gp~ of the substrate surface; except directly under dissipating

devices . This is because there is no temperature gradient normal to

this surface; which is equivalent to saying that intertia l conduction ,

_.
~~=_.~___-_=_,.. — — 5- .5—.- - —5--— 

- —5- — — — 5-- -.- — - - - - —.5- —- .

5 - - - - ._ ~_~:ii ~ 
_—.. . .  - - -
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convection or radiation through the enclosed nitrogen filled space

-is negli gible [7,8]. Temperatures of non-dissipating devices are

therefore obtai ned directly from the solution.

III . ONE-DIMENSIONAL MODEL USING CIRCULAR SYMMETRY

A. The Assumptions of Circular Devices and Substrates

Two assumptions are now made so that Equation 13 can be converted

to a one-dimensional characterization of heat flow . That is , the

temperature I wi ll become a function of the radial space variable r

only. The first assumption is that a rectangular shaped heat

generating device can be modeled as a circular device , with the

same base area on the substrate. Secondly, the substrate itself is

assumed circular in shape, with a radius R0 equal to the distance

from the center of the device to the nearest actual substrate edge.

This configuration is illustrated in Figure 5.

The first assumption means that the radius of the circular

device i is given by

Ia b. ’
r = i I  ~~ ( 16)
0 V iT

where a1 and b~ 
are the rectangular device dimensions . Characterizing

a rectangular device in this way should give quite accurate results

provided that the device aspect ratio , (a /b1 ), is not too high. For

example; with aspect ratios not exceed i ng three , the actual device

periphery and the circumference of the assumed circular device differ

- 
- 

-
- - - - 

-
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by less than 30%. It is probable that the circular device model

will tend to predict a slightly lower device temperature than the

rectangular. This is because the circle area that is not comon

wi th the rectangle area is closer to the center of the device than

the rectangle area that is not common to the circle area (see Figure

5a.). The assumption of a circular model for rectangular shapes

has also been employed by Ellison [9], though his results apply to

hybrid packages .

The assumption of a circular substrate, wi th radius equal to

the distance between the device and actua l substrate edge, will

obviously give conservative results. In comparison to the “45°

spreading resistance ” model [2], however , the results will be much

more accurate. This will be shown in a later section.

B. Substrate Temperature Distribution

Using the circular model of Figure Sb , the substrate temperature

T becomes only a function of the spatial variable r. The Laplacian

operator becomes [10]

72 d ~~~ 1 d
dr2 r~~iZ

and the substrate temperature is governed by the ordinary differential

equation:

4 + 1 dT 
- x2T = 0 (17)

dr r dr

I
- 

— - .5 
—‘--S.~~~~

-_- - - —- -5——— .—— —5 - -.-.-— .5 - — .

5—
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This equation applies for r < r < R0 for a particular heat generatirg

device . Boundary conditions are (see Figure 4 also):

I T at r = r0
(1 8)

41=0 at r = Rdr o

The general solution of Equation 17 is given by [11]:

I C 1 1
0 

(Ar) + C2K (Ar) (19)

where I
~ 

(Ar) and K0 (Ar) are modified 
Bessel functions of 0th

order. The constants, C1 and C2, are evalua ted by apply ing the boundary

conditions to give:

K1 (AR )I (Ar) + 11 (A R )K (Ar )
1 =  ° ° ‘. ° ° 1 (20)

Kl (XR )I (Ar ) + 11 (xR 0)K0(xr 0) 
S

where I.~ and K1 are modified Bessel functions of the first 
order .

The mid—substrate temperature is then given by Equation 20 for

< r < R0 and by T~ for 0 < r < r0 (see Figure 4 also). The heat

power flow P is given b.y Equation 14, with the sumLtion sign

replaced by an Integration . This becomes :

1
2iT 

1
R0

P kssA 2J j T rdrd4 (21)

•0 r=0

-S.

-5’
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When this integration is carried out the temperature 1 for r0 < r < R0,

is obtained in terms of the device dissipation P as:

= A[ — 

K1 (xR 0)10(Ar)+ 11 (XR )K0(x r) 1(22)
~K1 (xR 0)[~~I0(Ar~ -~ I1 (Ar 0~~+I 1 (AR o)[~ K0(xr0)+ ~ K1(X r o~ j

’

where A =  - 
1

2iT ks ?~
2r0

C. Determi nation of Device and Coupl i ng Thermal Resistances

The thermal resistance 0sc is obta i ned from Equation 22 by

setting r equal to r0. The total thermal resistance e from the

device heat generating region to the header is e~~ plus 0d’ where

0d is given by Equation ~~ o~ represents the therma l resistance

of the device added to the thermal resistance through half the thickness

of the substrate layer.

0d 
= (device thermal resistance) + 2~~ab 

(23)

where a and b are the device base dimensions. As stated previousl y;

if the d’~vice is a film resistor, then the device thermal resistance

is zero. If the device is a transistor , IC or resistor chip;

then the device thermal resistance is often given by the manufacturer.

When the manufacturer does not give this information , it can be

conservatively estimated by a simpl e “spreading resistance” model [2]

as:

.5 . — — - - - 
_________________________________________ ___________

- -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . 
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1 rc (d+2t
2k d(c_ d ) ~

1j
~ ~c+2t ( 2 4 )

where: kd is the chip thermal conductivity, t is the thickness and

c,d (c > d) are the rectangular dimensions of the heat generating

area on top of the chi p. This is not, in general , the total top

area of the chip. If c = d the device thermal resistance is given

by

t

k dc2[l+ 

~1 (25)

If the chip device is epoxy (rather than eutectic) bonded to

the substrate, then the epoxy thermal resistance

V

k
~
a b

must be added to in Ec~otion 23. v is the epoxy thickness and

k
~ 

its thermal conductivity . Both the thickness and conductivity

may be different from the substrate bonding epoxy.

If a second device is placed a distance ~~ from the device

dissipating power P, then the coupl ing thermal resistance 0.ji ~S

obtained from Equati on 22 by setting r equal to r1~ ; provided that

r1~ < R 0. If R0 < r1. < 4/A , then the coupling thermal resistance —

is taken as Equation 22 with r set equal to R0. This will give

conservative results. I.f however, r1j > 4/A then the devices are

- -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ____ - .
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sufficiently separated so that the thermal coupl i ng is negligibl e

and e
~~ 

‘
~
. 0. This condition is applied even if R0 > 4/A.

0. Use of Results for Hybrid Circuit Layout

It is assumed that the hybrid circuit l ayout designer has knowledge

of the following quantities or is able to readi ly obta in them :

1. header thickness , Ii

2. header thermal conductivity, k h

3. substrate epoxy thickness , e

4. substrate epoxy thermal conductivity , k e

5. substrate thickness , s

6. substrate thermal conductivity, k

7. all dissipating device base dimensions , a and b

8. if a chip, the chip thickness , t

9. if a chip, the chip thermal conductivity , k d
10. if a chip, the rectangular dimensions of the heat generating

surface on top of the chip, c and d

11. j-F chip is epoxy bonded , the epoxy thickness, v

12. if chip is epoxy bonded , the epoxy thermal conductivity , k
~

Values of thermal conductivities ~re usually obtainabl e from the

material manufacturer. Typical values of these are as follows :

1. substrate: k = 6X1O 4W/mil- °C for A1203
= 3.9X1O 3W/mi1-°C for BeO

2. substrate epoxy (Ag filled):

= 4X10 5W/mil-°C

-_ ____
~—

__
5-~-
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3. Kovar header: kh = 4X10 4W/mi l-°C

4. Silicon chip material : kd l.9X1O 3W/mi l-°C

5. Chip bonding epoxy (Au filled): k
~ 

= 4.4X 10 5W/ mil - °C

Epoxy layer thicknesses, e and v , are somewhat variable depending

upon fabrication “squeeze out” . Values of 5.5 mils for e and 1 mu

for v have been measured on actual hybrid systems. Other dimensions

such as h, s, a, b and t are given by the manufacturer , or can be

easily measured .

The chip heat generating surface dimensions , c and d , can

often be obtai ned from specifications suppl ied by the manufacturer.

An example would be a sketch of the surface emitter region configuration

for a discrete transistor chip. If not availabl e , this may be

observed under a microscope. Occasionally the device thermal resistance

is given in the specifications. Curves , such as those given by

Harper [5, p1-101], are often useful.

The layout designer lnow decides on a tentative device layout

on the substrate. He calculates A from Equation 13. The effective

device radius r0 is obtained from Equation 16 for each device and R0,

the device substrate radiv.is, is the distance from the center of the

device to the nearest substrate edge. The center to center distance

is noted for all dissipating device pai rs.

Thermal resistances e5~ 
and coupl i ng thermal resistances

are calculated by the instructions given in Section C. To the

--——5-. 5--. ~~~~~~~~.- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - 5 -  -5 - -- - 5-—--- - — .5 
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value of 0 c’ for each dissipating device , is added 0d as given by

Equat ion 23. Finally, all device heat generating region temperatures

are calculated by means of Equations 1 and 2.

If these temperatures are satisfactory, then the thermal layout

is completed . On the other hand , if certain of these device

temperatures are too high , the l ayout can be adjusted by moving

devices farther from the substrate edge and/or separating the

devices far t her from each other. The temperature calculations

would again be made5 and performance reevaluated . If temperatures

are still too hi gh , certain more drastic changes may be necessary.

Some of these might be:

1. External heat sinking to maintain the header temperature,

Tc’ at a lower level .

2. Use of a larger area substrate

3. Use of a higher conductivity substrate such as BeO .

4. Direct soldering of substrate to header

5. Eutectic , rather than epoxy bonding of devices

6. Use of larger area devices

E. Example Layout Design

A typical hybrid layout example is shown in Figure 6. This will

be used to illustrate a thermal performance calculation. The four

devices are those dissipating an appreciable amount of heat power,

and are described as follows :

1. Device 1 - silicon chi p transistor , epoxy bonded a1 = b1 =

100 mils , c1 = 80 mi ls , d1 = 40 mils , t1 = 10 mils , kd = 1.9x1cr3

W/mil-°C, P1 = low , v = 1 mll , kv = 4.4X10 5W/mil-°C

- .5 

. -  - 
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2. Devices 2 and 4 - silicon chip transistor , eutectic bonded

a2 = b 2 =5O mi ls , c2 = d 2 =3O mi ls
* t2 = 8 mi ls , Kd = l.9X10 3W/mil- °C, P2 

= P4 = 4W
2

3. Device 3 - screened film power resistor

a3 = 150 mils , b3 = 100 mi ls , P3 
= 12W

The substrate is alumina , with s 25 mils and k5 = 6X10 4W/mil- °C.

It is bonded to a kovar header by an e = 5 mu thickness of epoxy ,

wi th thermal conductivity , ke 
= 4X10 5W/mi l-°C. The header is h = 30 mils

thick and has a value of k
h 

= 4X10 4W1m h1 - °C , for its thermal conductivity .

The lower header surface is externally heat sinked so that its

temperature is Tc = 50°C. The problem is to determine the peak

heat generating region temperatures for the three devices.

From Equation 13 , ~ if first calculated :

A = 1.74XlO 2mils ’

The effective radii of the three devices are determined from Equation

16:

r0 56.4 mils , r = r0 
= 28.2 mils , r = 69.1 mils

i 02 4 0
3

The assumed circular substrate radii are noted from Figure 6:

R 400 mils , R = R = 500 mils, R = 300 mils.f 01 02 0
4 

0
3

Device center to center distances are also obtained from Figure 6:

I
I

. 5 --5 —-~~- - _— - - --- 5— 5- - - 5- -  __ 5•_ _ _  
- .
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r12 
= r21 = 1000 mils , r23 

= r32 = 283 mils , r13 
= r31 

= 12 17 mi ls

r14 = r41 = 925 m i l s , r24 = r42 
= 75 mils , r34 

= r43 = 340 mils

In computing 0sc , for device 1 , the following are obtained from

the tabl e of modified Bessel functions listed in the appendix:

Ar = 0.98 AR = 6 . 9601 01

10(xr ) = 1.26 11 (AR0 
) = 150

K ( A r  ) = 0.43 K (AR ) = 0.00047
0 01 1 01

11 (Ar 0 ) 
= 0.55

K1 (Ar 
) = 0.62

e is now calculated from Equation 22 by letting r = r = r andSc1 0 01
R = R . Its value is
0 01

0 = 5.64°C/WSc1

is calculated from Equations 23 and 24, adding also the chip
1

bonding epoxy thermal resistance:

c d +2t
= 
2kd (c ~T ln [dl(1+2t1)] 

+ 

~
ka ibT 

+ 
kvai bi

= 1.2 + 2.08 + 2.27 = 5.55°C/W

It is noted that r12, r23, r13, r14 and r34 all exceed 4/~ = 230 mi ls.

Hence the coupl i ng thermal resistance between all devices except 2 and

4 is negligible. That is:

_______________ 
______ 

•
5 1
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012 021 
= 023 = 032 = 013 = 031 

= 014 = 041 - 0 34 = 043 
= 0

I o = o is calculated from Equation 22 by letting r = r = r

I and R = R . e is obtained by letting r = r = r and R = R
0 02 SC

3 
0 0

3 
0 0

3

The values are

1 0 = = 1O.62°C/Wsc2 Sc4

I 0sc 
= 4.54°C/W

3

For devices 2 and 4, 0d is calculated from Equations 23 and 25

I 0d2 
= 0d4 

= 

k 2 
+ 2k5a2b2 

3.05 + 8.33 = ll.38°C/W

f d2~~~ 2]

Since device 3 is a film resistor , 8d is simply
3

0 = S ~~-_ = 1.39°C/Wd3 2 5a3 3

The coupling thermal resistance between devices 2 and 4 is

calculated by Equation 22. It is first noted that r24 
= r42 is less

than both R and R . Thus 0 = 0 is obtained by letting r = r
°2 0

4 
24 42 0 02

g
o = R and r = r24 in that equation . The va l ue obtained is

0
2 

024 
= 

~42 
= 3.14°C/W

01j and 0j1 are equal in this case, since both devices have identical

values of r0 and 
g
o. This will not be true in general , though the

va l ues of and o
~

• should not differ radically from each other.

I
I
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Finally the device heat generating region temperatures are

calculated from Equations 1 and 2.

T cpl 1 
= Tcpl 3 

= 0

Tcpl 2 
= 024P4 = 3.14x4 = 12.6°C

Tcpi = = 3.l4x4 = 12.6 °C

1. = Pl (O d + 0 ) + 1 = 10(5.55+5.64 ) + 50 = 161.9°C
1 sc1 C

= Tcpl 2 + 
~~~~~~~~~ 

+ T
~ 

12.6 + 4(11.38+10.62) + 50 = 150.6°C

= 

~3~~d ~0 ) + I = 12(1.39+4.54) + 50 = 121.2 °C
33 ~ 

sc3 C

1. = I + p (o + e ) + T = 12.6 + 4(11.38 + 10.62) + 50 = 150.6°”
34 cpl 4 4 d4 sc4 c

F. Comparison of Results with the Spreading Resistance Model

The spreading resistance model has been used extensively to

make simplified thermal resistance calculations for heat generating

devices [5,12]. This model assumes that heat flow spreads out

over a 45° angle from the heat generating region . Its use for

hybrid devices is illustrated by Ruwe and Slage [2, pp. 45-47].

For a transistor chip as a device , the spreading resistance model gave

a thermal resistance (from chip to header) that was 51% higher than the

more accurate finite-difference equation computation. The reason for

this is easy to see, since the spreading resistance model effectively 

- - —~~~~~~~~~~~ - - 
S 
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“removes” the layer conducting material outside the 45° spreading

region . Also , the use of the spreading resistance model does not allow

for calculation of coupling therma l resistance.

The simplified model , incorporated in Equation 22, also allows

rapid computation of thermal resistance. In addition , coupling thermal

resistances are obtained . For comparative purposes , Table 1 shows

the device therma l resistance (O sc + ed), for the four devices in

Section C , along with those computed by simply the spreading resistance

model [2, pp. 45-47]. It is noted that the spreading resistance model

predicts device thermal resistances from 28% to 64% higher.

Osc+O d calc. 0 +O~f from spreading Percentage greater
Dev ice No. sc for spreading

_ _ _ _ _ _ _ _ _ _  

in Section C resistance model resistance model

1 11.2° C/W 18.4° C/W 64

2 and 4 22° C/W 28.9° C/W 31

3 5.93° C/W 7.58° C/W 28

Table 1. Comparison of Device Thermal Resistance.

Both the model proposed in this report and the spreading resistance

model will give conservative results . That is , because of the assumptions

made in each case, they predict a higher than actual thermal

res istance. However , Table 1 shows that the use of the spreading

resistance model leads to resul ts so conservative, that the use of

this model may well lead to therma l overdesign. For this reason, the

model , incorporated in Equation 22-, is to be preferred .

I
I
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IV . RECOMMENDATIONS FOR FURTHER RESEARCH

The following are areas , related to the therma l model s developed

in this report, that deserve further investigation and research:

A. Evaluation of Model against Experimenta l Measurement

Experimental measurements made by the contractor and others [13,14]

should be compa red to the model results incorporated in Equation 22,

for the same hybrid configurations. This will reveal the effect of

certa in unce r t a in ties , such as in parameter values used for the model ,

or whether bonding voids exist. Coupling therma l resistance measurement

can likewise be made in the labora tory for comparison with those

obtained from model ca lculations.

B. Eva l uation of Model A.gainst Thermal Computer Simulation

Accuracy of the simplified thermal model may be further verified

by comparison with a finite-difference equation simulation of particular

hybrid systems. This simulation would provide highl y accurate results [2].

Several test cases should be compared to eval uate model accuracy . In

particular , for cases where devices are placed either extremely close

to the substrate edge or to each other , this comparison will reveal

limitations , if any , in the model .

C. Model for Soldered Beryllia Substrates

The feasibility of developing a simplified model , that is somewhat

similar to Equation 22, for solder bonded beryllia substrates should

be investigated .

-- ~~~~~~~~~~~~~~~~~~~~~~~~~
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I D. Flip -Chip and Beam-Lead Devices

The feasibility of developing a simplified device thermal

I resistance (ed) for these devices should be investigated , with the

i goal of incorporating it with the substrate to header model , charac-

terized by Equation 22.

I E. Trimed Film Resistors

These devices experience significantly higher surface temperatures

I than untrimed resistors. This has been veri fied both analytically

and experimentally [13]. The development of a simplified device thermal

resistance (Gd) calculation , for trimmed resistors , should be investi-

gated .

‘S

I
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I APPENDIX

MODIFIED BESSEL FUNCTIONS

TABLES

From: Handbook of Mathematical Functions , National Bureau of Standards
Ap plied Mathematics Series , 55, May 1968.
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BESSE L FUN~~~IONS OF INTEGER ORDER

Table 9.8 ~1iiUIFIEl) BESSEL Ft’ N C l I I ) \ ” — O I t l ) E R S  0, 1 AND 2

7 . t1o(r) e~~ 1, (z) .r—2 I 2 (r)
0.0 1. 00000 00000 0. 00000 00000 0. 12500 00000
.0. 1 0. 90710 09258 0. 04529 84468 0.12510 41992
0. 2 0. 82693 85516 0. 08228 31235 0. 12541 71878
0.3 0. 75758 06252 0.11237 75606 0. 12594 0140/
0.4 0. 69 740 21705 0. 13676 32243 0. 1266/ 50222

0. 5 0. 64 503 52706 0.15642 08032 0. 12762 4596 7
0.6 0. 59932 72031 0. 17216 44195 0. 128/ 9 24416
0.7 0. 55930 55265 0.18466 99828 0. 13018 29658
0. 8 0. 52 414 89420 0. 19449 86933 0. 13180 14318
0. 9 0. 493 16 29662 0.20211 65309 0. 13365 39819

1. 0 0. 46575 96077 0. 20791 04154 0. 135/ 4 76698
1.1 0. 4 4 1 4 4  07 776  0. 21220 1i~132 0 .13809 04952
1.2 0. 4 1978 20/89 0. 21525 68594 0. 14069 14455
1. 3 0. 4004 2 49127 0. 21729 /5878 0. 14356 05405
1. 4 0. 38306 25 154 0. 21850 759~-3 0.146 10 88837

1.5 0. 36743 36090 0. 21903 93874 0. 15014 87192
1.6 0. 35331 49978 0. 21901 94899 0. 15389 34944
1. 7 0. 340 , 1 56880 0. 21855 28066 0.15795 79288
1. 8 0. 32~ R7 19497 0. 21772 62788 0. 16235 80900
1.9 0.31824 31629 0.21661 19112 0. 16111 14712

2.0 0. 30850 83225 0. 21526 92892 0.17223 11119
2.1 0.2995 , 30945 0.21374 76721 0.11175 56370
2.2 0.291~~. 73331 0.21208 77328 0.18368 94251
2.3 0. 2~ 3€ 7 2J 85 7  0.21032 30051 0.19036 26964
2. 4 0.2/663 23231 0.20848 10881 0.19690 16460

2.5 0.27004 64416 0 20658 46495 0. 20423 45837
2.6 0.26’91 39957 0. 20465 22544 0. 21209 20841
2.7 0.25610 01238 0. 20269 90640 0.22050 71509
2.8 0.25~~ ) 55337 0.20073 74113 0.22951 53938
2.9 0.24715 5/304 0.19877 72816 0.23915 52213

3.0 0. 24300 03542 0.19682 67133 0.24946 80490
3.1 0.238~,1 26181 0. 19489 21309 0. 26049 85252
3.2 0. 23476 88316 0. 1929/ 86229 0.77229 47757
3.3 0.23024 79845 0. 19109 01127 0. 28490 86686
3.4 0. 22643 14011 0. 18922 98511 0. 29839 61010

3.5 0.22280 24380 0.18739 99766 0.31281 73100
3.6 0. 21934 62245 0. 18560 22484 0. 32823 /2078
3.7 0.21604 94417 0.18383 78580 0.34472 57467
3.8 0.21290 01308 0. 18210 75810 0. 36235 83128
3.9 0. 20908 152/9 0. 18041 18543 0. 38121 61528

4.0 0. 20700 19211 0.17815 08394 0. 40138 68359
4.1 0.20423 45274 0. 17712 44763 0.42296 475)9
4.2 0.20157 73840 0.17553 25260 0.44605 16629
4.3 0.19902 325/1 0. 17397 46091 0. 47075 72701
4.4 0.19656 55589 0.17245 02337 0.49719 98689

4.5 0. 19419 82717 0. 11095 88223 0. 52550 10272
4.6 0. 19191 59151 0. 16949 97311 0. 55581 63)19
4. 7 0. 18971 34330 0. 16807 22681 0. 58821 61978
4.8 0. 18758 62042 0. 16667 57058 0. 62304 67409
4.9 0. 18552 99721 0. 16530 92936 0. 66030 07270

5.0 0.18354 08126 0.16397 22669 0.70022 45988
F(—3)21 [(—3 )1 1 f (—4 )3
1 9 i  L 9 J  1 7

I.+ i ( z ) — —

Compiled from British Association for the Advancement of Science, Bessel
functions , Part l. Functio ns of orders ;ero and unity, Mathemati cal Tables.
vol. VI , Part II. I-’unct ions of positive integ er order , Mathe,,iat,cal Tables,
vol. X(Cambr idge Univ. I’re~~. Cambridge, England, l~’~O, 19~2~and L. Fox,
A short table for Besse l functions of integer orders and large arguments. Royal
Society Short er Mathematica l Tables No. 3 (Cambr Idge Univ. Press. Canr 

-

bridge , England , 19~~) (w ith perm ission) .



1
36

.BES SEL FUNcTIONS OF INTEGER ORDER

Tabtc 9.8 MODIFIED BESSEL FUN CT IONS — ORD ERS 0, 1 AND 2

z e~~ lo(x) e— ’Ii(x) 8 ’12(X)
5.0 0.18354 08126 - 0.16397 22669 0.11795 1906
5.1 0.18161 51021 0.16266 38546 0.11782 5355
5.2 0.17974 94883 0.16138 32850 0.11767 8994
5. 3 0. 17794 08646 0.16012 97913 0. 11751 4528
5. 4 0. 17618 63475 0.15890 26150 0. 11733 3527

5.5 0.17448 32564 0.15770 10090 0.11713 7435
5.6 0. 17282 90951 0. 15652 42405 0. 11692 7581
5.7 0. 17122 15362 0.15537 15922 0. 11670 5188
5. 8 0. 16965 84061 0.15424 23641 0. 11641 1384
5.9 0. 16813 76726 0.15313 58742 0. 11622 7207

6. 0 0.16665 74327 0.15205 14593 - 0. 11597 3613
6.1 0. 16521 59021 0.15098 84754 0. 11571 1484
6.2 0.16381 14064 0.14994 62978 0. 11544 1633
6.3 0. 16244 23718 0.148°2 43212 0.11516 4809
6. 4 0. 16110 73175 0.14792 19595 0.11488 1705

6.5 0.15980 48490 0.14653 86457 0.11459 2958
6.6 0.15853 36513 0.14597 38314 0.11429 9157
6.7 0.15729 24831 0.14502 69866 0.11400 0845
6.8 0.15608 01720 0.14409 75991 0.11369 8525
6.9 0.15489 56090 0. 14318 51745 0.11339 2660

7. 0 0. 15373 77447 0. 14228 92347 0.11308 3678
7.1 0.15260 55844 0. 14140 93186 0.11277 1974
7. 2 0.15149 81855 0.14054 49809 0. 11245 7913
7.3 0.15041 46530 0. 13969 57915 0. 11214 1833
7. 4 0. 14935 41371 0.13886 13353 0. 11182 4046

7.5 0. 14831 58301 0. 13804 12115 - 0.11150 4840
7.6 0. 14729 89636 0.13723 50333 0. 11118 4481
7.7 0. 14630 28062 0. 13644 24270 0. 11086 3215
7.8 0. 14532 66611 0.13566 30318 0.11054 1268
7. 9 0. 14436 98642 0. 13489 64995 0. 11021 8852

8. 0 0. 14343 17818 0.13414 24933 0. 10989 6158
8.1 0. 14251 18095 0. 13340 06883 0. 10957 3368
8.2 0. 14160 93695 0.13267 07705 0. 10925 0645
8.3 0. 14072 39098 0.13195 24362 0. 10892 8142
8. 4 0. 13985 49027 0.13124 53923 0.10860 6000

8.5 0.13900 18430 0.13054 93551 0. 10828 4348
8.6 0.13816 42474 0.12986 40505 0. 10796 3305
8.7 0.13734 16526 0.12918 9213 4 0. 10764 2983
8.8 0.13653 36147 0.12852 45873 0. 10732 3481
8.9 0. 13513 97082 0. 12786 99242 0. 10700 4894

9.0 0. 13495 95247 0.12722 49839 0. 10668 7306
9. 1 0. 13419 26720 0.12658 95342 0.10637 0196
9.2 0. 13343 87740 0.12596 33501 0.10605 5437
9.3 0.13269 74691 0. 12534 62139 0. 10574 1294
9.4 0.13196 84094 0. 12473 79145 0. 10542 8428

9. 5 -  0. 13125 12609 0.12413 82477 0. 10511 6893
9.6 0. 13054 57016 0. 12354 70154 0. 10480 6740

J 9.7 0. 12985 14223 0. 12296 40256 0. 10449 8015
9.8 0.12916 81248 0.12238 90929 0.10419 0759
9.9 0.12849 55220 0.12182 203~4 0.10388 5010

10.0 0.12783 33371 0.12126 26814 0.10358 0801
[(

_
0)S] [(_6)3] [(_6)2]
6 5

5—S 
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BESSEL FUNcTIONS OF I N TEG E R ORDER

MODIFIED BESSEL FLi N~ TION S—ORD ERS 0, 1 AND 2 Table 9.8

z .“Ko (x) e~A’1 (r) .r?A 2(r .
0.0 2.00000 0000
0.1 2.68232 61023 10.89018 2683 1.99503 9646
0, 2 2. 14075 73233 5. 83338 6037 1.98049 7172
0.3 1. 85262 73007 4. 12515 7762 1. 95711 6625
0. 4 1. 66268 20891 3. 25 861 3880 1. 92580 8202

0.5 1. 52410 93857 2. 73100 97082 1. 88754 5888
0.6 1. 41673 76214 2. 37392 00376 1. 84330 9881
0. 7 1. 33012 36562 2 .11501 13128 1. 79405 1681
0.8 1. 25820 31216 1. 91 7 9~ 02990 1. 74067 2762
0.9 1. 19116 33803 1. 76238 82197 1. 68401 1992

1.0 1. 14446 30797 1. 636 15 34863 ) . 62483 8899
1.1 1. 09833 02828 1. 53140 37541 1. 56385 0953
1.2 1. 05748 45322 1. 44289 75522 1. 50161 3576
1.3 1. 02097 3161 3 1. 36698 72841 1. 43886 2011
1.4 0. 98806 99961 1. 30105 37400 1. 37590 4446

1.5 0, 95821 00533 1.24316 58736 1.31322 5917
1.6 0. 93094 59808 1.19186 75654 1. 25119 2681
1.7 d . 90591 81386 1. 14603 92462 1. 19011 6819
1.8 0. 88283 35270 1. 10480 53126 1. 13026 0897
1.9 0. 86145 06168 1. 06 7-1 7 09298 1. 07184 2567

2.0 0, 84156 82151 1. 03347 68471 1. 01503 9018
2.1 0. 82301 11525 1. 00 236 80527 0. 95999 1226
2.2 0. 80565 39812 0. 97 3 / 7  016 79 0. 90680 7952
2.3 0.78935 61312 0.9 4 1’7  ?? 250 0.85556 9487
2.4 0. 77401 81407 0.92291 36650 0. 80633 1113

2.5 0. 75954 86903 0, 900~ 7 4 4 ? 3 9  0. 75912 6289
2.6 0. 74586 82430 0. B7B ~ 6 7 28(J b 0.7 1396 9565
2.7 0. 73290 71515 0. 85913 18861 0. 67085 9227
2.8 0, 72060 41251 0.84053 00604 0. 62977 9698
2.9 0. 70890 49774 0. 82304 20403 0. 59070 3688

3.0 0. 69776 15980 0. 80656 34800 ‘ 0. 55359 4126
3.1 0. 68713 11010 0. 79100 30157 0. 51840 5885
3.2 0. 67697 51139 0, 77623 02824 0. 48508 7306
3.3 0. 66725 91831 0. 76232 42864 0. 45358 1550
3.4 0. 65795 22725 0. 74907 20613 0. 42382 7789

3.5 0. 64902 63377 0,7364 6 75480 0. 39576 2241
3.6 0. 64045 59647 0. 72446 06608 0. 36931 9074
3.7 0. 63221 80591 0. 71300 65010 0. 34443 1194
3.8 0. 62429 15812 0. 70206 46931 0. 32103 0914
3.9 0.61665 73147 0.69159 88206 0, 29905 0529

4.0 0, 60929 76693 0. 681~ 7 59452 0. 27842 2808
4.1 - 

0. 60219 65064 0. 67196 61952 0. 25908 1398
4.2 0. 59533 89889 0. 66274 24110 0. 24096 1165
4.3 0. 58871 14486 0. 65387 98395 0. 22399 8474
4.4 0. 58230 12704 0. 64535 58689 0. 20813 1411

4.5 0. 57609 67897 0. 63714 97988 0. 19329 9963
4.6 0.57008 72022 0. 62924 26383 0. 17944 6150
4.7 0.56426 24840 0.62161 69312 0.16651 4127
4.8 0. 55861 33194 0. 61425 b6003 0.15445 0249
4.9 0. 55313 10397 0. 60714 60131 0. 14320 3117

5.0 0. 54780 75643 0.60027 38587 0.13272 3593
2 f(—3) l

K5~ i (x) = ~~~ K,, (x) K,, ‘ (z) - L 11 

5- — — , — — . - — - - -S- --.———- - ..
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BESSEL FUNcTIONS OF INTE GER ORDER

MODIFIED BESSEL FUNCTIONS —ORDERS 0, - 1 AND 2 Table 9.8

X e’Ko(x) 
- 

#Ki(z) vK2(x)
5.0 0.54780 75643 0. 60027 38587 0. 78791 711
5.1 0.54263 53519 0.59362 50463 0.77542 949
5. 2 0. 53760 73540 0. 58718 86062 0. 76344 913
5.3 0. 53271 69744 0.58095 36085 0. 75194 475
5. 4 0. 52795 80329 0. 57490 98871 0. 74088 762

5. 5 0. 52332 47316 0. 56904 79741 0. 73025 127
J 5. 6 0. 51881 16252 0. 56335 90393 0. 72001 128

5.7 0. 51441 35938 0. 55183 48348 0. 71014 511
5.8 0. 51012 58183 0. 55246 76495 0. 70063 190
5.9 0. 50594 37583 0.54725 02639 0. 69145 232

6. 0 0. 50186 31309 0. 54217 59104 0. 68258 843
6.1 0. 49787 98929 0.53723 82386 0. 67402 358
6.2 0. 49399 02237 0. 53243 12833 0. 66574 225
6.3 - 0.49019 05093 0.52774 94344 0. 65773 001
6. 4 0.48647 73291 0. 52318 74101 0. 64997 339

6. 5 0. 48284 74413 0. 51874 02336 0. 64245 982
6,6 0. 47929 77729 0. 51440 32108 0. 63517 753
6. 7 0.47582 54066 0. 51017 19097 0. 62811 553
6.8 0.47242 75723 0. 50604 21421 0. 62126 350
6. 9 0. 46910 16370 0. 50200 99471 0. 61461 177

7. 0 0. 46584-50959 0. 49807 15749 0. 60815 126
7.1 0.46265 55657 0. 49422 34737 0.60187 345
7.2 0. 45953 07756 0. 49046 22755 0. 59577 030
7.3 0. 45646 85618 0. 48678 47842 0. 58983 426
7.4 0. 45346 68594 0. 48318 79648 0.58405 820

7.5 0. 45052 36991 0. 47966 89336 0. 57843 541
7. 6 0. 44763 71996 0.41622 49486 0. 57295 955
7.7 0.44480 55636 0.47285 J~995 0. 56762 463
7.8 ‘ 0. 44202 70724 0. 46955 10010 0. 56242 497
7.9 0. 43930 00819 0. 46631 77847 0. 55735 522

8.0 0.43662 30185 0.46314 90928 0.55241 029
8. 1 0. 43399 43754 0. 46004 3S 70 9 0. 54758 538
8.2 0.43141 27084 0.45699 9~615 0. 54287 592
8.3 0. 42887 66329 0. 45401 17001 0. 53827 757
8.4 0.42638 48214 0.45108 ~9089 0.53378 623

8.5 0.42393 59993 0.44821 33915 0.52939 797
8.6 0. 42152 89433 0. 44539 46295 0. 52510 909
8.7 0. 41916 24781 0.44262 79775 0.52091 604
8.8 0.41683 54743 0.43991 18594 0. 51681 544
8. 9 0. 41454 68462 0.43724 47 &t 8 0. 51280 410

9.0 0. 41229 55493 0. 43462 52454 0.50887 894
9.1 0. 41008 05783 0.43205 19116 0. 50503 704
9. 2 0. 40790 09662 0. 42952 34301 0. 50127 562
9.3 0. 40575 57809 0. 42703 05204 0. 49759 202
9.4 0.40364 41245 0.42459 59520 0.49398 369

9.5 0. 40156 51322 0.42219 45430 0. 49044 819
9.6 0. 39951 79693 0. 41983 31565 0. 48698 321
9, 7 0. 39750 18313 0. 41751 06969 0. 48358 651
9.8 0. 39~51 59416 0. 41522 61119 0, 48025 597
9.9 0. 39355 95506 0. 41297 84003 0. 47698 953

10.0 0.39163 19344 0.41076 65’0~ 
- 

0. 47378 525
[ (_ 5 2] [_ :6]

I
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I. INTRODU CTION

I
Objectives

The purpose of this thesis is to investigate the

properties of vacuum evaporated thin film resistors

fabricated on glass and flexible substrates. A secondary

purpose is to evaluate a copper on Kanthal meta lizatior~

scheme as a simple , low cost thin film process. Identical

resistor arrays were constructed on the flexible polyimide

• film (Kapton) and on borosilicate glass substrates (Pyrex

microscope slides). These circuits were then studied with

regard to appearance ar1d film adhesion. In addition ,

measurements were made to determ ir1e values of’ sheet

resistance and temperature coefficients of resistar~ce

(TCR’ s). The effect of flexing the Kaptor 1 substrate or1 the

above parameters was also examined .

The films were deposited in a two layer arrangement.

The first layer , Kanthal (described in Chapter II), was

deposited to a sheet resistance of 200 ohms/square rather

than to a predetermined thickness. The second layer was

copper and was deposited to a thickness of’ about 10 ,000

angstroms. The copper serves as the cor1ducto r material ; the

Kanthal provide s the resistor material as well as an

adhesive ur~derlayer for the copper cor1ductors.

- 
1
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Deposition Techniques

There are a number of’ techniques for depositing thin

films. The ones most commonly used in circuit fabrication

are vacuum evaporation , sputtering, anodization , silk

screening, epitaxy, vapor plating, plasma decomposition , ari d

electron beam decornpositior~ [1]. Vacuum evaporation and

sputtering are by far the most widely used of these

techniques. The resistors described ir. this paper were

fabricated by vacuum evaporation.

In vacuum deposition a source material is heated to its

evaporation point in a chamber generally at pressures of

1O~~ to io 6 torr . At this level of vacuum the mean free

path of the evaporated molecules is large enough that they

are able to travel from source to substrate in an

approximate straight line. Upon arrival at the substrate

the molecules condense ar1d begin formation of a film .

Film Growth

The growth sequence of’ thin films has beer 1 the subject

of many studies ar1d is outlined in Maissel and Glang [21 as

being basically a nine step process. Those steps are as

follows :

1. Formation of absorbed monomers.

2. Formation of subcritical embryos of various sizes.

3. Formation of critically sized nuclei.

I

I
. -  - -
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1

14. Growth of these nuclei and absorption of monomers

I in surroursdirig areas.

5. Simultaneously with step 11 , there is more

nucleation in areas not depleted of monomers.

1 6. Adjacent nuclei touch and coalesce forming islands

occupying less area than the original two .

1 7. Absorbed monomers form or~ freshly exposed areas and

begin nucleation.

8. Large islands grow together leaving channels or

f holes of exposed substrate.

9. Secondary nucleation fills these voids and

eventually leads to a continuous film.

I This film growth process as observed on gold films deposited

inside an electron microscope is described in detail by

- Pashley and Stowell [3).

{ Film Properties

A thin film is defined by Fo~;iel [1] as or1e whose

electrical properties are depender 1t or1 t.he film thickr1ess.

The resistivity of thin films can often be several orders of

magnitude greater t han in bulk material of the same

J compositior1. According to Chapman ~4] ~total’ 
the total

resistivity of a thin metal film , is given by

Ptotal /°idea]. + /°residua]. + fthicknes •

In this expression Picieai results from sc - 

~. -~ring due to the

thermal vibration of metal ions about statistically

I
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predicted lattice sites. Presidual results from the

presence of’ lattice defects. The third factor , /‘thickr~ ss’

arises from the fact that the film thickness is of the order

of magnitude or less than the mean free path of electror 1s .

When this occurs , surface scattering becomes significant ..

Studies of the various conduction mechanisms which determine

film resistivity have been made by Bashara [5), Neugebauer

and Webb [6), and Dittmer [71.

The temperature coefficient of’ resistance will also be

different for bulk and thin film samples of the same metal.

In bulk metals , the ICR is positive. This is also true for

thin films that are cor 1tir 1uou s . This is because , as the

film heats up, the lattice vibrat ior~s increase and lead to a

corresponding increase in scattering which increases Pideal
in equation (I—i). However , in very thin films , wher 1 the

structure is composed of isolated islands of metal , the

means of conduction changes. Conduct i- n is achieved by the

tunneling of electrons across the isciated areas between 
S.

islands. This process is enhar1ced by heating and

consequently, the . resistivity decreases. One would expect

this to lead to negative TCR’s and indeed this is the

case (8].

Film growth and resultant properties are affected

substantially by deposition parameters. Of particular

importance are chamber pressure , evapora~~ cr 1 rate , substrate

temperature , ar1d film thi -kr1ess. 

- -- - .5-—- - -- S.—— 
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I
As mentlor1ed previously chamber pressure for vacuum

evaporation should be between 1O~~ and lo
_6 

torr. Pressures

in this range and below minimize collisions of the source

vapo r with residual gas atoms. This high vacuum environment

also m i n i m i z e s  cor~t a m ir ~a tion  of the fo rming  f i lm  by r e s idua l

gases since it r educes  the number of these gas atoms

s t r i k i n g  the s u b s t r a t e .  Even at these pressures there will

be a c e r t a in  amoun t  of gas t r a p p e d  w i t h i r 1  the f i l m

s t r u c t u r e .  R e s i d u a l  gas c o n t a m i n a t i o n  is virtually

eliminated in films deposited at less t h a n  1O~~ torr but

that high a vacuum is more difficult to achieve [1).

Films deposited at high rates will exhibit a structure

tending toward a large number of small islands. This is

because there is a limited amount of tim e for the nuclei or~

the substrate to move around and f o r m  larger islands.

Additionally, films deposited at higher rates will have less

gas trapped. It follows that films dep~ sited at lower rates

will have a structure consisting of’ larger islands and

containing more gas contaminat ion.

Substrate temperature during depo~-itio r 1 will affect the

mobility of conder1sed atoms on the surface. At higher

temperatures the surface mobility will increase ar1d the

atoms are more free to move about and mnrrn larger islands.

Conversely, low substrate temperatures limit mobility and

will promote a structure consisting gcr~~rally of smaller

i s l a n d s .

I
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The mechanical properties of thin films can vary

considerably from those of their bulk counterparts.

According to Berry (9], the mechanical strength of a thin

film may be as much as 200 times larger than that for well

annealed bulk samples and is usually several times as great

as that of severely cold worked bulk material. He suggests

two possible reasons for this. First , the polycrystalline ,

film structure is more disordered than that which can be

obtained by cold working. Second , if the film is thin

enough , dislocations could extend throughout the entire

thickness of the film and thus be locked in place , giving no

mechanism for yield ir1g .

Thin Film Compo ner1t- s

Resistors can be fabricated from ~ film of predictable

resistance on an insulating substratL . In addition to

resistors , thin film techr3ology can be used to fabricate

capacitors and inductors. Thin film active devices are

currently used or.l-y in specialized appUcatior 1s . Because of

this and the limited range of values of thin film passive

components  (p a r t i c u l a r l y  ca p a c i t o r s) , p r a c t i c a l  t h i n  f i l m

circuits generally 
- require additional components to be

individually attached and electrically connected to those

that are deposited directly on the substr~ te .

— —~~~~~~~~~ . 
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Advantages of’ Thin F i l m  Microcircuits

Some advantages of’ thin film microcircuits are (1):

1. Thin film components do not exhibit the parasitic

interactions that are seen in monolithic ir.tegrated

circuits. Consequently, a one to one conversion

can be made  f rom a d i s c r e t e  c i r c u i t  to a t h in  f i l m

m i c r o c i r c u i t .  In addition , high frequency

capab f.ities of thin film circuits is much better

than what is currently possible with silicon

monolithic IC’s.

2. Compared to silicon IC’s, thin films are more

p r a c t i c a l  for use in passive components and

in t e r c o r .r .e c t i o r . s .

3. Because  t h i n  f i l m  compor .er .ts  car .  be f a b r i c a t e d  or.

heat cor .duct -ing substrates (e.g. BeO) and can be

made larger than typical mor .olithic IC components ,

they can operate at substantially high power

levels.

~ Thin film circuits are more radiation resistant

than are semicor ,ductor IC’s.

J 5. Thin film microcircui ts car . be fabricated from a

multitude of’ materials allowing a more complete

assortm ?nt of compor.ent p~ ramete r values ar.d

circu it types than is possibl e with star1dard

silicon IC techr .ology.

6. Thir . films car . be deposited upon a silicon

I
_______ —5— ~~~~~~~~~~~~~~~~~~~~~~~~~~
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substrate and used to improve the capabilities of

- si l icon i n t eg r a t e d  dev i ce s .

7. Hybr id s  can be made in wh ich  th in  f i l m s  for pa s s ive

componen t s  and i n t e r c o n n e c t i o n s  a re  depos i t ed  on a

substrate after which silicon IC’s are inserted.

8. Thin film components display a wider operating

temperature range and lower temperature

coefficier .ts than their silicon counterparts.

9. For specia~ applicatior .s thin film active ar,d

pass ive  d ev i c e s  car .  be f a b r i c a t e d  on the  same

s u b s t r a t e .

10. Thin  film circuits can be flexed wher . put orl a

f l e x i b l e  s u b s t r a t e  allowing the possibility of very

h igh  d e n s i t y  p a c k a g i n g .

D i s a d v a r ,t a g e s  of Thir. Film Microcircu its

Som e d i s a d v a n t a g e s  of t h i n  f i l m  m i c r o c i r c u i t s  a r e :

1. R e p r o d u c i b l e  t h i n  f i l m  a c t i v e  d e vi c e s  (F ET ’ s)  h a v e

been difficult to achieve , however , r,ew fabricatior ,

techniques may soon overcome this problem .

2. Bipolar  t r a n s i s t o r s  canr .ot  be f a b r i c a t e d  in thin

f i lm techr 1ology .

S. - -r -- - -- - ---S. --
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II. THIN FILM IC DESIGN

Electrical Design and Test

In the design of thin film integrated circuits , passive

components should be used wherever possible , since active

silicon devices require attachment after deposition .

- Capacitance should be minimized as well as the total

• resistance to reduce the total circuit area. The use of

capacitors also complicates processing and large values of
S 

r e s i s t ance  may require separate depositions. When possible ,

circuit operatior . should deper .d on component ratios rather
I 

than absolute values. It is easier to mair ,tain tolerances

on component ratios than the tolerances or. their absolute

• values. This is especially true when temperature stability

is considered . Thin film components deposited on the same

substrate at the same time will have similar structures ar.d

- properties ; the components will therefore be “matched” .

Components which requ ire external adjustment in the
- completed c i r c u i t  should  be e l im i r . at e d . Also an a t t empt

should be mad e to m i n i m i z e  both  power d i s si p a t i o r 1  and supply

vo l t age .

I The r e s u l t i n g  des ig r  should then be breadbo arded ar,d

I t ho rough ly  t es ted u s i n g  d i s c r e te  compor .en t s .  It may also be

of use to pe r fo rm a cc’~i p u t e r  s i m u l a t i o r ,  of the  c i r c u i t .

1
I

~~ 555
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After the electrical design is completed a check should be

mad e to see if the circuit can be layed out without

crossovers. If’ r.ot, an attempt should be made to put the

circuit in a form that can be mad e crossover free or with a

minimum number of’ crossovers.

M a t e r i a l  Se l ec t i on

Once proper operation of the circuit has been verified ,

thought can be given to selection of materials. Since this

paper is concerned primaril y with resistive and conductive

arrays only  the selection of materials r,eeded for conductor

and resistor fabricatio n will r,ow be considered .

Resistors— In the choice of a su1tr~ble resistor material

some of the properties that may he of interest are

resistivity, temperature coefficient of resistance , voltage

coeff icient of res is tance , noise v oltage - , stability, and the

e f fec t  of’ h u m i d i t y .

The equation fo-r ~resis tance is as ~‘ollows :

R :p L /A  - (11—1)

where? is the r~ sistivity in ohm-~cer ,timeters , L is length

• in centimeters , and A is cross sectional area in centimeters

squared . A thin film resistor is often in the form of’ a

rectangular prism so that the area is the product of the

I

- - - - S. - - —
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res i s tor  w i d t h  ( w )  and f i l m  t h i c k n e s s  ( t ) .  Thus the

equation for resistance becomes:

R (p/t)(L/w). (11—2 )

Sheet resistance (R 5) is defined as the resistivity

divided by the film thickness and is normally expressed in

units of ohm s per square. The aspect ratio (L/w) is really

the measure of the number of squares between the resistor

contacts and thus defines the resistance once the sheet

resistance is known . It is important to note that for most

film materials , resistivity is not independent of film

thickness but approaches bulk resistivity as film thickness

increases [10).

The temperature coefficient of resistance (TCR) is a

measure of how much the total resistarc~ will change for a

given change in temperature. Two values of TCR are normally

given . The first is for the range from _55 c
C to 20°C and

the second for the range from 20’ C to 150°C. This

encompasses the range of interest for rr.ost conventio nal film

circuits. The definir .g equation is

TCR ( ( R T2
_ R

T1 )/ ( R T 1 AT ) J  X l O 6pp m / C  (11—3 )

where  ~ T is T2 —T 1 and T2>T 1;  R T2 is the resistance at

temperature T2; and RT1 is the resistar ,ce at temperature

Ti .

I
I
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The voltage coefficient of resistance is given by the

following.

VCR ((Rvi
_R
v2)/(Rv2t~

V)] X lO 6ppm/V (11~ 14)

where R v i  is the r e s i s t ance  at vo l t age  V i , Rv2 is the

resistance at voltage V2 , and ~ V is V1—V2. Vi is usually

set for the rated voltage with V2 being or,e tenth of this

value (10]. Normally VCR will not be a major factor since

it is usually in the r .eighborhood of 5ppm /volt which is

usually smaller than the effect of self heating [91.

The noise voltage of a film resistor usually consists

of two parts. The first is thermal noise which is

proportional to the square root of the resistance arid the

temperature. It is independent of frequency and is preser,t

even if r~o c u r r e n t  is applied . The other constituent of

noise v o l t a g e  is c u r r e n t  no i se  w h i c h  is p r o p o r t i o n a l  to the

res is tance  ar.d app l i ed  v o l t a g e  ar.d in~ -~r s ly  p r o p o r t i o na l  to

the square root of the frequency (11].

Stability refers to the tendency of a resistor to (
change value with the passage of time. As a rule , thin film

resistors become more stable with age so a thermal treatment

to accomplish pre— agir.g is a good practice . This annea lir .g

can also be used to adjust the TCR.

Humidity can adversely affect c’~rtain types of

resistors. Where this is a consjderatic . 
~-otectior . should

be a f fo rded  to gua rd  a~~~ir ,s t  electr~ lyti~. ~ ‘r-r usion .

— ______________ - ~~~~~
—S------S.S.5- -••
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Conduc to r s—The  c o n d u c t o r  m a t e r i a l s  for th in  f i lm

resistors  serve  two purposes .  The f i r s t  is the

interconnection of the t h i n  z i l m  compon ents  on the subs t r a t e

and the second is the p r o v i s i o n  of lands  for e x t e r n a l

connec t ions .  A c c o r d i n g l y ,  des i rab le  characteristics for

cor .ductive material would be low sheet r e s i s t ance , good

I adherance , low contact resistance , compatibility with die

i a t t ach  or w i r e  b o n d i r .g  t e c h n i q ue s , ab iL ’ty to w i t h s t a n d  heat

t r ea tmen t  used for  r e s i s to r  stabilization. m d  resistance to

I o x i d a t i o n  or c o r r o s i o n .  In a d d i t i o n , the conductor material

should be selectively etchable so t h a t  i t  may be removed

I without affecting the resistor material. Since probably no

I one material can satisfy all of these requirements it is

common to use a multi — layered structure. The layers are

I chosen such that collectively they sati~ fy most or all of

I 
the  r e qu i r e m e n t s  of a good c o n d u c t o r .

Substrates—The primary purpose or the substrate is to

I act as a supporting layer for the thin film components.

- Ideally the substrate material should have no effect on the

I characteristics of the deposited film other than to assure

I good adhesion. Unfortuna tely, this is not the case so

subs t r a t e  p r o p e r t i e s  mus t  be c o n s i d e r e d  as pa r t  of ’ the

I des ign  p r o c e d u r e .  As w i t h  c or , d u c t i v e  m a t e r i a l s  no m a t e r i a l

I 
can s a t i s f y  a l l  the r e q u i r e m e n t s  of ’ a good s u b s t r a t e  so the

particular application mu st be considered ir . order to make a

wise choice.

I
___ - —--- — - * - - -  ‘ - ~~~— - - —S.--—
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A good -b s t r a t e  should  be smooth , f l a t , and

non—porous . Any r o u g h n e s s  or discontinuities in the

substrate will result in non—uniformities in the deposited

films. Flatness is important because it provides for good

pattern definition during thru—mask deposition and/or during

phot .oresist operations. A porous material is more likely to

absorb and retain water or other materials that will outgas

during the deposition process.

The substrate should be strong mechanically so as to

withstand the stress of processing. Other mechanical

proper t i es  of importance are: thermal coefficient of

expans ion , t h e r m a l  c o r .d u c t i v i t y ,  r e s i s t a r,c e  to t h e r m a l

shock , and t h e r m a l  s t a b i l i t y .

It is important that the thermal coefficient of’

expansion (TCE) of the substrate be similar to that of the

deposited film. If there is a severe mismatch of TCE’s the

film will undergo undue stress during changes in

temperature. Since t-hin film circuits normally consist of

more than one material a compromise in matching the TCE’s is

necessary. - 
-

High thermal conductiv ity is desirable especially wher .

power dissipation is a considera tion in the finished

circuit. It Is also important during processing to mair ,tain

good surface temperatur—e control.

Resistance to thermal shock refers to the substrate ’s

ability to resist damage following su-:: ~~~~ large temperatur e

— - - S. - - - 
- — - - -



I
15

I changes. This is important during such processing

I o p e r a t i o n s  as w i r e  b o n d i n g .  On the other hand , processing

steps that include prolonged heating , such as photoresist

( baking, require the substrate to have good thermal

I 
stability. The most importar .t electrical properties of the

substrate are resistivit y, dielectric strength , and

dielectric constant. A substrate with high resistivity ar,d

dielectric strength ar,d a low dielectric constant will

I assure isolation between individual components and

minimization of parasitics.

I Substrate materials should be inert to chemicals used

$ in p r o c e s s i n g .  Another desirable chemical property is

f reedom f rom ion m i g r a t i o n .  When a t h i n  f i l m  res is to r is
I under moderate power levels the temperature rises and there

is an electric field along the surface. Under these

conditions alkali metal oxides may become ionized , migrate

through the substrate , and react electrochemically with the

f i l m.

Materials Selected

As m e n t i o n e d  ir,  C h a p t e r  I , in t h i s  r e s e a r c h  K a r 1t h a l  was

chosen for  the r e s i s t o r  m a t e r i a l , copper  for  the  c on d u c t o r s ,

and both borosilicate glass and Kaptor , were used for

s u b s t r a t e s .

K a n t h a l  is an a l l o y  cor .sisting mai nly of iron (70%),

I c h r o m i u m  ( 2 2 % ) , and a l u m i n u m  ( 5 . 5 % ) .  A l t h o u g h  g e n e r a l l y

used as h e a t i n g  c l c m e r .t s  i r,  f u r n a c e s  ar .d ovens  i t  has

I 
---~~ - - — ----S. -~ ~~~~ -  - - -~~
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previously been used to produce low TCR resistors by Dhere ,

et.al. (12] and Watts (13]. Besides its low T C R ’ s -:hey

discovered that it was easy to work with , compatible with

conductor films , and adherent to substrates. In additi on ,

it allowed long filament source life .

Copper was chosen as the conductor material because it

Is inexpensive , readily available , it can pr ovide very low

sheet resistances , and it is solderable. A disadvantage is

that it corrodes easily unless protected by a layer of

passivating material. Its adherence to substrates is poor.

However , when it is deposited ot top of a layer of Kanthal ,

the adherance is four.d to be quite good , as discussed in

Chapter IV.

Pyrex was choser. because it has a long history of use

as a thin film substrate ar,d thus can be used as a star .dard

for judging the devices made on Kaptor1 . Kapton was choser .

as a substrate because of its unique flexir.g properties.

Polyimide materials such as Kapton have been used for hybrid

microcircuit substrates , motherboard s, and structures for

system packaging [11$)_ [16]. For many ap pl i c a t io ns it has

been shown that these materials can be directly substituted

for more conventior ,al substrate materials, Conventional

processing can be used with the exception that the rise in

substrate temperature during film depositi 5r . must be limited

to less than 100 ’C and preferably to 50°C [16). Size and

— ——-5-,- - ls,sr..~~~~_~~ 
- - S — - -- 
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weight are reduced , packing density increased , and there is

a cost reduction.

It has been shown that po lyimides exhibit high peel

strengths for thin film meta llization , excellent resistance -

to solder processing temperatures as high as 260°C ,

resistance to processing chemicals and solvents , dimer .sior .al

s tab i l i ty  a f t e r  et ch ing and baking, good electrical

properties , an d survival under repeated hand rework cycles

(16). Polyimide films do tend to abso r b more  moi s t u r e  t h a n

conventional substrate materials but this can be overcome by

an oven bake at the appropriate time 116). Table 1 compares

some of the properties of Pyrex arid of Kapton.

C i r c u i t  L a y o u t

A good approach to circuit layout is to use the “paper

doll” technique. Greatly enlarged scale models of the

individual components can be drawn and cut out. The

designer can then maneuver these i~.dividual models or3 a

l a rge  sheet  of’ graph paper until a suitable configuration is

achieved. Sufficient room must be l-~f t  between components

so that conductors can be drawn with in certain minimum

spacing constrair ,ts. Ar , alternate and increasingly popular

technique is to use a computer aided de.:i~ r system .

It is a good idea for thin film resistors to occupy al l

the area that is ava ilable to them . This will enhance the

power dissipation of the circuit ar.d red~- ’ - errors due to

d i.mer.sior.al ir .accur~.c ies . It follows ~, r i ~~t the  s u b s t r a te

I
~5 — 
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~~~ .- - - ~

S. S. _
~~_ 5-  S. -~~~ -55 - — ~~~~~~~ — - —. — - — —-5-



- . 
- - 

~ - .: -~ 
•

-~~ -

- .  . - 
~~~ - — - 18

TABLE 1. Comparison of Properties of Kapton and Pyrex

— 
Pro per ty Kaptor. Pyrex

Thermal Coefficient

Of Expansion — /~ C 2.0 X 10~~ 3.25 X 10~~

Thermal Cor3ductivit .y

c a l— c m / ( cm 2 sec ° C) .0003 7— .0Oc~~5 .0 02 1— .00 30

Die lec t r ic  C o n s t a n t  3 . 0 — 3 . 5  LL O_ 6 . 0

Spec i f ic  G. a v i t y  1.42 2.32 

— -  - — --- - -.--- -
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should be as large as possible. In practice however , if the

substrate area is not limited by packaging requirements or

commercial availability it will be by the effective

deposition area of the vacuum system . In addition , for very

large substrates the film uniformity will suffer. This is

because the distance from the source to all parts of a flat

substrate is not constant. The film will be thicker at the

point on the substrate that is closest to the source.

Consequer .tly, as substrate size increases , the differential

between the thickest and thinnest points of the film also

increases. No resistor in the layout should have less than

0.5 squares betweer3 its contacts. Otherwise , there may be

errors due to poor cor,trol of the distar .ce between these

contacts. Suff icier3t contact separation also minimizes the

effects of cor.tact resistance. Ir, this research ,

rectangular resistors were used where possible. Meandering

line resistors have degraded high frequency performance ,

increased sensitivity to ion migration , ar.d higher

susceptibility to failures under humidity ar,d load . They do

have the advantage of a high resistance value for a given

area. A method for makir .g resistance calculations for

resistors of r .or.—rectar1gular shapes is giver , by Hall £17].

The layout of the circu it constructed for this thesis

is shown in Figure 1. There are 28 resistors , two IC chip

bonding pads , ar.d several isolated conductors of’ different

widths. Resistors 1 th r c u ,h B a ll h~ ve the same width but

I
I
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different lengths; resistors 9 t h r o ug h  13 h a v e  the same

aspect ratio but different areas; and resistors 15 through -

23 have the same length but varying widths. These resistors

will serve as a test array for evaluatir .g thin film

resistors arid conductors fabricated by the techniques to be

described .

Res i s to r s  24 through 28 are for use in a band  gap

reference circuit (See Figure 2) which cars be implemented by

attachment of a silicon transistor array (e.g. RCA CA3083)

to one of the bondir ,g pads. Resistor 1~4 can be used to

detect any anornolies associated with a meandering topology

resistor. The conductor array of varyir.g lir.e widths is

utilized to assess the probability of meta lizatior , opens and

the minimum line width easily reproducable.

The band gap reference circuit referred to earlier was

introduced by Widlar [18) , and produces a temperature stable

voltage output of’ 1.205 volts , the band gap potential of —

s i l i con .

A f t e r  the  o v e r a l l  circuit layout is completed and

checked , it should be used to make layouts for each of’ the

individual layers of film in the circuit. The layouts for

the  c o n d u c t o r  ari d r e s i s t o r  p a t t e r n s  ne eded  to produce  the

c i r c u i t  shown in F i g u re  1 were done with the aid of the

PDP— 11 computer graphics system . Use of this system is

S described in detail in Appendix A. The two layouts are

shown in Figures 3 ar.d L~ ,

I
.---.— . 
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III. THIN FILM FABRICATION

Mask Production

The f i r s t  step in fabrication is the mask production.

In general there are two methods used for generation of thin

film patterns. The first requires that the films be

deposited on the substrate through a thin mask (usually

metal) on which the pattern has been defined by holes etched

all the way through (additive process). The second requires

depositing the film over the  whole substrate surface ar,d

then selectively etching the desired pattern (subtractive

process).

Through—mask depositio n is generally used when

relatively large substrate areas ne e d  to be cov e r e d and

where the smallest dimer ,sior ,s are gre~ t- -~i’ thar , 2 mils [2].

This was not the case for the patterr3 .3 discussed here. In

addition , evaporatior 1 stencil masks suffer from the fact

that completely connected patterns cannot be cut out of a

mask without leaving t h e  area circums~ ribed by such a

patterr , ur~supported [2]. Use of through—masks was thus

ruled out.

When selective etching is used it is r .ecessary to have

a photographic mask for each layer of fi]m in the circuit.

Traditionally these hav e been fabricated ~. ~om l a rge  scale

25
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drawings of the patterns. These drawings are photogra-Dhed

by special cameras and reduced to make master masks which

are  the size of the actual circuit. These masks are then

used to make final contact masks or, glass plates covered

with a photosensitive emulsion.

The masks for this thesis were made using the Gyrex

Model 1005 P a t t e r r,  G e n e r a t o r .  Th i s  s y s t e m , shown in

Figure 5, allows direct fabrication of the final cor~tact

masks without the intermediate steps . The Model 1005

consists of the electronics cor,sole, the optics housi ng, and

the terminal assembly. The electronics cor,sole contair ,s the

microprocessor and interface electror ,ics, paper tape reader ,

motor  d r i v e r s , b l o w e r  a s s e m b l i e s , power  s u p p l i e s , and s w i t c h

panel. The optics housing contair ,s the X— Y trar 1slatjor ,

stage and motors , the aperature forming mech anism and its

motors , the Xenon flash tube , h igh v o l t ag e power su pp l y ,  ar,d

the optics. The termina 1. assembly cor ,tair,s a keyboard ,

d i s p l a y  c o n v e r t e r , and  CRT d i s pl a y .

The process of making masks with this system consists

of’ flashing the pattern as a series of rectangl es onto a

photosensitive glass plate resting or~ the X—Y stage. The

glass plate is then developed by conventional techniques.

Appendix A outlir,es the necessary steps for mask fabrication

with this system. Figure 6 shows the two Gyrex produced

masks used in this thesis.
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Preparation of Ma ter ia l s

It is of utmost importance that the substrates arid

source materials as well as the bell jar fixturing be clean

b e f o r e  a f i l m  d ep o s i t i o n  is m a d e .

The insi de of the bell jar ar,d the fixturing are

cleaned by periodic wiping down with a so-lvent such as

methan ol or acetone. Because of their small size and

mobil ity the substrates and source materials can undergo a

m ore thorough clear 1ing procedure. This is especially

important for the substrates. Indeed , the  f i r s t  few

de pos i t s  w e r e  ma d e on su b str a t e s  tha t  h ad u n d e r gone c lean in g

consist ing only of’ ar, ultrasonic h~’th in methanol. The

adhesion of the films deposited was tot~Jly unsatisfactory.

When a piece of adhesive tape was ‘pp lie d to the films and

peele d a w a y ,  the films came off of the .-u bstrates with the

ta pe. As a result a more rigorow. — 2 1ea r ,ir 3g sequence was

inst ituted for the substrates. The st~ s ir, that sequence

fo l low :

• 1. Five minute ultrasonic bath in LIQUINOX detergent.

2. Three stage dc— ionized water rir3se.

3. Two s t age  m e t h a n o l  r i n s e .

~I. Nitr ogen blow dry.

5. T h i r t y  m i n u t e  i n f r a r e d  oven b ake-  t 150 °C.

This  last  s tep shou ld  be p e r f o r m e d  j u s t  jri or to the  a c t u a l

e~ a po r a t ior, se quen ce. If  t he b ake d sub s ~~~ a re  a l lowed

) to r e m a i n  at  a t m o s p h e r i c  p r e s s u r e  for 1c:;~-:; they will absorb

I
- 

— —— ~~~~~ S ~~~~~~~~~~~~~~~~~~~~~~~~~~~ S. — ______



THIS PAGE IS BEST QUALITY FRACTICAIB4
30 ~~OM O~P~ Fu~~ v1.~n~~~ TO DDC ..-~~

m o i s t u r e .  Al l  f i l m s  t h a t  h a v e  beer ,  d e p o s i t e d  on s u b s t r a t e s

cleaned in t h i s  m a n n e r  h a v e  passed the  scotch  t ape  a d h e s i o n

test .  When c l e a n i ng  any  s u r f a c e s  to be housed w i t h i r ,  the

bell jar  it is importar 1t to keep them free of o i l  ari d g r e a s e

from the hands. For t h i s  r eas on  d u s t  f r e e  g l o v e s  s h o u l d  be

worn d u r i n g  c l e a n i n g .  
-

Once the c l e a n i ng  is comple t e , t h e  s u b s t r a t e s  car ,  be

loaded into  the v a c u u m  chamber  and the  v a r i o u s  sou rces  car 3

be mounted . The s u b s t r a t e s  used for  this study were loaded

onto a cus tom m a d e  p l a t f o r m  al or,g wit h a g l a s s  r e s ist z n c e

moni to r of one square in size. Figure 7 shows this platform

mou nted  in the be l l  j a r  f i x t u r i ng .  C h a r g e s  of Karithal arid

copper were  loaded  on the two f i l a m e n t s  b e r , e at h  the  f i x t u r e

hood (F i g u r e  8) .  A ler1gth of about 1.75 inch of’ Kar 3thal A— i

wire  was f o lde d over  an d i n s e r t e d in to a tun gs ten  w ire

basket (Mathis type B1—3X .025W). The copper used was ir, the

form of 2 millimeter rods. Three of these (approximately 1

-gram) were loaded ir,to a tungsten wire basket (Mathis type

B12B—3X.025W ). In cases where substantial amounts of the

source m a t e r i als w e r e  l e f t  fr om the  pr ev ious e v a p o r a t io n ,

the amounts of Kar,thal an d/or copper added was reduced

accordingly. Size of these c h a r g e s  were large enough to

guarantee that there would be ample material to reach 
4

des i red sheet resistance and film thickr,ess. Nomographs are

available to more accurately determir ,e the necessary charge

size (9].

4
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1
Film Depositi on

When the materials are cleaned arid loaded in the  va c uum

chamber , the next step in fabricatior 1 is the deposition of

the film. The thin films were made in an NRC 3177

evaporator. This equipmer 1t was acquired as surplus property

and restored by the author for this research. 
- To deposit

the  f i l m s  for the resistor arrays the vacuum chamber was

pumped down to 14X 10 6 torr via procedures listed in

Ap pendix B.

The Kanthal was deposited first. Power supply current

for the Kantha l filament was increased slowly ar,d stabilized

at i~5 amps . When the current t-:as stabilized the shutter

covering the deposition wir,dow betwee n the source ar1d

substrates was opened. The resist•ar,ce monitor had beer s

conne cted to an extern~~1 ohmmeter by way of an electrical

feedthrough . Once the meter ir1dicated that the monitor ’ s

resistance had reached 200 ohms , the shu tter was closed

prohibiting further deposition.

The copper depositio n was done in the same man ner

exce p t that power supply current . was set at ~40 amps .

fl~ pc.’itio r~ was stopped when the copper thickr ,ess reached

10 .000 ~r~~stroms accordir 1g to the Kror .os digital thickness

•I~ ? , ~~ -
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C i r c u i t  R e a l i z at io n

O nce the  f i l m s  are  d ep o s i t e d  on the  s u b s t r a t e  the

desired circuit car, be realized by selectively - removing

p o r t i o n s  of t he  f i l m s .  T h i s  is d o n e  by c o a t i n g  t he  f i l m

surface with a photoresist. The photoresist is exposed

t h r o u g h  p h o t o g r a p h i c  m a s k s  ar id  t h e  s o l u b l e  p o r t i o n s  of t h e

resultin g patterr 1s are washed away in a developing

s e q u e n c e .  Th i s  l e a v e s  “ w i n d o w s ” in the  p h o t o r e s i s t  t h r o u g h

w h i c h  the  e x p o s e d  f i l m s  can  be e t ched . T h e r e  a r e  two

classes  of p h o t o r e s i s t s ;  n e g a t i v e  a n d  p o s i t i v e .  The

n e g a t i v e  r e s i s t s  b e c o m e  less  s o l u b l e  w h e n  e x p o s e d  to l i g h t

and p roduce  the  n e g a t i v e  p a t t e r n  of t h e  m a s k .  P o s i t i v e

resists become more soluble when exposed to light and yiel-J

a positive pattern of the mask. Negative resists are more

common and ch e a p e r  but  the  pos i t i v e  r esists o f f er  th e

advantage of being easier to remove from the substrate.

N e g a t i v e  p h o t o r e s i s t  was  used in t h i s  t h e s i s .  The

procedures  us ed to e tch  the  t h i n  f i l m  r e s i s t o r  a r r a y s  a r e  as

f o l l ows : 
-

1. The film coated substrates were removed from the

b ell j a r  and coa ted  w i t h  H u n t  H R — 3 0 0  N e g a t i v e

Photoresist. The resist was spur, on at 2000 RPM

for  5 secor 1ds fo l lowed  by 5000 RPM at 15 seconds  -
~~~

(Figure 9).

2. The photoresist was then exposec for 15 secor1ds on

- - ——  - ___5_•5S. — - _-~ - - _S. - ~~~~~~~~~~~~~~~~~~~~~~~~
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the C o l i g h t M — 9 9  ( F i g u r e  10)  c o n t a c t  p r i n t e r  u s i n g

the mask in Figure 6a.

3. The photore si st was d evel oped r e v e a l in g t he

pattern. The developing cycle consisted of 20

seconds  in  H u n t  IC d e v e l o p e r  f o l l o w e d  by 15 second

rinses in IC thinner and isopropyl alcohol.

Afterwar ds the substrate was blown off with

n itrogen.

‘4. The first etch was done in fer !-ic chloride fo r  5

seconds. The results are s’~eri in Figure h a .

Occasior lally the ferrie chlorid e would remove the

exposed c o p p e r  but not ti-i c Kanthal ur,derne ath .

When th i s h~~pponed a secondar ; -t - eh in hydrochloric

acid was used to rem ove t he  K~~r~~h~~l .

5. S t r i p p i ng  t he  p h o t o re s i s t  pr ’ved to be a p r o b l e m ,

and n u m e r o u s  u n s u c c e s s f u l  t e c h n i q u e s  w e r e  t r i e d .

Success was fi1~ally obta~ 1ed by s o a k i r,g t he

c i r c u i t s  in w a rm (80CC) Hunt Microstrip for one

minute followed by a high pre ’~~~re water r ir1se.

6. Photoresist w~ s r e a p p l i e d  ~r iJ  e x p o s e d  u s i n g  t he

pattern ir, Figure 6b.

7. The pa ttern was developed as h ~fore but afterwards

the  c i r c u i t un de r w e n t  a 1 5 m i n u t e  n i t r ogen

atmosphere bake at 65 c
C.

8. The flr1al etch to form the resi I 
- n was  da ne in

eor ~~S . e nt~~~~~~t ,H  r~~~~~~ sj c  a c i d  f i r -  ~~~~~ 3 ~~~~~~~~hj 3 .
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Dilu ted  ac id  was not  used b ecause it wi l l  etch

j Kanthal. The results are shown in Fi8ure Mb .

I 

9. Stripping of the final coat of photoresist rendered

the c i r c u i t  comple t e  and r e a d y  f o r  p a c k a g in g  and

I t e s t i n g .

I 
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- IV.  C H A R A CT E R I Z A T I O N  A~ D M E A S U R E M E N T S

S a m p l e  S e l e ct i o r 1

The p r o c e s s i n g  s t eps  d e s c r i b e d  in the previous Chapter

were  d e v e l o p e d  o v e r  a p e r i o d  of s ev e r a l  m o n t h s ; -  by c a r e f u l l y

ad ju s t i n g  the step s , a photoresist process ar1d a selective

etch process were developed to yield thin film cir cuits

which , under microscopic visual examination , appeared good .

These circuits showed clear defi ni tio ri of the pattern ,

little surface contamin ation , sharp edge definition , and

good f i l m  a d h e s i o n .

Samples of the circui t~ were chosen for testing from

severa l  d i f f e r e n t  e v a p o r a t i o r 4  r u n s .  W i t h  m anual control of

the e v a p o r a t o r  f i l a m e n t  c u r r e n t , h o w e v e r , i t  was v e r y

d i f f i c u l t to m a i r , t a i n  i ’J e r , t i c a l  cor ,ditio ns (particularly

d e p o s i t i o n  r a t e )  f rom one  evaporation r u n  to the  n e x t .  For

th i s  reason , t he  s a m p l e s  used  in c o m p a r i r 1~; g l a s s  s u b s t r a t e s

to flexible substrates were all from t h e  same r u n .  T h i s

insured that any differences in circuit characteristics

would not be due to differ ent evaporation conditions. One

glass substrate circuit from evapora tior 1 rur , number 6 and

one from run number 8 were selected. Two each of the glass

and Kapton samples were selected from evapo ratior , rur , number S.

11 and used for comp ~~~r i r .~~ , ~ la s s  to ~~~-~~ib 1 e substrates. The -

140
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Kapton circuits from earlier runs were unacceptable

pr imarily because during photoresist strippin g, which

‘ 

- required heating to 80°C , the films were severely thinned .

This was ultimately correcte d by reducing -th e time in the

s t r i p p i n g  so lu t ion  to one minute. The glass samples were

similar in appearance to the circut shown in Figure lib.

The circuit in Figure 12 is typical of the Kapt.or1 samples.

~~ pearance

Visual inspection without magnification revealed the

f i l m s  on a l l  s a m p l e s  appeared smooth ar,d glossy. Those or1

Kap ton were  p e r h a p s  s o m e w h a t  less r e f l e c t i v e .  V i e w i n g  u r , de r

an optical microscope revealed t h a t  while the samples on

glas s looked smoot- h , t he  ones  on K a p t o r  a p p e a r e d  to h a v e  a

g r a i n y  s u r f a c e  ( T h i s  is c o n f i r m e d  i r 1:he scar~r,ir,g electror1

microscope photos discussed later). Th .• s is probably due to

the smoother surface finish of the gla~ - -’- . If one examines a

piece of Kapton that has no deposited f~~1m , it appears that

the  s u r f a c e  has  m a n y  f i n e  s cr a t c h e s .  The p r e sence  of these

-scratches undoubtedly contrib utes to tI -~ grair ,iness of the

films on Kapton. Also , the dif l’er-?r,ces in sticking

c o e f f i c i e r,t s  of the  two s u b s t r a t e  m a t e r i a l s  m a y  h a v e  been an

important factor.

V iewing of the glass substrate ci r cu~~~s with a scanning

e l ec t ron  m icros cop e (SEM ) r e v e a l e d  t h e  copper f i l m s  to
p

contain small blister—like nor ,— - • arm ities (See

F i g u r e  13 ) .  E x c e p t  for the preser 1ce of i-nese “blisters ” ,

~ I-a
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I
I
I

FIGURE 13. SEM photo of copper film on glass (5000X)

I
I

I

I
I
I FIGURE 14. - SEM photo of Kar,thal film or, glass (5000X)
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the surface finish is smooth. Figure 14 is an electron

microscope photo of Kanthal film on glass. The only

noticeable non—uniformit y is a small dust particle.

When the Kapton substrate circuits were viewed with the

SEM the surface finish was quite different than the glass

samples. Figure 15 is a photo of a copper film on Kaptor~.

The “b l i s t e r s” seen or~ t he  g lass  s a m p l e  a r e  n o t  p r e s en t  b u t

the f i lm  s u r f a c e  e x h i b i t s  numerous irregularities. This is

also evident in a photo of a Kant hal film on Kapton

(F i g u r e  1 6) .  The f a c t  t h a t  these  i r r e g u l a r i t i e s  w e r e  n o t

seen wi th  the  same films on glass substrates indicates that

the i r r e g u l a r i t i e s  a r e  on the  K a p t o n  s u r f a c e .

Overa l l  l i ne  d e f i n i t i o n  on the sample s  was r e a s o n a b l y

good. There were i so l a t ed  p laces  on each of the  c i r c u i t s

where small portions of photoresist had lifted causing

u n w a n t e d  e t c h i n g  of the  m e t a l s .  For the  most  p a r t , h o w e v e r ,

this occurred in areas where the photoresist was in very

thin strips such as at resistors 21 and 23 ar,d the thir ,r,er

conductors at the top (as viewed in Figure 1) part of the

c i r c u i t .

F i lm u n i f o r m i t y  was r i o t  a l w a y s  good.  Numerous

“pinholes ” were noted in each of the samples. Or~ some

circuits , there were other areas where larger holes in the

film appeared . On run number 11 , t h e r e  a p p e a r e d to b c~ some

roughness on the body of resistor 7 on both glass

substrates. This was nc~ roticed or the Kaptor 1 sample s but

-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -  - 5- - — - — - - - —-- --~~~~~~~~~~~



I

I
: 1

I

I
I

I

I F I G U R E  15. SEM photo of copper film or~ Kaptor 1 (5000X)
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I FIGURE 16. SEM photo of Kanthal film or, Kapton (5000X)
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wi th  the g r a i n i n e s s  a l r e a d y  m en t i o n e d  s l i g h t  r o u g h n e s s  w o u l d

be u n d e t e c t a b l e .  H o w e v e r , when m e a s u r e m e n t s  were  ma d e ,

resistor 7 on all four substrates exhibited higher than

normal  r e s i s t a n c e .  Th i s  wou ld  p o i n t  to a p o s s i b l e  smear  on

the glass exposure mask , however , visual examination of the

mask under a microscope revealed no smear.

Ad he s ion

All samples exhibited adequate adhesior ,. The scotch

tape  test , d e s c r i b e d  in C h a p t e r  I I I , was  d o n e  on each  one

and none of the films appeared to lift up. Alth ough

adhesior, was adequate , care must be excercised durir ,g the

processing of Kaptor 1 substrates. If these are left too long

in the heated photoresist stripper , the films ter,d to become

thir,r,ed as previously described .

The exceller,t adhesion of the coppe r— Kanthal system was

one of the more interesting results of this work. Copper is

well known for its extremely poor adh aring qualities. All

previous work (to this author ’s knowledge) involving

evaporated copper films for microcircuit meta lization used

some special process technique for obtair ,ing copper

adhesion [114). Usually, this was accomplish ed by

evaporating first a resistive and good adhering material

such as chromium. Before the chromium evaporat.ion source is

turned off , however , the copper source is activated so that

there is some short period of time where both m aterials ar- a

- 
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simultaneously being deposited , and the copper becomes

I physically “locked” into the structure of the chromium .

It was found , however , in contrast to this , that Copper

adheres very well to Kanthal film without this interlocking

I procedure , and thus processing is simplified .

An evaporation run was made with a chromium source

I substituted for the Kanthal , but otherwise identical to the

I process that produced good copper—Kanthal circuits. The

results were that the copper flaked off the chromium

easily.

Thus , it is proposed that the copper—Kantha l system

I provides good adhesion , and allows a simple 2—step

evaporation process. The actual m e c h a n i s m  which causes the

adhesion is riot known . Further work should be done in this

I area.

Sheet Resistance

When the evaporation for run number 11 was made , the

I sheet resistance as measured by the resistance monitor was

1 192 ohms/square. The corresponding values for runs 6 and 8

were 199 ohms/square and 193 ohms/square respectively.

Actual sheet resistance for the processed circuits differed

from this somewhat.

I Sheet resistance values for the circuits done on glass

were generally lower than the value measured at the time of

deposition. The probable reason for this is that during

I processing several of the steps require heating of the

I
-
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circuits. This heatin g tends to allow the molecules in the

resistors to rearrange somewhat into preferred

Configurations which causes the resistance to decrease.

Sheet resistance values for the circuits done on Kapton

were higher than the value measured at deposition. There

are several possible reasons for this. The surface

Irregularities shown in Figures 15 and 16 undoubtedl y have

some effect. Also , since the stickir 1g coefficients for

glass and Kapton are different , ar1d since the resistar1ce

monitor was glass , the sheet resistance of the films on

Kaptori might have been higher to begin with. Another

possible cause has to do with the mou ntir 1~ problems during

processing. The Kaptor 1 substrates were mou nted on squares

of glass for processi ng. The corners were ht~lJ to the g1~ ss

by epoxy. While this system held the substrate flat there

was still •a certain amount of stress put on t h e  f i l m s  d u r i n g

any part of the process i~ g in wh ich the samples were blown

dry with nitrogen . Any nitrogen blowing between the Kapton

and the glass caused high speed vibration of the Kapto n . It

is believed that this vibrat ion possibly disturbed the

structure of the films enough to lead to the higher

resistance values. Thermal stress caused by heat treatment s

in the processing is probably not the cause as Table 1 shows

the TCE of glass and Kaptor~ are quite similar.

Resistance measureme nts in tt~rse tests were made

direc tly across the rc’’~~stor cor -: -~ts to eliminate the
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I
effects of interconnection resistance. Sheet resistance was

I calculated for each resistor by dividing the measured

resistance by the number of squares between the contacts.

The results of these measurements are detailed in

I Tables 2—7 . It should be noted that all resistors on a

given circuit were not ir1cluded in the calculation of

I average sheet resistance and standard deviation of sheet

I resistance. Any obviously defective (open , large gap, etc.)

resistor was not included. Also , the meandering resistors

I 1’~ and 2’ were omitted. Ir~ addition , resistors 21 ar3d 23

were excluded because their extr eme narrowness make them

I especially susceptable to dimensional inaccuracies.

By comparing the results shown in Tables 2—5 , it can be

seen that the average sheet resistance varies less than 7%

I over the three runs considered , ever~ with manual control.

The standard deviations for resistor~i on these circuits

I ranged from 6.6 to 12.7. This sh ws good control ar1d

I uniformity of deposition across the substrate surface.

Tables 14_ 7 (all from run 11 ) allow a i~omparison of circuits

I made on glass with those usir,g a Kapton flexible substrate.

I As described earlier , the Kapton sheet resistances were

significantly higher than the same evaporatio n produced on

I glass. The standard deviations for devices on Kapton were

exceptionally large. This indicates a nor1.-uniformity across

I the circuit. The SEM photos show th~ Kaptor . used had a

i surface with a large number of randomly ~~:~.ributed surface

I 
_ _ _ _ _ _ _  
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TABLE 2. Sheet Resistance Measurements

On Sample 6

Resistor Resistance Sheet
Number ( L )  Res ist ance (~t/D)

1’ 130 260.0
2’ 235 235 .0
3* ‘IllS 222 .5

597 199.0
5 696 17 11.0
6 817 163 . 11
7 933 155.5
8 1.05K 150.0
9* 532 265 .0

10’ ‘116 208 .0
11 367 183.5
12 3314 167.0
13 312 156.0
114~ ‘4 .65K 250.8
15’ 1 .30K 260 .0
16’ 3 .33K 222 .0
17 285 17 1 .0
18 161 161 .0
19 199 159.2
20 1. 149 K 198 .7
21* 7 .07K 235 .7
22 ‘120 168 .0
23* 15. ’lK 2 56 .7
2 14’ ‘4 .81K 160 .3
25 1 . 19K  151.9
26 1.80K 153.2
27 ~460 153.3
28 ‘46’I 15 14. 7

* not included in the fo lowing

Average sheet resistance = 1’’ .8.aJD

Standard deviation 12.7

- -- - - _

~~~~~

- -
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I
TABLE 3. Sheet Resistance Measurements

I On Sample 8

Resistor Resistance Sheet
Number (it.) R e s i s t an c e ( r ~-/D)

I 1’ 121
2 175 175.0

I 3 336 168.0
14 ‘489 163.0
5 631 157.8
6 778 155.6

1 7 92~4 1511.0
8’ Open —

9 3314 167.01 10 3146 173.0
1 11 338 169.0

12 330 165.0
1 13 323 161.5
1 114~ 3.33K 179.6

15 826 165.2
1 16 2 .7 1K 180.7

17 266 159.6
18 156 156.0
19 223 178.14
20 1 .3 0K 173.3
21’ 6.36K 212.0
22 1423 169.2
23’ 16.3K 27 1 .7
24’ 14 .5 1K 150.3
25 1.23K 157.0
26 1.8’I K 156 .6
27 1468 156.0
28 1169 156.3

* not included in the following

Average sheet resistance = 16’4 . ’4~VO

S t a n d a r d  d e v i a t i o n  7 . 9

-4
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TABLE 4. Sheet Resistan ce Measurements

On Sam p le 1 1 GA

Resis tor Resistance Sheet
Num ber (~ z.) Resistance (-~-JD)

1’ 98.9 197.8
2 198 198.0
3 369 1814 .5
~1 559 186.3
5 699 167.3
6 865 173 .0
7’ 1.28K 213 .3
8 1.21K 172.9
9 3514 177 . 0
10 3147 173.5
11 314 1 170 .5
12 337 168.5
13 339 169 .5
114’ 3.56K 192.0
15 8814 176.8
16 2.8 ’4 K 189.3
17 285 1 7 1 . 0
18 167 167.0
19 208 166.14
20 1.35K 180.0
21’ 6.149K 216.3
22 1428 17 1 . 2
23’ 15.14K 256.7
24’ 5.15K 171.7
2 5 1.3 14K 17 1 . 1
26 2.00K 169.8
27 502 167.3
28 502 167.3

‘ not include d in the following

Average sheet resistance 17~~.5iVD

Standard deviation =

- ~~
— - —— - - -  - - - -

~~~~~~~~~~~~~~-



I
I

TABLE 5. Sheet Resistance Measurements

I On Sample 11GB

I Resistor Resistance Sheet
N u m b e r  (ft.) Resistar .ce (-c~JD)

I 1 914.6 189.2
2 180.9 180.9
3 352 176.0

I ll 525 175.0
691 172.8

6 861 172.2

I 7’ 1.27K 211.8
8 1.24K 176.6
9 3142 171.0

I 10 335 167.5
I 11’ 352 175.0

12’ 363 181.5

I 1 3 33 1 1 65 .5
3.57K 192.6

15’ 1.12K 2214.0
16’ 3.30K 220.0

I 17’ 292 175.2
18 167 167.0
19 210 168.0

I 20’ 1.53K 2011.0
21’ Open —

22 1421 168.14
23’ Open —

1 24* 5.28K 176.0
25 1.141 K 184.9
26 2.15K 183.0I 27 527 175.7
28 527 175.7

* not included in the following

I Average sheet resistance = 17’4 .7.sv’O

Stan dard deviation 6.6

I
I
I

— — ---.
— ..~~~~.—. —-- — —
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TABLE 6. Sheet Resistance Measurements

On Sample 1 1KA

Resistor Resistance Sheet
Numbor (.~i.) Resistar,ceCnJO)

1 125.5 251.0
2 391 391.0
3 612 306.0
‘4 9111 3011.7
5 1.228K 307.0
6 3.18K 636.0
7’ Open —

8 1.996K 285.1
9 ~l52 226.0

10 14514 227.0
11 14 14 8 22~4 . 0
12 531 265.5
13 667 333.5
114 * Open —

15 1.326K 265.2
16’ Open —

17 352 211.2
18 225 225.0
19 322 257.6
20 2.03K 270.7
21’ 18.02K 600.7
22 571 228.14
23’ 19.2K 320.0
214* 6.65K 221.7
25’ Open —

26 2.56K 217.9
27 810 270.0
28 709 236.3

~ not included in the following

Average sheet resistance 282.8cLID

Standard deviation 90.2

- 

~
__

~
______.I._____..~ ._~~~~~._.- 

--—-- - -—  - -‘ - -.-—--- -- - - -— — ——- - - -~~~~~~--—
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TABLE 7. Sheet ~~sistance Measurements

I On Sample 11KB

Resistor Resistance Sheet
Number (.ct.) Resistar.ce (rL1D)

I 1 196 392.0
2 301 301.0

I 11914 247.0
14 7’48 249.3
5 1.13K 282.5

I 6 1.9l4K 388.0
7’ 3.148K 580.0
8 1.93K 275.7
9 537 268.5

I 10 525 262.5
11 51 14 257.0
12 1455 227.5

1 13 14514 227.0
I 111 * 5.19K 280.0

15 2.16K 1432.0
16 9.56K 637.3

I 17 355 213.0
18 215 215.0
19 307 2145.6

1 20’ Open —

21’ Open —

22 536 21 14 . 14
23’ 18.149K 308.2
2~4 ’ 7.05K 250.0
25 1.82K 238.7
26 2.7’4K 233.2
27 793 2614.3
28 704 23~4.7

* r.ot included ir . the following

I Average sheet resistance = 2 8 6.7~i./D

Standard deviatio n = 9 6 . 2

I
I 

________ - ~~~~~~~ —~~~~~~~~~~~~~~~ -—.— ~~~~~~~ — --- :- -:-—--- -
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irregularities. Thus the variation of resistance for a

pa r t i cu l a r  r e s i s t o r  would  depend  on i t s  p o s i t i o n  r e l a t i v e  to

these substrate imperfections , leading to a high standard

d e v i a t i o n .

Flexin g, of cour se , is possible only with the Kaptor.

substrates. Also , only certain resistors are situated such

that their values can be easily monitor ed during flexing.

All the resistors used for this test had contact pads that

were accessable or. the left border of the circuit. The

epoxy was remove d from the righthand u p p e r  and lower corners

of the Kaptor . so that the right side of the circuit was free

to lift up from its glass holder . The resistor pads along

the left side of the circuit (which were still anchored

down ) were then pr obed while the right side of the substrate

was folded over with a pair of insulati ng tweezers (See

Figure 17). The Kaptor . was flexed in this manner to a

radius of curvature of less than 1 centimeter. It may seem

at. first that the effects of flexing would depend in part or .

the length of the resistor being flexed . This is not the

case as A p p e n d i x  C shows t h a t  the  e f f e c t  of f l e x i n g  or.

pe rc en tage  c h a n g e  in r e s i s to r  v a l u e s  is independer .t of

res is tor  l e n g t h . The v a l u e  of r e s i s t a n c e  m e a s u r e d  w i t h  the

substrate folded over was comp ared  to the v a l u e  measured

when the substrate was flat to deter ii.ne the effects of

- - -. 
- -- — — - -—--- - -~~~~---
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f l e x i n g .  In g e n e r a l , c f f ~~ct on r e s i s tan c e  v a l u e s  m o u n t e d

to a decrease of 0 .6~ or less.

To d e t e r m i n e  how m u c h , i f  a n y ,  of t h i s  d e c r e a s e  was due

to flexing in the resistor ir .tercor .r~ectior .s lines , isolated

c o n d u c t o r  pa ths  a t  the  top of t h e  c i r c u i t s  w e r e  t e s t ed  in

the same m a n n e r .  When t h i s  was done , t h e r e  was no

m e a s u r a b l e  c h a n g e  in r e s i s t a nc e .  It f o l l o w s  t h a t  a l l  t he

r e s i s t ance  changes  m e a s u r e d  in the  p r e v i o u s  f l e x i r .g t e s t s

are  e s s e n t i a l ly  i n d e p e n d e n t  of cha r .ges  in i n t er c o r .n e c t i on

resistance.

The r e s u l t s  f r o m  the  f l e x i n g  t e s t s , o u t l i n e d  in

Table  8 , show that .  i t  is p o s s i b l e  to f a b r i c a t e  a t h i n  f i l m

r e s i s t o r / c o n d u c t o r  n e t w o r k  in a p l a n a r  c o r . f i g u r a t i o r .  or . a

flexible substrate , and then subsequer .tly fo ld  or bend  the

circuit to greatly increase the packagir .g der .sity while

maintaining nearly constant resistor values.

It will be noted tha~. t h e r e  a r e  a h i g h e r  p e r c en t a g e  of

open resistors on Kaptor . as compared to the glass samples.

However , resistors that were open on the Kapton samples were

open before flexin g.

Tem pe r a t u r e  an d V ol t a ge Coe f f ic i e n t s

Of R e s i s t a n c e

It was dec ided to use equatior . (TI— 3) with Ti at 25°C

and T2 at 150 °C to determine temp erature coefficients of

t he~~c s a m p l es .  B e c a u s e  t h e  h i g h  t :~ p e r a t u r e  was  to be

15 0 C , the selecte d sanp~~~s were  g i~’cr .  a f i v e  m i n u t e , 200 e C

.----- - - ~~— -—- - - - —..------ -
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stabilizing bake. This caused oxidation of the copper . and

made subsequent connection to resistor cor.tacts difficult.

This was not a major problem on resistors deposited on

glass. The pressure was increased or. the contact probes

until the probe tips broke through the oxide and made good

contact with the copper. However , on the Kapton sample ,

th is  creates  severe  d i f f i c u l t i e s .  S ince , by de s ign , K a p t o n

is f l e x i b l e , the s h a r p  probe t ips  used to make  m e a s u r e m e n t s

with the r e s i s to r s  on g lass  canno t  be used . This is because

they tend to go al l  the  way  through the Kaptor . circuits when

pressure is applied. Cor .sequer .tly, new probe tips were

designed and f a b r i c a t e d  to m a k e  m e a su r e m e r , t s  on the  K a p t o n .

These probe t ips  h a v e  a b lur .t t i p  and t h u s  a r e  d i f f i c u l t  to

force t h r o u g h  the o x i d e  on the  copper .

The t e m p e r a t u r e  c o e f f i c i e n t s  of r e s i s t a n c e  on sample

11GA (g lass  s u b s t r a t e)  ranged from 4 1 . 6  ppm/ °C to

58.3 ppm/ e C , wi th ai~ a v e r a g e  of 4 8 .2  and a s t a n d a r d

deviation of 5.8. On glass sample 11GB , the TCR’s ranged

from 38.1 ppm/ cC to 66.6 ppm/ 4C , with an average of 147.6 and

a standard deviation of 7.8. The TCR’ s for the resistors on

sample 11KA (Kaptor. substrate ) ranged from 72.5 ppm/ °C to

151. 14 ppm/ ’C, with an average of 96.5 and a standard

deviation of 23.6. These rneasuremer .ts were performed in air

er .viror ,ment. Because of the severe oxidizing problem of the T
copper at the  h i g h  s t a b i li z a t i o n  t e m p e r a t u r e , i t  was dec ided

that the mea sureme nt or . t h c  other Y.a~~~t c~~ cc~nple (11KB) would

I

-- ~~~~
— - --— — - -- — -
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be performed under a stream of nitrogen . This made quite a

I d i f f e r e n c e  as the  T C R ’ s were  found  to be between 30.14 ppm/ ’C

I and 71.8 ppm/ °C, with an average of 146.2 and a standard

d e v i a t i o n  of 12 .5 .  These v a l u e s  a re  in l in e  w i t h  those

I measure’d on the glass samples. For this reason , it is

I 
believed that the poorer values recorded for 11KA were a

consequence of the problem of making contact through the

o x i d e .  The r e s u l t s  of t hese  tes ts  are  shown ir. Table  9 — 1 2 .

As a n t i c i p a t e d  (see C h a p t e r  I I ) ’ , v o l t a g e  c o e f f i c i e n t s

of resistance for these thin film circuits were negligible.

I 
Resistors 6 and 10 on s a m p l e s  11GA and 1 1KB w e r e  m e a s u r e d  at

applied voltages of 2 to 20 vo l t s  w i t h  no measureable VCR.

Long  Te rm S t a b i l i t y

i Sample circuits from run 8 have beer. studied with

r e spec t  to long  t e r m  s t a b i l i t y .  Re si~.t cr . c e s  on these  g lass

I samples  were  m o n i t o r e d  over  a two m o n t h  s p a n .  No t r end  to

d r i f t  was no ted  d u r i r . g  t h a t  t i m e .

I
Reliability

I There  h a v e  been no quant itative reliability studies

I done or. a n y  of the  sam p l e s .  The c h i e f  r e l i a bi l i t y  pr~~b l em

would seem to be the oxidation of t h e  coppe r .  For t h i s

I reason , a passivating coat would be de3irable. Another

I 
possible remedy for this problem would be to treat the

finished circuits in an electroless plat ’. 2 ’ .  s o l u t i o n  such as

I A T O M EX ( E r . g e l h a r d  I r . du s tr i e s ) .  T h i s  s~~~u L i o r. works  or . the

I
__ - — -  - - -~~~~~~~~~~~-
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TA BLE 9. TCR’s of Sam p le 1 1 GA

Resistor R (.r..) R (.a) TCR
N u m b e r  25 ° C  150° C ( p p m / ° C )

3 368 370 113 5

8 1.205K 1.212K 146.5

10 3146 348 46.2

13 340 342 147.1

15 8814 889 145.2

18 166.9 168.1 57.5

19 206 207.5 58.3

20 1.345K 1.352K 141.6

Average TCR 1 4 8 . 2

S t a n d a r d  d e v i a t i o n  5 .8

~~~~~~~~~~~~~~~~ .- -~--r-~ - -- --— - -.—--- 
- _._.— —
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TABLE 10. TCR’s of Sample 11GB

I
H Resistor R (.a-~ R ( ~~.) ICR

Number 25°C 150°C (ppm/ AC)

I 3 352 3514 145.5

8 1.240K 1.2147K 45.2

• 1 10 336 338 147.6

1 3 33 1 333 148. 3
I 15 1.129K 1.135K 42.5

1 18 168.1 169.5 66.6

- 19 210 211 38.1

1 20 1.539K 1.5148K ‘46.8

I Average TCR

• I 
Standard deviation 7.8

II
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TABLE 11. TCR ’s of Sample 11KA

Resistor R~r..) R(a) ICR
Number 2YC 150 CC (ppm/SC)

3 993 1.002K 72 .5

8 3.17K 3.23K 15 1 .14

10 1492 1497 8 1.3

13 803 813 99.6

15 1. 143K 1. 1414 7K 95 . 1

18 242 14 142 8 75 .5

• 19 1451 456 88.7

20 2 . 96K 3 .00K 108.1

A v e r a g e  TCR = 9 6 . 5

• S t a n d a r d  d e v i a t i on  23 .6

0

-- . .------ ----- ----—-— --•- — - - - -~~~~~~
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1

TABLE 12. T C R ’ s of Sample  11KB ’

Resistor R(n~) R (~..) TCR
N u m b e r  2YC 150~’C ( p p m / °C)

3 526 528 30.24

8 2.00K 2 .01K 140.0

1 10 5148 551 143.8

1 13 1469 ~4 72 5 1 .2

15 2 . 2 3 K  2 .25K 7 1.8

18 222 223 36.0
- 19 318 320 50 .3

20 Op er. — —

I
A v e r a g e  TCR ‘46 .2

I ‘ Standard deviation 12.5

I
I
I
I
1
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basis of ion e x c h a ng e  and would  l e a v e  the  s u r f a c e  of the

copper interconnections covered with a layer of gold which

would inh i b i t  c o r r o s i o n .

One glass sample from an early eva poration run was

treated with ATOMEX and then heated for 5 minutes at 200°C.

A f t e r w a r d s , the  go ld p l a ted  i n t e r co nn e c ti ons • sh owe d v e r y

l i t t l e  o x i d a t i o n .  

- - • — -• ~~~~~~~~ -• ---__ 
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V. CONCLUSIONS & RECOMMENDATI ONS

Results

One of the  most  p o s i t i v e  r e s u l t s  of t h i s  s t u d y  was  in

establishing the copper or. Kar .thal system as a f e a s a b l e  low

cost technology for thin film microcircuits. To this

author ’s knowledge , this research was t h e  f i r s t  a t t e mp t  to

investigate this t h in  f i l m  s c h e m e .  The c o r r o s i o n  of the

copper seems to be the only serious problem . This can be

solved by t r e a ti r . g  t h e  f i n i s h e d  c i, ’cui t w i t h  an electroless

p l a t i n g  s o l u t i o n  such  a s ATO M E X , rna n u f ~ c t u r ed by E r . g e l h a r d

I n d u s t r i e s , as shown i r , C h a p t e r  IV .

There  a re  r , u m e r o u s  adv ac~t a ge s of  c o p p e r  or. K a r . t h a l

system . Replacir .g precious metal c r.ductor paths with

copper would result in very sigr .ifi car.t material cost

s a v i n g s .  A d d i t i o n a l l y ,  t h e  K a r . th a l  w i r e  ( o f t e n  used for

heating elements ) is less e x p e n s i v e  t h r ~r. most  h i g h  p u r i t y

e l ement s  c o m m o n l y  used  fo r  t h i n  f i l m  r e s i s t o r s .

In p r i o r  w o r k  u t i l i z i r.g  c o p p er  f i l m s , s p e c i a l

p r o c e s s i n g  r e q u i r i n g  o v r ~r l a p p i ng  e v ap o ~~;~~ ior .s was  n e c e s s a r y

(see C h a p t e r  I V )  to o b t a i n  a c c e p t a b l e  a dh e s i o r , . Th is  work

has demonstrated that excellent film • .dhesion car . be

achieved by evaporating Kanthal ar,d ~c pper w i t h o u t  th is

overlapping.

- 

67

I
-- - ~~~—.



68

Other advantages include ease of use , low temperature

coefficients , and no measureable long t e rm  d r i f t  over  a 2

month period .

This research investigated the use of Kaptor . as a

f l ex ib l e  s u b s t r a t e  for  t h i n  f i l m  m i c r o c i r c u i t s  u s i n g  the

previously described technology. The circuits deposited on

Kaptor. are somewhat ir .ferior to those or, glass in terms of

uniformity and TCR. However , the irregular surface of the

Kaptor . and the problems encountered with mountir ,g, have at

least contributed to these  s h o r t c o m i r.g s .  I t  is v e r y

encouraging that the flexing caused very little change in

r e s i s t a n c e  v a l u e s .
- 

The data preser .ted in Chapter IV ~-h o w s  t h a t  the  l a r g est

r e s i s t a n c e  d e v i a t i on  fo r  a c i r c u i t  f l e x e d  to a r a d i u s  of

curvature of less than 1 centimeter is .6%. This suggests

that circu its can be fabricated usinc’. this technology and

fo lded to c o n f o r m  to p a c k a g i n g  r e q u i re ; i cn t s , w i t h  g r e a t l y

increased pack ing density.

Suggestions

As shown ir.  the  SEM photos  of C h ap c e r  IV ,, t he  s u r f a c e

of the Kapt on substrates was quite irregular. It is

suggested that in further research work , Kaptor . with a

smoother surface finish be obtained .

One of the main causes of poor circuit yield ,

especially ir. the beginni ng , was the d H~ulty with which

the photoresist was removed . For t L i 3  reaso n , i t  is
T

I)

- 
-----
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suggested that positive photoresist be considered for future

I work of this type. As mentioned in Chapter III , it is

easier to remove than negative resists. Unlike the negative

I resists , it does no t  r e q u i r e  the  hot  s t r i p p i ng  s o l u t i o n s

I that were so hazardous to the circuits in this study.

Another problem , although not as severe , was the

I cont ro l  of f i l a m e n t  c u r r e n t  d u r i n g  e v a p o r a t i o n .  The

operation was totally manual and required constant vigilance

I to combat current surges that occurred when the sources were

melting. A meth od is needed whereby the current is

automatically controlled . This would free the operator for

other tasks and would also p r o m o t e  more uniform depositior .

parameters from one run to the  n e x t , ar .d a l l o w  some c ont r o l

of TCR.

In Chapter IV , a number of possible cause3 for the

non—ur .iformity of the resistors or. Kaptor. were discussed .

I Further work should be done to isciate the mechanism(s)

i n v o l v e d .

I
I
I
I
I
I
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A P P E N D I X  C

Effect of’ Resistor Length or. Percent .age Resistance

Char.~ e of Flexed Thin Film Resistors

It was p r e v i o u sl y s ta ted in Ch a p ter  IV t h a t  the

p e r c en t a g e  c h an g e  in  r e s i s t a n c e  of t h i n  f i l m  r e s i s t o r s  due

to flex ing is ir .dep&’r .dent of the resistor length. The

f o l l o w i n g is a pr oo f of ’ t h a t  s t a t e m e n t .

Two resistors are made from the same sheet resistance.

Res i st or R A ho~ width w and length LA . Resistor RB has

w i d t h  w and  len ~;th L B . L B xL 1 and  R B xR A .  Both

4 res i~-.tor s  c~ir ~ h e s a id  ~~‘ be c o m p o s e d  of  s e r i e s  i n c r e m e n t s  of

v a l u e  R r such  th i~t :  -

= n R r ( C — i )

and R B x r . R . ( C — 2 )

When an i n c r e m e n t a l  R r is  f l e x e d  u n i f o r m l y  end to end i ts

v a l u e  b ecomes ~~~ and

R~ f = yR~ (C—3)

w h e r e  y is  a c o n s t ar t  • iep er .de r .t u p o r .  t h e  r a d i u s  of c u r v a t u r e

of t h e  f l e x i r . g .
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If R A and R B a r e  o r i en t e d  the same w a y  an d  a r e  f l e x e d

end to end ar . e q u a l  and  u n i f o r m  r n d i u s  of  c u r v a t u r e , t h e

ser ies  R n ’s w i l l  a l l  c h a n g e  a l ik e  a m o u n t  such  t h a t

R Af n y R 1~ ( C_ L i )

and R Bf X f l Y R r ( C — 5 )

w h e r e  R Af and  R 8f a r e  the  f l e x e d  v a l u e s  of  R A and  R B
r e s p e c t i v e l y .  The r a t i o  of t h e  f l e x e d  v a l u e  of the  two

r e s i s t o r s  to t he  o r i g i n a l  v a l u e  g i v e s :

r .y l ir / n R  y ( C - - 6 )

and R R f / R B x n y R  / x n H . - y .  ( C — ? )
- r.

I t  fo l lows  f r o m  t h i s  t h a t  the  ~ce n t a g e  e ha~,f , e in

r e s i s t a n c e  due  to f l e x i n g  d e p e n d s  on t~ r a d i u s  of c u r v a t u r e

and not  on t he  l e r .g th  of  t h e  r e s i s t o r  t - ’ l n g  f l e x e d .

J
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Part 3 3

Character izatio n and Modelin g of Low-Fre quency
Noise in Thick-Film Resistors*

Dr. Koy B. Cook and Roger A. Whatley Charles E. Riley and Victor W. Ruwe
Auburn Uni versity U. S. Army MIRADCOM
Auburn , Alabama Redst one Arse nal . Alabama

2 ( I )Abstract — State -of-the art hy brid thick-film resistors ‘ 4kT RAf
contain bot h low f r,equency (1/f) and thermal noise which
severely limits their app lication in the design of low signal and ,
level hybrid amplifiers . In this paper an experimenta l char - excess noise or I/f noise (Ref. 2). wh ich is given by
acter ization of the noise in stat e-of-the-art thick-film resistors
in presented and a noise model developed which is useful 12
for both computer-aided low noise circuit design and the e 2 dc 

~~ R2 (2)
design of low noise resisto rs . The noise model developed is CX = K ( — —

~~~~~)

independent of geometrical effects and indicates that the noise
performance of thick-film resisto rs can be specified com-
pletely in terms of a single resistor “ material constant ” , K’ . w here . e 2 = Mean square thermal noise voltage
The model is shown to be in very good agreemen t with ex- th
perunental data . Finally , areas for further work are indicated. k Boltimann ’ s Constant

INTRODUCTION T = Absolute Temperature
rr~ hick-film resistors have been used tor many years in
I hybri d microelectronic technology. An important R = Resistance

application of this technology is the design and fabr ication
of linear ampht iers and systems which ire ca pab le u t  detecting 

~ f = Noise Bandw idth of the sys t em
very low si gnal levels , since the ability of a syste m to detect
low-level signals is fu ndamentally limited by t he noise gen- e 2 = Mean square ex cess noise
c rate d in the system . noise performance becomes an im- cx
portant design criteria. In order to desi gn low noise hy brid

K = ConstantCircuits and systems. models must be available to predict the
noise peTform ance of the ind ividual components of thc hybrid
circu it. 1dc = dc current throug h the thick -f ilis , resistor

The purpose of this paper is to present the noise spectral = Frequencyresponse of resistors fabricated from three co m monl y used
thick-film resistive inks manufactured by IIMCA , ESL. and
Du Pont. Experimental results are presented to support the a = Constant (.5 ~ a ~ 1.5
val id ity of a math ematica l model which is expecial l y suite d to
thick-film resistor technology. The constant K in Equation (2)  has been t~ und in previ -

Ear lie r investi gations have developed models to describe ous work (Ref. 3-6) to be dependent on the geometry and the
t he low-freque ncy noise characteristics ol discrete resistors , material used in fabrication ul the thick-tilm resistor as
and some limited work on thi ck-film resistors. These studies

K (±~\ (3)have tende d to concentrate on the I/ i or excess noise regions K = K ’ 
~~~~~~ 

= \ ~~of the sp ectral response and assume the thermal moise to be
negligible in the fre quency hand of i n ic res t. J-6 ’weve r . with
modern thick-film resistors exhibitin g noise performance
supe r ior to some discrete type resistors , both Ill and thermal where , 2 = Length ot the thick-fi lm resistor
noise may dominate iii portions ot the frequency band of in-
terest. w = Width of the thi~k-tilm resistor

It is t herefore important to develop a n e w  noi se model Thickness of the thic k-film resistor
which w ill si mply and accuratel y describe thick -h im resistor
noise per formance including built t Ite r nial .,itd l/t noise . p = Bulk resis t ivit ’, (o hm - cm)

t OW-FREQUENCY NO~SL MOOLL = Sheet R~stst ~~fl~ (ohm~ pet-sq uare )

There are two ty pes of noise tound to dominate the noise Pans oJ this work were presented at the’ 19’6 Inter-
specira l ‘CSp~)nsc of thick-film res istors~ thermal noise (Ref. national Microelectronics Sv~nposiu’n . ~anc- u ’ui ’cr , B.C .
~~ 

~~~~~
. winc h is given by canada (Ref ~1. 

— —  — —.-- — ‘ - r . . . ,.a-r . . — — .. ~~~~~~~~~~ — .
~~~ 
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The factor K ’ in Equat ion (3) is a new “material COn - EXPERIMENTAL PROCEDURE
stant ” w hich is dependent unit ’ or, the f iring conditions and
the re sult ing micro stru ctural propertie s of the resi stor material Previous experimental investigat ion , of the noise in thick-
(Ref 3 . h) It is indep endent of the thick-film resistor geo- film resis tors have neglected the effect of contacts or term ina-metry hut it ma exhibit some second-order dependence on tions on the noise perfor mance (Ref 4 . ~~

j In this work. con-
in C4~~C\  w here the rn ic rostr uct ure is al tered as the resisti- tact e t te c t s  are e l im inated by the use oh t h e  special 4-terminalvi ty is changed Using equations I 1). (2 1. and i .~) we obtain resistor test structure as s hown in Figure 2 Details of the cx-

an expression m r  the total noise ol a thi ck-film resistor inc lud- perimental method have been prese nted elsew here (Ref. 7).
ing geometrical factors as

1
j 2 \ /  

3

dc 

~
4
’

p Q  I (4)= 4KTRAf + K ’ 

~~ 
S~~~~~~ 

~~~~TOT f~ w
3

a

tire noise spectral out put of a thick-film resistor asa function
Equation (4 1 gives an expression for det ermining the en-

~~~~~~~~~~~~~~~~~~~~~~~~~~ e 2- r 
~~Ti ST TO?of frequency. Figure 1 shows a ty pical plot of the thick-film

S

log e 2

Figu re

TOT

2 Cii~uii contiguration used to exclude contact noise
I rorn measurement.

The actual circuit used in the measurement system is given
in Figure 3 . which uses the “comparison with a sinusoid tech-

log f mque ” to measure equivalent input noise (Ref. 7).

For the measurement system actual ly used as shown i.n
Figure 1 .  A typical thick-film resisto r low-frequency noise Figure 3. the experimental e rmor is conservatively estimated

spectra response . lo be approximately ±10 percent. However , scatter in the data
is also affected by var iat ion of para meters externa l to the mea-
surement system , such as noise pickup and variation of geo-

resistor no~se voltage versus frequency. The break frequency, metncal dimensions of the thick-film resistor , etc.
oc c urs when the thermal and excess noise components are

equal in magiulude. From equation (4) r — — - — — ~-- _ - - — _  - —  1

I i r
~~~~~~~~~ i~ Tre F l1500 V io,~

P5 dc — ~ 
K ’ h~’ (consta nt)(E 2) (5)

/K,)(2 ~2 \  / \

(OMS;*- uT IT ~~~~ 

— 

P5 05(
STMi

/ where. E = electric field across the length of the thick-film _____________

re~ sto r.

This important relationship predicts that is proportion- 
i_ )

al to the square ot the electric field (E) and anything done to I
1 a~r ‘2 Are •ireduce the electric field in a thick-film resistor , for constant 

~ ~ ~R, will reduce resistor noise , Equation 5 also indicates that
resistor designs which increase E, at constant R. cause increas~ed noise . Figure 3. Actual Measurement System.

I
- .- ~~

-- 
_ _ _ _ _ _
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The thick-film resistor test canop ies were fabricated in the Resistor L~ rsg~,h (cm) Width (em)
microelectron ic laboratory ot the U .S. Army Missile Research - -

and Development I. omman d . Huntsville . Alab am a. A saniplc #1 2S4 0~ S
is shown pictorially in Figure 4a . and tu rt her des cri pm i ims in #2 .254
Figures 4b and 4c . #3 .254 012

______________________________________________ 

.254 .203

.254 .406

.254 813
III f1~I ‘iL_~~~~~~;crii~ 

•. . ‘ 
- 

#7 .610 .05 1

~ d~~ ’ r—r ‘
- 

I -

~~~~~~

_ _  

1~~~~~~~~~~~~~ uEE ~~~~~~~~~~~~

Figure 4C. Dimensions of RN for the resistors indicated

Figure 4a. Photograp h of Resistor Test Sam ple

The three resistive pastes used are ESL. 3000 series (irid ium EXPERIMENTAL Rl.S(~LTS
based) with 8835-I B gold conductor , l)uPoni 1400 series
(ruthenium based) with 8760 gold conductor , ami d t-M(’A 500() Length
series (rut henium based) with Firon 21 2B go ld conducto i -

Figure ~ gives t he expe rinie nta t sam a l l  Iii i es ilurse

Each type ink svas mixed for six nontinal values oh sheet C 2 a t u n ~~t l t rl it thi~k t u t u  re sisu ’r ieuue ; h i  I T  th~~’~~’ c’ .
resistance ; I ~2 . 10 ~~~. 100 ~~~ . I k~~, l0k~~. amid IOU k SZ These dt t fer e, i t  inks s~ iii iII ‘ h i d  iC - I s ’’ ~

‘ p~ i ml i i  ‘ ‘ 1 and r i l t ’ . t ’ i J ’

pastes were checked with a Ilaake visco j uieter t o  cnsuie coin- ment t re ( lueiu ~ held co nst a nt I hut ’ k I L T  as auki l ’  I ‘ ‘ m u  t

pliance with the manutacturer ’s sp e ci t icat muim s ~‘ar i ous  num- resistor sa riu ~r~ T , U I L T ’  l iii I ~ ~r i i  t i  I ~ iui h u e  f l - i i i lu i l ,s

bers of samples were tabricated t ror i i  eac h i t  the h res is t iv it t es  sheet ies is taru ~ c t o ~ t. i t t  lie sam im p les use d is 1 1 1 5 1  1 I i

lot each of the 3 inks for a tota l  oh I 14 saiu ip lcs The samples actua l slope ‘ ?  the u i R d s  iS CISCIT  In I c i i i  ~~J i l  C d l

were fired according to t h e  m anufacturer ’s speci l ications. t he slopes a u.- J Nrr x u l T l . u l ’ I s  t ile Js prcdi.  t ’ ~l ~s I
(4)  As presl Isl% st a te d. the expe r ir i i e i ita l  C T T i F in this ~~ rk
was est ir ut ate d i h~ s b  ptT i .ciut (Ret  17)

0

- 
I ~~ Log e~ 5

— — .— . .
. 

- (V ~ Un

I 
~~~~~~~~~

~: :‘~~
‘
,:; ~~~~, •1

~~ J L .

~~~~~ 

..

I- s gu i me 4h System (31 res istor idemi t it i~ ii ion on a particular 
- 

- 
-

substrate (sample) 
- -

A *1 1

I lii ’ gt- Iio c i r i~ Vd ri at n ,ns incorporated into the test —
‘
~~~~~ 

- 

- 

‘ ‘
~~~~~~~~~

‘
~ 

- 
-

lCr isI . ’ i  pat t i - i n s ale (see Figure 4a and 4b I ( constant length. I _ .

i t i h i  rC%Is t , ‘I - - - 
I I

- u rs #1 ‘~~~. ) constant aspect ratio , resistors r -
‘ r i d  ~~ L r i i u s i J n t  width variable lemt gt hi resus t iOs  ~ l S . 

-

‘ I .s’ b l i i i , p u i  i~ e x t r a  it ’s I S t u l i S  ~ 7 - ‘ rid ~ l4 , .itc pro 
-

• ‘t ‘ V . ’ uI ’ ’ imu i . i (  .uid orte wi t h ~~~t a t e l  I i i i ia t lo l ls  iii.ludi’d —
w ’  .. ., ii, ii ‘ h ii L*n~ih I L O T I

y ot the resi stor but birt h having the sa m e
II 110 W I  I ‘ i a r c ~ - m d  cai rn ’ wi dth Ihis was done in - ‘,iIt, ,~ 5.I ifl%~ iu is i t ’ t u t  as i t Ime t T t t L ’ Lt  of rcsi sto i comi t a c s Figure s” Sei sm ic rCsts t om kmiglh

- ‘Ii IIII II,Ii.~
. I’t ’ I t m p r u i i a m i c e

-

‘ 1~~•• -
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Wklth dc Bias (‘urrent

An c- xpeu iuiie m ital curve b r  C ’ versus ( I/w i dth) 3 is given An experi m ental plot of e 2 Versu s 1dc is give n in FigureCx
in Figu re (~ (Again . ~lt other parameters are held constant.) 8 for the three resistive inks wiM all resistor parameters (equal
1u ~ i,~ [.quat ii)us (4 J d~’~ is exp cc icd to be inversel y piopor- length , width . e t c _ I  a mi d Irequency held constant. The slope
Tiu na l t o  (2 ss id t h ) ’ . The actual slope of the curves is present- of these curves is shown in Figure 8 and is approximately 2

in }‘ m,~urC 0. As can he seen. the slopes arc approximately as predicted by Equation (4).
One , indic ating agreement within experimental accuracy.

Lag

Log ~~ 
(V2 /Hz)

6(V 2 / Hz )
Z i ~

ii
14 

A~~~ 
(S i  2 Ak

r 181

~~. mr . : :: -

.10

4

511 4 

i4~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

’

~~~~~~~~~ •

— —-t ---.- - - — -t — — —,-—— — ,—---.--t——..— , I I —,

It ~ I , 4 1 I I I

‘dc (mA)

A Figure 8. e 2 versus 1dcex

Spectral Pl ots

I i~~~+ $  i t s ~~t I I I ‘ t t
0 0 i l l  

1/w 1 , (cm -3 ) A family of curve s of 
~~ versus frequency with 1dc as a

parameter is given in Figure 9 for an ESL sample . Similar

Figure 6. 
~~ 

versus ( I/w idth) 3
Log 

~~~
(V2/ Hz)
-13

Sheet Resistance

Figure 7 gives some experimental plots of 
~~~ 

versus

agrees wi t h the valuc predicted by Equation (4). A wider range
oh is not used due to limitations o the measurement .14

p The slope of approximatel y 1 for the range of indicated

Log ~~ 0” 112

(V 2 / I-lz) - ‘ S

lest it

“
~“N~ ~~

“
~ 1hlL 

“
~“4.~0. ~~ iOi~~ .i38M i’VVnl,

O•
— ( 6  t 1 1 1 ( 1 1 1  $ ( 4  1 1 1 1 1 1  4 $ i I $ I l

10(41 100(11 15(11

Figure 9. e 2 versus frequency for several values of ‘dc

frequency (Hz)

cx

curves are give n in Figure 10 for a DuPont samp le and in
- Figure I I  tot an EMCA samp le. In these Figures resistor

.00 II, I), g3o met ry and sheet resistance we re held constant. The
~~ slopes ol these curves is approx imately — I wh ich is con-

s istent with the usual value of unity for the constant ~Figur e 7. e 2 versus sheet resistan ce in Equation (4),Cx
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L .~ . _ - /~/Figure hO. ~~ Versus treq uency b r  several values of 1d~ 
_

‘~~‘, “, I

The break frequencies , 
~B from u the spectual plots it Fig- 

I /
ures 9 , 10 and h i  are plotted as a functi mi im l i t  the e l e L i r i L  f ield, /
E. across t he bengi hi i t  r i te resistor ui F IIZUIC 12 Actu a l slope s ,~~

are presented in t h e  ligure. In each eas t- , t he actual slope is /
close to 2 which w as predicted 115 Equation (~s ) /

Log e 2 /cx
(V 2 .’Ih,~

-
~~ /

— N
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N o  ‘Q ~~~~ Figure 12. Break freque n cy versus el ectr ic t i e ld.

- 
N N

~~~ contac t EJJ c ’ct
N Two resistors, ~7 and ~ l4 . are provided to deterirtir ie the

5 
~~ N. ‘

N

”

~~
’
N 

‘ 
N effect of thick-film resistor tern i i uiat mo ris on noise pe rto r-

N N mance. Resistor ~I4 has seven extra contacts fabr icate d serial ls

- - .  - 

~~~~H/ )

I mequeiicy III,) . 1 4  
- - 

N I ’

Figure I I - e 2 vci sos hueq ue ncy 11mm sec e u~ l values ( I t  I N, .

cx dc I . -
N , ‘ 4 $ .

- is  “Q~ A * ‘ s i -c

The sample was placed in an environmental chait ibt- r anc • e,$, (1. I

data were taken at -3S ~(’ and ~
(1C The I-Si. (iridium based) ‘N

and the EMCA (ruthenium based ) res is i is i ’ iu iks W t ’l~~’ t es i~d iii 
~‘N T ~~~~ i 

‘ C

this manner The re s u l t s  are sb w i  in F- iem i,t-s I .~ ari d I 4. The
data points to i es~ess noise at bot h teuu ipt- raiure s ,~e,ieua lb~ ~ L..~.,._. - , , + ,  

coinci de on the ‘airi,’ line , wit h i n  ex pei  i,uieu iia l e t r o r . t,iili 1*’ ; ‘ ‘

cating that over t Itu s i.’ i-r peratu re range t ime ~iinsi alit K ’ bias no frequency ( h i )
apparent t i rs u  order dependence on temperature I he tc tn pc’ra
ture dependenc e ut ‘ (m en, is due enr i re ls To c h anges to the Figure I I e

~~ 
versus frequency for two dift ’ereni

thermal noise level , ms predicted 0v Equation (S )  tem peratures

— - - -— 



in t he body of the mes is t or , w hile resistor #7 is fabricated with Excess noise has been reduced by the inclusi o n ol ex tra
the ‘~anie num ber oh squares of resistive material (same total contacts by an ef lect ive reduction in sheet res ist a mlee At least
as pect rj t io ) an d same ditt ie nsiomis It was found that the re- two possibhe mechanisms m a y  he responsible b r  this reduc-
SiS t.iflct’ of res istor 14 was in all cases substantially less than lion, Possibly in the vtn ci muty of a termim uat iu in - t -o ,it act metal
lesh iom ~~ the dec l e as e  ai im ihutabsl e to ciu i ii.ic t cf hcei5 c liamig- is d i hhu s i i mg into the i cs i s t lvc  paste during t ir ing I his would
iiu~ the resust1v i t~ s i t  the res istot inaierial * Res ist ut how. have ibis- e f fec t  oh buwc-r ingp5 in t his region. Siii~~’ t- 2 c siti bits

C’ever was boun d to have about (within 2 percent typically) the a direct dependence on p ’ - amm y relative ly small change in P5 re-
same resistance as #14 . suIts in a relatively large change in e 2 

•~~ Ammihie r possible
Log 

~~~ 
mec hanism is an incicase iii I thin thickitcss in the vicinity of a
terminati on. Again , this wou ld result in a lower average value(V 2 / ilt) oh the important point us that tern linat ions can make a
large difference in t he noise performance of a resistor. 1x-
perimental data taken on thick film resistors must exclude
ter m inat ion ci beets or the change in effective sheet resistance
by the contacts must oe incorporated if accurate comparison
with models is to be made.

~ 

CONCLUSION

A noise model 1-quation (4). has been ver ified by the ex-
perimental results of this work. The m odel is specifica lly tai-

(1 .10 1 lured to the requirements oh low-noise thick-film resistor de-
sign. It allows the computation of the entire low-frequency

I spectral response of a thick-tu rn resistor.
A novel approach t o  noise perfornoance Optmfl liiat lofl is

frequency (Hi) suggested by Equation (5).  In the past. the excess noise level
oh ’ resist o rs iii the low- brequency region of the spectrum hasFigure 14 e~ versus brequency hon two dif ferent 
obten been of suc h a magnitude that designers considered thetemperatures.
et itire noise rcspoiise to he ut a I/f nature - However , as can beT he excess noise in resistor #14 was measured and corn- seen in the spect ra l plots presented , in modern high-per-

pani.- d to resi stor 2 s~hmch had the same dc resistance , but a formanc i’ . low-frequenc y c ircuits, tile thick-fi lm resistor ’s
dii it- ri- mi t k’migt li I lie esults oh this ex pe r i i i i cm i t  for 2.4I~1Z/D noise break b r t ’quency - 1B’ m a y  fall within the low-frequency
I S L ink .z ic - shown ii> Figure IS .  W miliimi experimental error region oh interest. Since the t hermal noise level places a
t he dtl t ’erer ice tn t he noise in these two resistors can he at- fund amiiemiial lower li m it on noise leve l. maximum noise per-
tr ibuted directl y to t he di lberence in length of the resistors. formance opti mni/ ation is achieved when f 8 is placed below
1 hus , the d Ied ul  the contacts has been t o  t he resistor and t he frequency band of interest ,
changes in t he noise performan ce bollow this sheet resistance
change as puedic ied h~ Equation (4). It appears that the con- 11iick-t ~luii resisto r design for low-leve l circuits involves
tact s are not adding any “new ” source ol excess noise to the meeting se v e m al design requiremen ts. The resistance and al-
resistor. lowable to lera nce in me sms t a nce , t he allowable noise level of

the resistor , and the substrate area available in which toLog 
~~ fabricate the resistor are always importance design criteria.

(V 2 / Hz) Power dissipation , alt hough alway s important . is usually
055

neg ligible in the type circuit being considered . The designersS1.pIe 956
task. t h e n . is to select a specific ink , a specific geometry and

A — Reimito, 912 ~~~~~ RN.24.an sheet resistance to satisfy the design requirements.
-13 0 • ResIstor 114*1 ~~.l ,6k0 R9•?4 700

• .39 ~ Equation (5) gives the designer a powerful tool any par-
ameter chngc which reduces the electric field in the thick-film
resistor wil l improve the noise performance . Thus, the resistor
should be as long as is possible in the space available, in order
to obtain opti m um noise per formance.

-14
To make a resistor of fixed resista nce as long as possible

require that either widt h or sh.~et resistance be varied accord.
ingly. Long resistors require significant layout space in a cir-
cuit and the serpent ine geometry is usually used. The smallest
layout area will be achieved if resistor width iS nllnirsuzed to

- is the nitninium value possib le. Finally, sheet resistance is
chosen to get the desired resistance .

I ~~5 -4 - ( ( ( n  . - ( ( ( l o t  I 1 4 . $ 1 1 0 1  1 
‘The d ifference in resistance 5*~~5 ivpic alh ’ 66 perc ent (i.e.10HZ 100(1: 1(04: mOON:

frequency ( H i )  resist or ~ 14 was 66 perc ent of the res istance (Of l’t’SIStOP #7)

Figure 1 5 .  e 2 versus frequency for a resistor wit h a large J a r the 2.5 K~2/D L’SL ink. However, this number is s:r r, 1,y
cxnumber of se ries contacts dependent on resistor geometry and Ink sheet resistance,

—~~~~~~~~~~~~ .— . 
—- - --- . - — -- 

‘
~~~~-



Use of either Equation (4) or ( 5 )  require s only the deter- Since the constant K ’ serves as an index for comparison
mination of a single constant . K - for a given resistive ink. K ’ of relative noise per tor mam ice . it it imiter est ing to note that the
has been shown , to a first order approximat ion , to be a pro- two ruthe nium hi’~’d inks il)uPonr and IM(’A ) ex h ibit supe.
perty of the resistive material and the hinuig conditions and is nor noise p e r f o u u u t a i t c e  o~er t he mn id iuni based i’ik ( LSL,
independent of the various thic k-t ’ilmii res istor parameters ,
(such as length. widt h, sheet res istance . etc . )  over t he ranges Thick-film resis tor comi t acts  have been demonstrated
teste d. From the data presented , va lues of K ’ m a y  he comput- to have a significant ef fect  on noise pertormance fo r  the ESI.
ed for each of the three resistive Pastes I lie sam e values oh ’ resistor /co nductor ink s~ stenn. Two possible nect ianisms for
K’ are obtained whether the calculation is made using equation this phenomena have been offered hut not subst a r ituated.
(4) or (5). The fol lowing values for K ’ were obtained Simice the constant K is assu m ed mum t h i s  stu d~ to be de-

pendent on the bluing conditions during fa b r i c a t i o n , t his
dependency uiuight also he in corporated t u tu themodel mu -i
future work.
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Abstract

Noise measurements were performed on several coumiercially

available opti cal Isola tors In order to examine the signal detection

l imits of typical devices. It was found that , ‘in genera l , opt ical

isolators are very noisy devices exhibiting all of the coninon types

of noise usuall y found in bipolar junction transistors . A large

number of devices exhibi ted burst noise which dominated their l ow—

frequency noise performance. The noise performance of devices wi thout

burst noise was domina ted by 1/f noise or flicker noise at low fre-

quencies and by shot noise at high frequencies. Experimental data

Indicates that in most cases the electrica l noise contribution of the

LED is negliga ble and that the dominant source of noise is the

pho totransistor. A model for the equivalent Input noise of the 
-

optical isolator is developed and found to agree wi th available

experime ntal data .



I. Introduction

Optical isolators have found widespread use in data processing,

teleconinunications , process control and many other fields. They can

be used as ei ther digital devices or analog devices and are often

used, for example, in the design of isolation amplifiers. [1]

An optical isolator is composed of a phototransistor or photodiode

detector opticall y coupled to a light—emi tting diode or LED as shown

in Figure 1. The LED not only provides the bias current to establish

the transistor 0-point but it also provides the input signa l to the

phototransis tor.

The equations which describe the operation of the optical isolator

are also shown in Figure 1. The current transfer ratios k’ , k, K’, and

K are in general dependent on LED current as shown in Figures 2a and 2b.

In low signal level appl i cations , electrical noise is a’.ways a

problem. It determines the minimum detectable signal at the i npu t  of

any system. The use of optical isol ators to d.2tec t small signals is

l imited fundamentally by the in~.erent noise in the optical isolator

itself. The noise behavior of tde optical iso1~ tor is expected to be

determined by the noise inherent in both the L’ and the detector .

Although the noise behavior of the indivi dual co:iponents of an optical

Isolator, the light-emitting diode and the phot~diode or photo—

transis tor , has been investi gated previously [1 ,2 ,3,4], the noise

behavior of the optical isolator has not been full y explored.

It is the purpose of this caper to examire th~ electrica l noi se

inherent in several commercially availabl e phototr -i ’isistor optical

2
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Isolators and to develop a model which can be used to predict optical

Isolator noise performance. The results obtained can be used to

predict the noise performance of optical isolators with photodiode

detectors as well.

II. Background

Daughter [2] first examined the noise behavior of phototransistors

which he characterized into three regions : (1) frequencies below 10

kHz where excess no ise (f~~ noise) dominates , (2) the midband frequency

region where the noise behavior is dominated by shot noise , and

(3) the high frequency region where phototransistors exhibit excess

noise increasing as the square of frequency.

• De La Moneda [33 investigated the noise in phototransistors and

constructed a noise model . He derived the expression for dc current

flowing across the emitter and collector junctions with base fl oating ,

then used the expression to obtain the corresponding shot noise mode ls.

The noise model developed is good only for relatively high frequencies

as low frequency noise was not considered in his work,

Noise behavior of the LED was investigated by Lee [4], Conti [53

and others [6-10]. In Lee ’s work , ex per iments we re performed on GaAs

diodes and AL-GaAs diodes under high current densities. The results

revealed that the LED ’s investigated showed f~~ noise behavior at low

frequencies wi th a less than unity . Conti investigated the intensity

fluc tuation of GaAs LED at room temperature. His work concerning the

f ° noise behavior of LED’s revea led the dependence of a on LED c urrents.

I-

6



III. Experimental Results

A. Discussion

Optical isolators were purchased from five major vendors as listed

In Table I. The Monsanto MCT 2 was chosen as the “standard’ device

for purposes of comparison and selection from other manufacturers.

Thus, all of the other devices were selected because they were quoted
as being that manufacturer ’s replacement or equivalent part to the

Monsanto MCI 2. All of these parts utilize an LED optically coupl ed

to a phototransistor with base ‘l ead available. The devices used were

selected randomly and no preference was given to optical isolators with

more noise or ‘less no’~se. A total of 24 devices were examined

) experimentally.

B. Burst Noise

The two most signi ficant soi.~rces of no i se at low frequenc ies

were burst noise [11] and 1/f noise [12]. A very large percentage of

the optical isolators investiSatrd exhibited significant amounts of

burst noise as shown in Tabl e II. Figure 3 shows a typical example

of the burst noise signals found . This fi gure shows the noise in the

collec tor current output of a Motorola optica l isolator as observed

on a storage oscilloscope .

In all of the optical isolators investigated , the burst noise

was observed to be the same independen t of bias arrangement (ie. whether

the LED was used to bias the phototransistor ‘~~~
- a conven tional res i stor

base bi as net~~rk). Thus , the burst noise oriçinated in the photo-

tra -~ ’’ tor and not the L !”.
7 
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TABLE 1
OPTICAL ISOLATORS INVESTIGATED

MFG. TYPE QUANTITY
FAIRCHILD 820-5V 5
MOTOROLA ~iN26 5
MoNsANTo MCT—2 7
G.E, GEH-11 5
LITRONIx IL—5 2

Ta b le I

8
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Accepted burst noise models predict that burst noise can be

represented by an equiva l ent input noise current generator in parallel

with the phototransistor base-emitter junction as shown ‘in Figure 4

(12,13). The mean-square value of the burst-noi se generator is approxi-

mately [lle ,llf ,12 ,l3]

df

1 + (f/f8)

where ‘B is the d.c. base current, ~B 
is a constant related to the

burst noise frequency spectrum and A is a proportionality constant

(1le,1lf]. From equation (1) we see that the magnitude of the square

of the burst noise current is proportional to base current, ‘B’ The

equiva l ent input burst noise of the optical isolator can be derived

using the equiva l ent circuit of Figure 5. It is:

- 

~~~~~~BB (2)d k2

Thus, the equivalent input burst noise of the ~ptica ’l isolator is

also proportional to the phototransistor base ..u~-rent. In an optical

isolator , the phototransistor base current is set by photogeneration in

the transistor c-b junction due to LED illumination. The photogenerated

base current is defined to be as indica ted in Figure ‘1.

From equation (2), the magnitude of the equ~-; l ent input burst

noise current pulses referred to the optical isol.:.~ or input is

11

- - . - - 
- -- ~~~— - — - - --—.



HJD>

.

~~~~~~~~~~ j :~~~~~~~~~~~~~~~~~~

_

_

.
.:4

12

- -———--—-- — —— - - -—- —- -—--——- - - - 
~~~

- — -‘
——- — — -  —



I , . •‘

I 
-

S

W.r~~
0
C,)

• 

• I - 
S

L~~~ 

> _
_ _ _ _ _ _ _ _

~1 I-
0.
z

_ _ _  _ _ _ _  — Lfl

F-
LU

>
5-

o

I

I-
13

I -,

I
— ~~-~~~~~~~- - -  — — - 

S. --  — ——-- -.- . —.

-“5 - - .



A’! A’! A’k’I

BN k2 k 
— _ _ _

where A ’ is a constant.

To check equation (3), the circuit shown in Figure 6 was used to

measure the equivalent input burst noise TBN to the optical isolator

(14]. An example of typical results for devices wi th large burst noise

is shown in Figure 7 in which the magnitude of the equ ivalent input

burst noise pulses for a Fairchild 820-547 is plotted as a function of

d.c. LED current, TD’ Both theoretical data points calculated using

equation (3) and experimental data are shown. Calculated data points

use the experimentally determined values of k and k’ from Figure 2b

to obtain the factor k’/k2 which has been plotted in Figure 8. As can

be seen, this ratio shows a slight dependence on LED current, particularl y

at low LED currents. The agreement between ex ’~riinental results and

equation (3) was excellent for all devices exa~- ined .

Another device , Motorola 4N26 #4, typica l Df devices containing

both large burst noi se and 1/f no i se , was examined by its noise spectrum .

The noise measurement circuit is shown in Figu ’e 9 [14]. The experi-

mental resul t is shown in Figure 10. The aois~ performance of this

dev ice , like many others , was do-ninated by bur~t noise at low frequencies.

C. The Comple te No i se Spec trums

For devices without conspicuous burst noise, ~~e noise performance

was characterized by flicker noise at low frequenci s and shot noise

at higher frequencies. Measurements of the equi ” - - 

~“t input noise

14 -
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spectrum of several phototransistor optical isolators without large

burst noise were performed using the circuit shown in Figure 9.

Typical equivalent input noise spectrums are shown in Figure 11. It

can be seen that flicker noise with a 1/f spectrum dominates the low

frequency region. The flat region beyond the 1/f noise region is

frequency independent and was verified to be full shot noise by

comparison of experimental data to theory. (We develop this theory

later in the paper.)

Figure ‘12 shows noise spectrums from different devices. The

results presented indicate the variations in noise level s and k typically

found between manu facturers and between units from the same manufacturer.

In this ~~rk , large var iations were found between manufac turers (not

unexpected) and also between like units from the same manufacturer .

For example in Figure 12, MCT2 #6 has a current transfer ratio that is

oniy 64% of that of MCT2 #7. The difference in noise level s in the

shot noise region is a direct indication of the scatter in current

transfer ratio , k. The spread in noise is considerably greater in the

‘1/f region than in the shot-noise region. This is due to the widely

varying noise performance of the phototransistors and LED’s provided by

different manufac turers and 
~~

y be a direct measure of optical isolator

quality and reliability [15 ,16,17]. For example the data in Fi gure 12

Indicates that two Monsanto devices, MCT2 #7 and MCT2 #6 have more than

an order of magn itude difference in noise power at 100 Hz at the same

emitter current. We see a similar difference in noise power between

MCT2 #6 and MCT2 #7 biased at the same LED current. It is important

20
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I. -

I to note that Figure 12 does not contain enough data to be used to compare

i 
the average noise performance of optical isolators from different

u~nufacturers. We do not have sufficient data to make’a statistically

I meaningful comparison of the average noise performance by manufacturer.

Finally, Figure 12 indicates that in Fairchild device #4, a noise
I spectrum is obtained which has structure similar to a burst noise

I spectrum. However, the device showed no apparent burst noise when its

noise spectrum was viewed on an oscilloscope . To determine the origin

of the unusual structure in the noise spectral pl ot the noise contri-

bution of the LED was examined .

D. Current Fluctuations of LED ’s

I The LED is used as the input device to the optical isolator and

I therefore its noise behavior must be considered in determining the

noise performance of the optical isolator . The current fl uctuations

of forward biased LED’ s in several optical isolators were measured

I 
with the circuit shown in Figure 13. All of the LED’ s exam ined

exhibited large excess noise whi ch was much larger than the theoretical

shot noise limit (2q1 0) as shown in Figure 14. Also , it can be seen
from Figure 14 that there is a wide spread of excess noise (as large

I as 1:1000) for LED’s with identic al currents. In addition , the noise

I 
spectrum is often not simple 1/f noise. (For example , the noi se from
the LED in unit 820-547 #4 in Figure 14 does not exhib it a simple 1/f

I spectrum.)

Although the LED can exhibi t very large excess noise in some

I cases, its affect on the noise ‘~f~rrnance ~ ~~~ ~ ‘tica l isolator is

I 23
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.4

reduced significantly by the fact that noise sources inherent in the

phototransistor are multiplied by the factor 1/k2 when referred to the

LED input. Comparisons between and 
~d
2 were performed for devices

4N26 #3 and 820-547 #4. Typical results are shown in Figure 15 and

Figure ‘16 to determine the importance of the term. For device 4N26

#3, is negligible compared wi th ~~~. Th is was the typical resul t

for most optical isolators investigated. However, dev ice 820-547 #4

was an exception exhib iting excessively large excess noise. For this

unit and are of the same order of magnitude in the low frequency

region. In Figure 16, the phototransistor noise (~~ - is ind i-

cated. For this un it , the phototransistor noise was simple 1/f and the

structure in is due to 1 .  This explained the unusual structure

for device 820-547 #4 in Figure 12.

The excess electrical noise of the LED in Figure 16 follows a f~~

distribution with a .5 at low frequencies. Others have determined

similar results for the noise in LED’s [4,5,6,7].

The results of the above ar.alysis indicate that in some cases,

the excess noise of the optica l isolator LED cannot be neglected .

However for mos t of the dev ices examined in thi s work , the LED excess

noise was smal l compared to the phototrans i stor no i se referred to the

optical isola tor input.

E. Optical Fl uctuations of LEDs

Two experiments were performed to investigate the effects of LED

optical fluctuations on phototransistor noise.

26
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I ..

I
In the first, the measurement system in Figure 17 was used to

I examine the detected noise. The measured resul ts for devices 820-547 #4

I 
and 4N26 #3 are shown in Figure 18. For 820-547 #4, the structure in

the noise spectrum of optical fluctuation of the LED follows that of

its electrical fluctuation in the low frequency region as shown in

Figure 16. In both cases, the detected excess noise is significant

I and will contribute significantly to the phototransistor noise. The

I detected optical fluctuations approach the theoretical shot noise limi t

- at higher frequencies.

I In another exper iment, the equivalent input noise, referred to

the base , of an LED-biased phototransistor and to the base of the
I same transistor with resistor base bias was measured and compared .

I Figure 19 shows the resul ts of two devices IL-S and MCT2 #6. In the

shot noise region , the mean square noise curr~-i t of the LED biased

1 phototransistor is twice as large as that of t~~ resistor biased

I transistor as expected [3]. In the low freque cy region , it is apparent

that optical fluctuations of the MCT2 #6 LED a:€ ~ adding a significant

I amount of excess noise (in this case because t’-ie noise of the photo-

trans i stor i s so small) . However , in dev ice L.-- 5 the excess no i se of

I the LED is negligab le as was the case in most of the devices examined.

I F. Noise Performance Comparison Between the Optical Isolator and
the Phototrans i stor

I The equivalent input noise spectrums of sevc-~- -1 optical isolators

and the equivalen t input noise to the base of the cDtical isolator ’s

I phototransistors were measured and compared. In - - later case , the

cal i brating signa l .ld S ac cc~pled to the base o ~hototransistor

I
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~~~~~-~~~ - - - - - - - -
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I. .

through a large impedance. The measured results for a typical device,

1 
11—5, are shown in Figure 20. The equivalent input noise to the input

of the optical isolator and to the base of the phototransistor differed

by a factor of lO~ (i.e. k
2) over a wide range of frequencies. The

results of this experiment demonstrate vividly that although the photo-

U transistor optica l isolator offers the advantage of el ectrical isolation

( between input and ou tput, its no ise performance suffers grea tly from

the loss of gain in the optica l coupl ing system. Also , the results

I shown in Figure 20 indicate that k is independent of frequency over the

frequency range examined .

G. Noise Model for the Phototransistor Optical Isolator

I A noise model for the phototransistor optical isolator is presented

in Figure 21. The right half is the electrical noise model of the

phototransistor under idea l LED illumination (one which exhibits only

I shot noise in optical fluctuation) and the left half is the electrical

noise model for the LED. In the phototransistor , 
~~ 

and i~ are shot

noise current generators. The contribution of flicker noise in the

I phototransistor is represented by two flicker noise current generators

1n and i~2. Burst noise in the phototransistor is represented by a

I current generator ‘bb in the emitter-base junction. The noise current

I 
genera tor i~ accoun ts for the current fluctuation of the LED and usually,

but not always, takes the form of flicker noise (eg. see Figure 14).

All noise sources are defined in FiGure 21.

I
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The equivalent input noise of the optical isolator, ~, can

be determined from the noise equivalent circuit to be:

2 2 ~~2 .2

~~~ ‘c 11 f2\ If + l bb +21 H 2
I ~ ~ (‘ 2 1  £

‘~ k’h ‘ f / kfe B

where 2wf
B 

= l/r (C
~ 

+ C ) .

Examining the describing equations for the phototransistor noise

sources we can distinguish three distinct regions of operation vs.

frequency. In Figure 22 the separate regions are illustrated and the

describing equations presented . This figure indicates the expected

noise spectrum based on the noise model developed above (the curve is

for Illus trative purposes only and not drawn to any scale). Several

Important aspects can be seen in the figure:

a. at low frequencies , 1/f noise will do - ’-~nate

- b. if burst noise or excess LED noise ex ;ts in the phototransistor,
- It can significantly degrade low freq~-~ncy no ise performance

c. in the shot noise region the minimum roise is due to the

phototransistor e-b junction shot noi~-e ~,hich is multiplied

by ~ - >> 1
k

d. the noise performance wil l degrade at high frequencies due to

the frequ ency dependence of hfe~
The last point is worth further discussion . Th° useful frequency range
of the phototransistor optical isolator is deter~ ~d by the frequency

response of the phototransistor. The large feedbac : capacitance C~
(typically 2OPF in the MCT2 phototransistor for ‘  

- le) inhances the 

- 
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Miller Effect and therefore limi ts the useful frequency range of the

optical Isolator. The gain of the optical isolator wi l l  degrade

rapidly at frequencies above

2~[(l + :rnRL )C
P 

+ c
ii
i (15)

However, the noise performance of the optical isolator will not degrade

until a much higher frequency 
~ 

is reached where

- 
2h~ -

= hF,~ 
• 2h•~ f~ (16)

assuming k -is frequency independent. (This corner frequency is shown

in Figure 22.) As a comparison for = lmA , R = lkn, hfe 400,

C1J ~ 2Opf and C-n = lOpf, we have f~ = 20 KHz and f = 1.4 MHz.

H. Check the Noise Model

• To check the validity of the noise model as described by Equation

(14), the equivalent input noise current for ti-e phototransistor

optical isolator was measured both in the low I requency region and in

the shot noise region for different LED currents. The experimenta l

data was then compared with Equation (14). Finally, the frequency

dependence of the noise predicted by Equation (14) was compared to

experiment results.

Shot Noise Re gi on

The equivalent input noise :urrent for devic€~ 4N26 #3 and MCT2 #6

was measured at 20 KHz which was in the shot rIo i~~
- --egion for these

38
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I.. .

two devices. The - results are shown in Figure 23. In the shot noise

I region Equation (14) reduces to

I ~~~ 
4
~
Ip~ 

4q(K’10)
= 

k~ 

= 

k2 
(15)

I The calculated curves from Equation (15) are also shown in Figure 23.

f The experimenta l data and calculated data are found to be in good

agreement. -

I/f Noise Region

I 
The equivalent input noise current for device 4N26 #3, which was

free of burst noise and excessive LED noise was measured at 40 Hz

which is well within the 1/f noise region for this device. The measured

result is shown in Figure 24. In the low frequency region where the

fl icker no i se dom i na tes , Equation (14) reduces to

- 

— 
A l ( I pH)~ — 

A 1 (K’ I~
)
~ (16)- 

k2f~ 

- _ _ _ _ _ _ _ _

The cons tan ts A 1 (1.1 8 x 1o
_
~
2) and -y(l.6) were determined by least-

square-error curve fitting . The calculated data are also shown in

I Figure 24. Again , the experimental data and the calculated data are

found to be in good agreement.

I 
-

Frequency Dependence

I In all cases it was found that equation 14 could be used to

I 
predice the frequency dependence of optical isolator noise. Figure

25 i~ typical of the results r’~ ‘ ined . The ‘ :- erin’ental set—up was

I
I
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limited to frequencies bel ow about 100 KHz. For this reason, we have

not presented data at higher frequencies.

IV. Discussion

In this paper, the noise performance of several phototransistor

optical isolators has been presented . A noise model for the optical

lso1at~r was develope d whi ch pred icts the equ ivalen t inpu t no ise if

the necessary cons tan ts A1, A , y, k and k ’ are av ai la ble. The magn itude

of the equivalent input noise of phototransistor optical isolators has

been shown to be large relative to bipolar junction transistors.

Improved noise performance is obtained in a given device by

operating the LED at low currents. Resistance connected to the photo-

transistor base should be large compa red to the e-b junction dynamic

resistance r .  The best noise performance is achieved with the base

terminal l eft floating as the effect of base r e s i s t a n c e  will be to

reduce the gain of the phototransistor and therefore degrade the noise

performance of the optical isolator as shown in Figure 26. Further

improvements in the noise performance can only ~e obtained by use of

optical isolators with low noise LEDs , lower nc-ise phototransistors and

better coupling between the LED and the phototransistor to maximize k.

Finally, because the phototransistor s in the optical isolators

examined were typically very noisy devices compared to the best low

noise trans i stors ava i la ble , the optical isolators were more noisy

than necessary. Improved low noise performance ca~ be achieved in

critical circuit designs by using comercially ava i~ab1e optical isolators

wit h d~ode detectors which can driv e very low ;~n~’ in stages.
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INTROD UCTION

A general purpose digital logic simulator is under development

for the purpose of education and research. The simulator package

was required for two reasons; to update a previously developed simulator

used for educational purposes , and to provide a package more accurate

in simulation and more capable in functions , for the needs of research.

The package itself is made up of a number of programs in various

stages of development. The programs are written in BASIC-PLUS and

are designed to run on a POP 11/40 facility . The primary mode of

user interaction with the programs is through Tektronix graphic

terminals. The package provides the user with the means of inter-

actively testing and debugging a combinational or sequential circuit

during the specification and design stages of development. In addition ,

the package provides a student the means of designing a network and

exploring its characteristics without having to realize his or her

design in hardware.

CONTROL PROGRAM DESCRIPTION

Linking the programs together into a cohesive unit , the controlling

program CONTRL acts as the primary user interface to the simulator

package. At initial sign-on , the user is presented with a high level

con tro l menu , as shown in Figure 1. The user positions the cursor

block at the selected option box and types ‘X’ on the keyboard . The

appropriate program or programs are then called in correct sequence.

Upon completion of the activity selected by the user, control is

returned to the coordinating program.

i 
__ __ ____ _ _ a- ~~~~~~~~~~~~~~~~ - - — — . - - — :- — .-



2

Figure 1

DIGITAL LOGIC SIMULATOR PACKAGE

TO SELECT AN OPTION, MOVE CURSOR BLOCK TO APPROPRIATE BOA AND TYPE “X” .

TO MOVE CURSOR : TYPE SPAC E TO MOV E DOWN
TYPE BACKSPACE TO MOVE UP

DESCRIBE NETWORK L J

ENTER FAULTS ~ I

TAG LINES FOR DISPLAY L ] I
ENTER INPUT SEQUENCE L I

SIMULATE NETWORK L I

NETWORK DESCRIPTOR FILE;  SAVE j j  t

RET RIEVE C )

DELETE ~ J

TIMI’4G DIAGRAM FILE; SAVE C 3

RETRIEVE ~ ]

DELETE C I

EXIT C I

I

I

I

I
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Options available allow the user to describe his or her network ,

fault selected lines , specify the input pattern to the network, and

indicate the lines whose signal values will appear in the output

file of the simulator. Once this information has been specified , the

user may then simulate the network. In addition , the description of

the user ’s network, or the results of a previous simulation , may be

saved in the system library .

An overall view of the simulator package , its programs and data

bases , is shown in Figure 2. NETENT , the entry program ( s t i l l  under

development) allows the user to specify a network in an easy, straight-

forward fashion. This program produces a collection of information ,

called the “Global Data Base ,” which completely describes the network

entered.

The network description is static in nature, hence the Global

Data Base forms the core of the network “image. ” Information of a

dynamic , changing nature include gate transition delays , inserted

line faults, and the input sequence applied to a network. The network

utility package, NET UTL , allows the user to enter such information.

The Local Data Base thus formed is used by the simulator program , and

its nature alters as the user iterates through the cycle of specifi-

cation , simulation , and interpretation of results. NETUTL also

provides a library function , allowing the user to save the network

description , or the results of a particular simulation run. NETUTL

is currently in the development stage.

The results of a particular simulation run may be presented

either in hardcopy or graphics form. The graphic output package,

I
- — 
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TIMOUT , displays the simulation results in the form of the ubiquitous

timing diagram. THis display package allows the user to select the

order in which network line signals are presented , and the time window

in which they are viewed . With the excepti on of minor interfacing

details , TIMOUT and the simulator program SIMPRG as well as the

preprocessing program PROCES , are all complete .

NETWOR K INPUT PARSER

A hardware language was developed to al low the user of the

simulator package to describe an arbitrary netwcrk of gates and

storage elements. The user may assign names of up to six characters

in length to each network line. The language format is shown in Figure

3. Gate operations upon lines are of the form:

<line-name> = <function> (<line—name> ,<line-name> ,...)

where <function> can be AND , OR , NOT , NAND , NOR and XOR . Function

names without an argument list include INPUT, CONSØ, CONS 1 , and CLOCK.

Figure 4 illustrates how a simple combinational network is described

wi th this language.

Memory elements can also be used when describing a sequential

circuit. The format for flip-fl op description is:

<la bel>: <line-name> ,<l ine-name>=<FF-type>

(<line—name> ,<l ine-name> ,...)

This assignment format is positional dependent. The two line-names

on the left of the paren theses are the Q an d ~ outputs. The flip-flop 

-



6

~~~~~~ c~ i O r ~~~~~

< l i n e — n a m e >  = < f u n c t i o n >

whe re < f u n c t i o n >  : : =  INPUT , CLOCK , CONSU , CONSI

<line—name> = <function> ( <list>

where <function> : :=  AND ,OR ,NO’I ,N,’\ND ,NOR ,XOR

F l i p-Flop~~~ss ignment Forma t

< l i n e — n a me> , < l i n e — n a m e >  = <FF’—t ype> ( <input-list>

where <FF—type> :: DC , SR , JK , JKC , J K S R C

Func tion Format

FUNCTION <function—name> ( <outp uL—li st> ; < i n p u t — l i s t >

body

F N E N D

<output—list> = <function—name> ( <input—list>

Figure 3

I
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x i xci

C I R C U i I  D E S C R I P T i O N

X~j=fNPU ’I’
X i =  I N P U T
X @BA R N ( I - X @ )
X JJ 3AR=NOT(X I)
Y ø = A N D ( X Ø B A R , X I B A R )

• Y l = A N D ( X ~1 , X 1B A R )
Y2=AND (X ØBAR ,XI)
Y3=)\ND(Xø ,Xl )

- ; I
I

Figure 4
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types can be DC, SR, JK , JKC , or JKSRC. The argument list corresponds

to the order of input lines for a particular flip-flop. For examp le ,

the JKC flip-flop input line list would be J line-name , K line-name

and clock line—name.

All flip-flop descriptions must be preceeded by a unique

identifying label. Since the network description will be entered

through the keyboard in an interactive manner , some means of correcting

a previous description must be provided . Entering a new flip-flop

description with an old label replaces the previous description with

the same label. A sample sequential network and its description is

shown in Figure 5.

A powerful feature of the language is the use of function macros.

The user can descri be a common block of gates and storage elements

once , and then use the function in other parts of the hardware

description. Many usefu l system functions will be available , allowing

the user to work with functional subunits as well as at the gate

level . A functional description of a full adder and its use in a

circuit description is shown in Figure 6.

The format for the FUNCTION macro is:

FUNCTION<FN-name> (<output-list>;<input-list>)

where <FN-name> is the name of the function , and each list is composed

of dummy line-names preceeded by ‘% ‘ . The body of the macro is

terminated by FNEND.

.%

-Ii
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D i n

CK 

Qi

SAMPLE SEQU ENTIAL NETWORK

NETWORK DESCRIPT ION

DIN= INPUT
CK=C LOCK
FF1: Ql ,-DC (Dl ,CK)
FF2 : Q2 ,.JDC (Q1 ,CK)
FF3: Q3 , DC (Q2 ,CK)
D1=X OR(DIN ,Q1 ,Q3)

Figure 5

- .._
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~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ FULL P~DDE R C I R C U I T

SUM Couf

FUNC TI ON DESCRIPTION

FUNCTION A D D E R ( % S U M ,%COUT ;%A ,%E3 ,%CIN)
%SUM XOR ( %A , %B , %CIN)
%i~ A N D ( % A  , %B)
%2~ AND (%A ,% C I N )
%3=AND(%B , %CIN)
%COUT=OR (%1 ,% 2 ,%3)

FNEND

Si ,CO 1~~~DDERU\1 ,B1 ,COø)

Figure 6
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SYSTEM SUPPORT UTILITY PACKAGE

Utility functions provided can be divided into two classes; library

maintenance and data base manipulation. The functions are organized

into a single program which can be accessed by various processes in the

simulator package.

The libra ry functions allow the user to store and retrieve Globa l

Data Base and Timing Diagram files in the system library . This capability

greatly eases the user ’s workload , since a network need only be described

once. The user can also save the timing diagram results of a particular

simulation run for later review. Thus, the user need not proceed through

the entire simulation cycle in order to reproduce results of interest.

Other functions of the utility package are concerned with the

p manipulation of the Globa l Data Base descriptor for use by the simulator .

Because of disk space limitations , only the descriptor produced by the

network input parser is saved .

Additiona l information must be appended to the descriptor before

it can be processed by the simulator. The user must spec ify gate delay

timing for each class of gate. Delays may be specified in terms of

mm /max delay times or as rise/fall transition times. This infor-

mation is stored in the Global Data Base descriptor, since these

values usually don ’t change.

Specific internal network lines can be tagged so that the state

J of these user selected lines will appear in the Timing Diagram file

output of the simulator. Network I/O lines are automatically tagged.

The user a’so enters the input sequence pattern imediately prior to

simulation of the network.

I
~~~~~~~ —- -~~~~~ --- ~—-—- .-- — __________ — ~—.— —---- —
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As the ~‘ser iterates through the simulation cycle , any of the

above dynamic information can be altered. This information which is

built around the descriptor core exists only for the life of the

terminal session.

GRAPHIC OUTPUT PACKAGE

The graphics output package was developed to provide the user with

a simple format for interpreting simulation results. The output is

presented in a standard format, the timing diagram.

The output package works with logic zero, logic one , and six

other signa l values (see Figure 7). Gate transition delays can be

depicted in one of two ways; as rise and fall transitions , or as

unknown signal values. In the transition mode, an error va l ue can be

generated when a gate is presented with both rising and falling inputs.

Stuck-at fault va l ues are represented by the logic zero which should

be logic one, and logic one which should be logic zero signa l va l ues.

This allows the user to study the effect of propagating such an error

in a parallel fault/fault-free manner.

The graphics program was developed using a top-down approach.

Module hierarchy is shown in Figure 8. The main routine first calls

the menu options module to request information from the user . The

menu page format is shown in Figure 9.

Menu options are divided into four groups , plus a control group.

The first group, a single option , allows the user to request a simulator

output file other than the one associated with the current simulation

run. This option is used in conjunction with the timing diagram library

save and retrieve functions.

— 
-
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U n k n o w n  Logic  Ze r o Log ic One Error
w h i c h  Should Wh j~~h S h o u l l
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The next group allows the user to select which lines to be

displayed. All tagged network lines , network input/output lines , or

a user selected subset of lines can be chosen for display.

The third group specifies the time window in which the lines will

be displayed . The Entire Simulation option allows the user to view

the total simulation run , and the other two options are used to display

specific portions of interest. The increment value in the Mm Time &

Increment refers to the time difference between successive grid markers

on the timing diagram display page .

The fourth group lets the user choose whether or not vertical grid

markers are to be inc luded on the timing diagram display .

Once the appropriate options are selected , the user may COE’ITINUE,

return and MODIFY ANY OPTION or EXIT. As the user continues , any

necessary information needed for the options selected is requested .

PROC ES. BAS

The purpose of the preprocessor program , PROCES.BAS., is to trans-

form the output file from the simulator into a file which can be used by

the TIMOUT graphic output program. The simulator output file , designated

Timing Diagram file in Figure 2, is an ASCII text file. The format of

this file is shown in Figure 10, and the input file to the graphics

program is shown in Figure 11 .

The data in the Timing Diagram file contains general information

on the network, and information pertaining to the simulation of the

network. Among the general items passed are the number of tagged lines

-- .—~~~~ —-- .-- - 
— — - - S  ~~~~~~ — - -
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I SIMULATOR OUTPUT FORMAT

(input to PROCES)

(# of network lines),(# of I/O lines), (time scale value)

(line #),(line #),(iine f l,  . . . ,(line #)
(I/O line #),(I/O line # ) ,  . . . ,(I/O line #)

(header string)
(event time)
(line state),(line state), . . . ,(line state)

(event time)
(line state),(line state), . . . ,(line state)

(event time)
• (line state),(line state), . . . (line state)

(— 1)

NOTE: (line #) vector consists of all tagged lines , including I/O lines .

(line state) vector is the state of all tagged lines at a given

event time . There is a one-to-one correspondence between the line number

vector and the line state vector.

I
I

Figure 10

I
— 

~~~~~~~~~ ~~- - .- - S.- - - - --5-”———-- 
______- — - — r.--



18

Li.) O -
— cr > O~ •— ~i. Y —

U t.J C’) -

-
~~ r~-

0

-o
C) i—i
CLI

LU
U
rf)

u.a

(/) 
—

Ui IJ Li.~ U_I Li
Zo 4—4 ,-~ , .

~.I __J

- — S v
- - ~~

— (j~ (i’)
U) LU LU LU (t~ ~U_I (P F LI) Li- a’F —~ 4-4

—
~~ I— 

~
— —4 _J —-4r ‘~ —. -~~

I— I— > ~~ >
U’ U)

U_I W LU LU LU LU4—. 4—. — > • I— I— 4— 4—H _i w w
LU • 

I- I— 4 -  - 
4-

U) (î) U) Cr,o UI LU UI LU
C__i I— 4— 1- 4— LU LU UI Li_I
C” Li LI LI Li ~~“ SI ‘

~~ ‘ —, 4-’U_I (~~ CX CX _J
F

I—-. _~ I I I 1 CX CX CX CX
I—. (. LI L’ LI LU ILl LU LUN~)

C-.-,z ,- .i:
Z ~~)w .1rsj v- .- I I I I
LU 

~ - ‘ ~~~ LI

ii.. c— r’
0

4-i r\- ‘~ ‘ NJ (~JCs.. r- ,- - r-
4/ ’  U- 11)U)

F-.

0
—I

U-
0

7
4.,

Figure 11 

—5.—- - .4- - S -- ~~~~ —-- 5 5 - . -. - -S

- -



I
19

in the network, the number of input/output lines , a time scale value

and a header string.

When a network line changes value during simulation , the simulator

outputs the time of occurrence, followed by the state of each tagged

line at that time . The interna l representation of states in the

simulator is a numeric value , while the graphic package works with

alphabetic representation . A function , FNS%, is used for this simple

transformation.

TIP-lOUT MODULE DETAILS

The TIMOUT graphic output package was developed in a top-down

manner, with primary functions broken up into separate subroutines.

The three prima ry subroutines are the menu options routine , the display

page routine , and the timing line routine . Each main routine may call

one or more subordinate routines , and the package also contains a

number of functions for graphics interface wi th the Tektronix terminal.

Subroutine and function operation is outlined in the following sections.

The main program coordinates the various subroutines in the graphics

package . The code is quite short, consisting of mostly subroutine calls ,

conditional processing , and variable initialization.

The sequence of execution in the main program begins with initia li-

zation. The menu page subroutine is first called , and the menu options S

array is used for further processing. The basic timing diagram page is

drawn , and the menu options array is checked to see which set of lines

is to be displayed (ALL LINES , I/O LINES , USER SELECTED LINE S).

II 

‘ - . 5 . _‘,- . 
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The main program then disp lays a timing dia gram. The forma t of

a diagram is shown in Figure 16. Up to ten network lines can be

displayed on the d iagram. If mo re lines were selected than can be

dis played on a single diagram , the user may CONTINUE to the next page.

The user may also return to the opticn selection phase to alter the

viewing format.

A useful option availabl e on the timing diagram display page is

TIME. Selection of this option displays a vertical cursor line. The

user may position this line at a point or transition of interest and

obtain the time at which the event occurred .

A scratch vector of l ength ten is filled wi th the first ten lines

to be displayed. The timing line routine is called , with the line

number and its position in the displ ay passed to the routine. When

finished , the mini options menu at the bottom of the display page is

checked. If CONTINUE is selected , the above process is repeated wi th

the next group of ten lines urtil either all lines selected have been

displayed , or another option was chosen .

The user may choose to modify any of the options previously selected,

in which case the main procedure repeats the sequence of menu selection ,

display page presentation , and timing line display . Upon exiting the

graphic package , control is passed to the program responsible for

coordinating the various programs in the overall simulator package.

MENU OPTIONS

Upon entry to the graphic package, the p ’ogram first displays a

menu page, as shown in Figure 9. The blinking cursor block is then

- 
- ‘ r ,. .S~~~~~~~~~ - - -~~~~~~ 

-- 
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positioned to the first option block and the function FNK$ is invoked .

This function will return the character typed by the user , wi thout

echoing the character to the screen . If the user types space , the

cursor is moved down to the next option block. If backspace is typed,

the cursor is moved up to the next option block. Should the cursor

move up or down beyond the display , the cursor wraps around to the

bottom or top option block.

When the user types ‘X’ , the option selected is entered into the

menu options array and the cursor is moved down . The format of the

options array is shown at the bottom of Figure 12. When the control

group option ‘CONTINUE ’ is selected , the menu options routine shows a

new option page, with only the control option group in the lower right

hand corner. If any option selected by the user requires additiona l

information from the user , the data is then requested . If user selected

line names was chosen , the routine for collecting this information is

invoked .* Once ‘CONTINUE ’ is poked , the header record from the input

file is fetched and disassembl ed . The line-number record(s) and event-

times record(s) are also fetched and stored in arrays L$ and E()

respectively.

USER LINE NUMBER (NAME)* INPUT

This routine requests user line number input. An asterisk is

displayed , and the user then enters line numbers , separated by blanks

or comas. Using the substring function available in BASIC-PLUS,

*Note: The use of line names rather than line numbers is an
addition not yet implemented . implementation details are dependent
on the NETENT network entry program , not yet fully developed .

- 
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M E N U  OP’I’ ION S SELl’ ~~T 1 O N

N E X T
S PE P  P ROCE SS ST E P  OUT P U TS

____ _______________________________ ( Y I N )

1 P R I N T  MENU AND POS I T I O N  CUR SO R .  2 O% O -MEI’IU O P T t C N S
ARR ’~Y

2 I F USER TYPE S SP~ CE, MOVE C U R S O R
DOWN . 2/3

3 IF USER TYPES BA CKS PAC E , MOVE
CURSOR UP. 2/4

4 IF USER TYPE S”X ” , ENTER SELEC-
TI-ON AND MOVE CUR~~~R DOWN . 5/2

5 IF OPTIO N W~ 3 “C ONT I N U E ” , GO TO
NEXT OPTION PAGE. 8/6

6 WAS OPTION “MODIFY ANY OPTION” ? 1/7

7 WAS OPTION “EX IT PROGR AM ” ? 9/2

B EXIT PROCESS. RET

9 EXIT PROCEDURE. END

COMMENTS

MENU OPTIONS ARRAY

O% (1)= ~ DEFAULT F I L E
1 USER SPECIFIED INPUT FILE

O%(2)= 0 D I S P L A Y  ALL LINES
1 DISPLAY I/O LINES
2 DISPLAY USER SELEC TED LINE S

O % ( 3 ) 1 REGULA R GRID
2 NO GRID

Figure 12
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I USER SPECIFIED LINE NAME INPUT

I
f NEXT

s’rE~ PROCES S S fEP OUTPUT
( Y/ N )

f 1 DISPLAY INSTRUCTIONS. 2 L2%() USER—SPECIFIED
LINE NUMBER

2 DISPLAY PROMPT AND RETRIEVE LINE. 3 ARRAY

3 .LS LINE EMPTY? (Null ) 5/4

4 CONVERT AND STORE LINE NAMES . 2

5 EXIT PROCESS. RET

2

I
I Figure 13

I
I
I
I 
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_ -.-..‘—‘ “— - _______________________

-5- -5- — - ---.~ ~~~ —-- — _ _ _ _ _ _ _ _ _ _



24

individual line numbers are taken from the input string entered by the

user, and the alphanumeric representation is converted to an integer

by the function VAL . Line numbers are stored in the array L2%, with

the variable N5% pointing to the last entry in the array. Line number

input is terminated by typing carriage return when the prompt is

displayed . See Figure 13.

HEADER RECORD INPUT

General information concerning the network , contained in the first

record of the input data base, is fetched by this routine. Data such

as the number of network line signals included in the data base and the

number of simulation events are converted and stored in various program

variables and arrays (see Figure 14). In addition the network line

numbers and the list of event times are also fetched from their respec-

tive record(s) and stored in arrays. Previous information obtained

from the header record is used to calculate the number of records used

to ,tore this data . The event-times array is later used by the timing

line routine to draw the output signals requested by the user.

DISPLAY PAGE ROUTINE (Figure 15)

The basic timing diagram page , with or without grid markers, is

drawn by this routine. Pertinent attributes of the display page, suc h

as size, distance between timing lines , and number of timing lines per

display page are assigned to variabl es so these characteristics can be

altered to fit a particular installation . The routine draws the timing

d iagram page boundar ies , the header string from the user and a mini

_  -~~~~~~~
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FETCH HEADER RECORD

N E X T  OUTPUT
STEP PROCESS STEP

________________________________________________ ( Y / N) N 1% # OF NET-
WORK LINES

1 FETCH FIRST RECORD. 2
N 2 %  # OF SIM-

2 CONVERT AND STORE HEADER INFORMATION . 3 ULATION
EVENTS

3 FETCH AND CONVERT LINE NUMBER RECORD(S). 4
N3$ TIME SCALE

4 FETCH AND CONVERT EVENT-TIMES RECORD(S). RET FACTOR

N4 MAX SIM.
TIME

11$ HEADER

L 1%( ) I/O LINE
________________________________________________________- NUMBERS

COMMENTS
L$ LINE #

INPUT FILE O R G A N I Z A T I O N  STRING

- FIRST RECORD- HEADER RECORD E () EVENT-TIMES
ARRAY

J ONE OR MORE LINE NUMBER RECORDS
( 2~~6 lino # / record)  C1% NUMBER OF

EVENT-TIMES
ONE OR MORE EVENT-TIMES RECORDS RECORDS

(128 oven t times/record)
C2% NUMBER OF

ONE OR MORE LINE-STATE RECORDS LINE-STATE
FOR EACH LINE RECORDS !

(5.12 s t o ~ / rocord ) LINE

C3% NUMBER OF
LINE—#
RECORDS

I
I
1~
•

Figure H -

I
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U~~U\W DI SPL A Y PAGE

N EXT
• INPUT ;TEP P R C ~~S~

O% () OPTIONS ARRAY 1 DRAW PAGE BOUND1\RY LINES. 2

O% (4)=ø REGULAR GRID 2 PRINT OPrION~ MENU. 3
O%(4)=1 NO GRID
_________________________ 3 PRINT “LINE” HEAD iNG. 4

4 PRINT H E A D E R  LA BEL AT TOP OF DI~~L’~LAY . 5

5 P R I N T  “ T I M E ”  H E A D I N G . 6

6 REGULAR G R I D  OPTION? 7/i T

~ DRAW GRID.

8 CALCULATE ~T~ R1’ , END , t~NIJ IN C R E M E ~VI
T I M ES.

9 PRINT TIME VALUE FOR EVERY OTHER GR ID
LINE. 10

10 E X I T  PROCESS. RE T

Figure 15
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options menu at the bottom of the display. If ‘REGULAR GRID’ option

was chosen by the user, vertical timing grid markers are drawn and the

time at every other marker is printed below the marker. The format of

the display page is shown in Figure 16.

DRAW TIMING LINE (Figure 17)

The main routine passes the line to be disp layed and its position

on the diagram (slots 1-10). This routine then checks the line number

array obtained from the input data base for a match. If not found , an

error occurs and the signal value for that line is not displayed .

If found , the line state string for the requested line is fetched .

The line number is printed in the appropriate location beside the

timing diagram and boundary conditions are chec ked . If the specified

start time is less than the first time in the event-times array, then

the first state (initial state) of the line is drawn out to this first

time, or to the specified start time , whichever is less. If both

start-time and end-time are less than the first event-time , only the

first state will be displayed across the timing diagram.

Once the first event-time is reached , the routine takes the first

two event times in the event-time array and uses these for start- and

end-point times in the state segment drawing routine . A pointer is

incremented , and the second and third event times are used . This

process is repeated until the endpoint event-time exceeds the specified

endpoint time for the timing diagram as e’ whole. The last state segment

is drawn from the start-time obtained from the event-time array to the

endpoint time for the overall timing diagram. Should the last event- I
I
I
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DRAW T I M I N G  L I N E

I
I NEXT

INPUT STEP PROCESS STEP
(Y/N )

LINE NUMBER I CHECK FOR VALID LINE NUMBER. 2/ 12

I 
L$()  LINE NAME ARRA Y 2 PRINT LINE NAME IN LINE NAME COLUMN 3

T4 START TIME 3 FETCH LINE-STATE STRING . 4

I T5 END TIME 4 IS START TIME LESS THAN FIRST
STATE-TIME? 5/6

5 DRAW FIRST STATE FROM START TIME TO
I FIRST STATE—TIME. 6

6 FETCH STATE AND NEXT STATE-TIME. 7

1 7 IS NEXT STATE-TIME GREATER THAN
END TIME? 8/9

8 DRAW STATE OUT TO END TIME. 12

I 
9 DRAW STATE. 10

10 LAST STATE? 11/6

I 11 DRAW STATE OUT TO END TIME.  12

12 EXIT PROCESS. - 
RET

1 
—_ _ _  _

I
I
I
I

Figure 17

I
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time be less than the timing diagram endpoint time , the last state of

the specified line is drawn out to the endpoint time for the overall

diagram.

FETCH LINE STATE STRING (Figure 18)

This routine uses an index passed by the timing line routine , plus

information obtained from the header record , to obtain the record or

records containing the state values for a particular line. The state

values are returned in the form of a string.

Since only the line signa l values for a tagged line appear in the

simulator ’s output file , the 1 th subgroup in the input data base does

not necessarily correspond to the 1th line of the network. When the

timing line routine checks for a match between the line number to be

displayed and the line number array , it keeps track of its position

in the array. If for some line number I and its index in the line

number array, k , t”. line state subgroup for this line is the kth

subgroup in the line state reco~-ds. This subgroup of records is

fetched , concatenated , and excess characters eliminated . This string

is then returned to the calling routine.

DRAW STAT E SEGMENT

This routine draws a singl e signal state value on the screen, given

the start coordinates , l ength , and height of the segment. Each state

signa l is given in alphabetic representation , as shown in Figure 19.

The routine first checks to see if a valid code has been passed,

then branches to the appropriate routine . Any rout ine with a line

segment at the zero l evel will draw that line segment with triple

- - - — - -5-—— -- .—.~~ ••.-~~~=.~~-- - S - ~~~~ - 
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DR A- -1 STATE SEGMENT

~ EXT
INPUT STEP PROCESS STEP

(Y ,‘N)

S$ STATE CODE I CHECK FOR VA LID ST ’\TE . 2 / 4

S1% X—START POSITION 2 BRANCH TO ~P P R O P P I TE SEGME N T R O U T I N E .  3

S2% Y-ST-\RT POSITION ~ DRAW STATE SEGME NT. I

S3% LENGT H OF SEGMENT 4 EXIT  P ROCESS.  RET

S4 % H E I GTH OF SEGMENT

COMM ENT S

STATE CODE ASSIGNMEN’I

STATE “A” LOCiC ‘ER ~)

STATE “B” LOGIC ONE

STATE “C” STUCK AT LOGIC ZERO

STATE “D” STUCK AT LOGIC ONE

STATE “E” INDETERMINATE STATE (UNKNOWN )

STATE “F” LOW TO HIGH TRANSITION

STATE “G” HIGH TO LOW TRANSITION

STATE “H” ERROR

Figure 19
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thickness, in order to easily distinguish between the zero and one

level s for a particular timing line. Routines for additional line

I state values are easily added.

I FUNCTIONS

I 
Graphics and control functions are an important part of TIMOUT’s

software (see TABLE 1). Graphics functions are provided to make the

I software terminal-independent , as well as to ease the programmer ’s

task. Functions provided allow the programmers to draw straight or

dashed lines , vector to a given location , and alter the mode of the

I 
terminal itself.

Control functions provided perform often used mini-tas ks. Among

I these are obtaining the character typed by the user at the keyboard

wi thout echoing the character to the screen, and checking the options

I menu at the bottom of the timing diagram display .

CONCLUSION

The functions of a general purpose logic simulator have been out-

I lined in this paper. The simulator package has been designed for ease

I 
of use. The network entry program format is easily learned , and

produces a very readabl e description of the user ’s neywork.

I The library functions provided reduce the amount of repetitive

work required by the user. The library allows the user to design and

I test a large network in terms of subsections and common modules. This

I 
approach lends itself wel l to group organization , where eac h group

member is assigned a particular subsection to design and debug .

I
I
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The output format of simulation results , in the form of a timi ng

diagram , simplifies interpretation of results by presenting them in a

readily understood format. The ability to specify which lines are to

be displayed and the order in which they are presented , as well as the

time frame in which these lines are viewed , allow detailed examination

of events occurring within the network.

I
- 

_ _ _ _  - - -~~~-~
~~



I
1 TABLE 1

TIMOUT FUNCTION LI STING

Function

FI4P$(X%,Y%) This function formats X-Y coordinate data for the
Tektronix termi nal.

FNQ$(X%) This function establishes the mode in which the

‘ 
user terminal operates.
X%=O% Erases screen; goes into alpha mode
X%=l% Puts terminal in alpha mode
X%=2% Puts termi nal in graphics mode
X%=3% Displays user positionable crosshairs

FNO$(X%,Y%) Draws a solid line from the previous X-Y l ocation to
the new location specified . First vector following
a mode command is not displayed .

FNS$ Draws a solid vector from (Ql% ,Q2%) to (Q3%,Q4%).
These global coordinate variabl es are set before
the function is called .

FND$ This function draws a dashed vector from points
(Ql%,Q2%) to (Q3%,Q4%).

FNW$(X%,Y%) This function outputs the character “X” at the
specified X-Y coordinates.

FNK$ This function disables the echo on the user terminal
and returns the character typed by the user.

FNR$ This function acquires the coordinate of the cross-
hairs and returns the character typed by the user.
Crosshair coordinates are in X% and Y%.

FNT$ This function allows the user to position the vertical
crosshair at a point of interest on the timing
diagram and prints the time at that point above the
diagram. If the crosshair is positioned beyond the
boundary of the diagram , the character “1” is returned .

FNM% This function checks the mini options menu at the
bottom of the display page and returns the index of
the option sel ected . The cursor bl ock is moved if
the user types space or backspace.

I
I
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APPENDIX A - TIME-OUT USER’S GUIDE

This section gives a brief explanation of the functions of the graphic

output package and the manner in which the user interfaces with it.

When first invoked , TIMEOUT presents the user witn an options menu .

The user must then select one option from each of the four option groups .

Selection of options makes use of a mova l be cursor block. To move the cursor,

the user types the space bar on the keyboard to move down or the backspace

key to move up. To select an option , the “X” key is pressed and an “X”

appears in the Option block chosen. The cursor block is moved down one

box by the program. If the cursor is moved up (down) beyond the first

(last) option block, the cursor wraps around to the last (first) option

block.

The two-bit decoder of figure 4 will be used to illustrate the use

of the graphic package. The display file will be assumed to be associated

with the ucrrent simulation run , hence the “OPTIONAL INPUT FILE” option

will not be needed. To view the overall results, the options “DISPLAY

ALL LINES ,” “ENTIRE SIMULATION” and “REGULAR GRID” are chosesn as shown

-in figure A-1(a). “CONTINUE” is poked and control continues to the

next option page. Since none of the options require additiona l data,

“CONTINUE” is selected again , and the timing diagram display page is

presented. Figure A-l(c) illustrates the timing diagram produced.

If the user now wishes to view an expanded protion of the diagram

from time 8.0 to 12.0, the user must return to the original option page.

The “MODIFY ANY OPTION” option is selected from the mini options menu

at the bottom of the display page.

-- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- - —5--— 5 - - - - —-
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From the display options page, the options “DISPLAY ALL LINES,”

I “MIN & MAX TIMES” and “REGULAR GRID” are chosen. When “CONTINUE” is

poked and the next option page is displayed , the program prompts the user

I for additional information. Once entered, the user “CONTINUE”s to the

I timing diagram display. The expanded display is shown in figure A—2(c).

To obtain the time at a particular transition of interest, the user selects

I the option “TIME .” A vertical crosshair is displayed . By - positioning

the crosshair at a point and typing “X” , the time at that point is

I printed above the diagram. To exit this mode, the user must position

i 
the crosshair beyond the boundaries of the timing diagram and type “X” .

The user may continue this option selection-display viewing cycle,

I examining particular lines or combinations of lines. When finished ,

“EXIT PROGRAM” is selected and control is returned to the coordinating

program CONTRL .

I
I
I

I
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APPENDIX B

PROGRAM LISTINGS
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I B2

1! FILE PREPROCESSOR PROGRAM

I 
2! FILE : PROCES.BAS
3! ACCOUNT : [10 ,131

- 

4! VERSION 1 JULY 8 , 1977

I 100!

PROGRAM DESCRIPTION

I 105! THIS PROGRAM ACCEPTS AS INPUT THE ASCII FILE PRODUCED
BY TUE SIMULATOR PROGRAM , SIMPRG .BAS . THIS FiLE IS

106! THEN ALTERED TO CONFORM TO THE INPUT REQUIREMENTS OF

I THE GRAPHICS DiSPLAY PROGRAM , TIMOUT , AND PLACED IN
ANOTHER , TEMPORARY FILE .

300!

I I I/O CHANNELS

I 
301! CHANNEL USED FOR:

310 ! 1 INPUT FROM SIMULATOR FILE
320 ! 2 OUTPUT FOR TIMOtJ TI 400 !

VARIABLE DEFINITIONS

I
401! VARIABLE DEFINITION

1 405!  L i%  * OF NETWORK LINES
406 ! L2 % # OF I/O LINES
407! H1$ TIME SCALE VALUE
408 ! H$ HEADER STRING
800!

F(JCTIONS AND SUBROUTINES

I 801! !PROGRAMMER DEFINED SUBROUTINES

I 
802! LINE DESCRIPT ION

830! PROGRAMMER DEFINED FUNCTIONS

831! L I N E  D E S C R I P T I O N
840! 10100 FNS$- CONVERTS LINE STATE NUMBER REPRESETATION

TO LETTER REPRESENTATION

i
U ! DIMENSION STATEMENTS

910 DIM S%(400%) !LINE STATES FROM SIMULA’I’OR (MAX 400 )
920 DIM S$(400%) !LINE STATE CHARACTER STRING FOR OUTPUT

L 
- :  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~
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930 DIM M%(200%) 11/0 LINE NUMBER VECTOR
94 0 DIM N%(40 0%) I NETWORK LINE NUMBER V ECTOR
950 DIM T (4 0k1) !EVENT TIMES VECT OR
999!

START O F PRO GR A M

1000 ON ERROR GOTO 19000
1010 L$= ”ABCDEFGUHH”

!SET UP LINE # TO CHARACTER CONVERSION ST R ING
1020 OPEN “DUMP.TMP” FOR INPUT AS FILE #1~

!OPEN SIMULATOR OUTPUT FILE
1030 T$=CVT$$(NUM$(CVT$~~(CHR$(O%)+LEF’r(SYS(CHR$ (6%)+

CURs (9%) 4-CHR$ (0%)) ,1 % )  ) ) , 2 % )
!UNIQUE TERMINAL ID NUMBER

1040 OPEN “CRT ” +T$-4- ” .TMP” FOR OUTPUT AS FILE 2%
!OPEN OUTPUT F I L E  TO CRT PROGRAM

1050 INPUT # 1%,Li% ,L2% ,H1 $
1060 MAT INPUT *1% ,N%(L1%)
1065 MAT I N P U T  #1%,M%(L2%)
1070 INPUT # 1% , H$
1080!

INPUT EVENT TIME /LINE STATE GROUPS

2000 I%=1%
2010 INPUT #1% ,T 1
2020 T(I%)=Ti
2030 IF T1<0 THEN 3000
2040 MAT INPUT #1% ,S % ( L 1% )
2050! CONVERT AND STORE LINE STATE INPUTS
2060 FOR J%=1% TO L1%
2070 S$(J%)=S$(J%)+FNS$ (S%(J%))
2080 NEXT J%
2090 I % I % + 1 %: GO TO 2010
300 0! OUTPUT HEADER RECORD
3010 FIELD #2% ,2% AS A 1$ , 2 % AS A 2 $ , 4% AS A3 $,4% AS A 4$ ,

400% AS ASs, 100% AS A6 $
3020 LSET A 1$~ CVT %$ (L i%) !NUMBER OF NETWORK LINES
303 0 LSET A2 $~ CVT%$ (I%—1%) !NUMBER OF EVENTS
3040 LSET A3$=LEFT(H1$,4%) !TIME SCT\LE VALUE
3050 LSET A4$=CVTF$ (T(I%-1%)) !MAX SIM TIME VALUE
3060 A $ ”  !CONVERT AND STORE
3070 A$=A$+CVT%$(M%(K%)) FOR K%=1% TO L2% 11/0 LINE NUMBERS
3072 A$=A$+CVT%$(0%)
3075 LSET A5$=A$
3080 LSET A6$=H$
3090 PUT #2 %,RECO RD 1%
4000 ! OUTPUT LINE NUMBER RECORD(S)
4010 FIELD #2% ,5 12% AS A1$
4020 B$= ””
4030 B$ B$+CVT % $ (N%(K% ) ) FOR K%~~1% TO L1%
4100 L% 0%: K% L1%
4110 IF K%<=256% THEN 4150
4120 TJSET A1$=MID(B$,L%*512%+1%,512%)
4130 PUT #2%: K% K%—256%: L% L%+1%
4140 IF K%~ 2 56% THEN 412 0

- - ~~ - -5-  --- ---- 5----



I
I 4150 LSET A1$=MID(B$,L%*512%+1% ,K%*2%)

4160 PUT #2%
4200! OUTPU I- EVENT TIMES RECORD(S)

I 4210 K% 1%—1%: L% 0%
4220 FIELD #2 %,512 % AS A 1$
4230 IF K%<=128% THEN 4290

- 4240 B$= ””1 4250 B$=B$-4-Cv’rF$ (T(J%)) FOR J% L%*128%+1% TO L%*128%+128%
4260 LSET A i$ B$ : PUT #2 %
4270 L% L%+1% : K% K%—128%

t 428 0 IF K%> 12 8% THEN 424 0
4290 B$= ””
4300 B$=B$+CVTF$ (T(J%)) FOR J%=L%*128%+1% TO I%—1%

I 4310 LSET A1$ B$ : PUT #2%
50 00! OUTPUT L I N E  STATE RECORDS
5010 FIELD #2% ,512 % AS A 1$
5020 FOR I%=1% TO L1%

I K%=LEN(S$ (I%)): L% 0%: J% K%
5040 IF K%<=512% THEN 5080
5050 LSET A1$=MID (S$(I%),L%*512%+1% ,5 1 2 % )

I 5060 PUT #2%: K%=K%—512%: L%=L%+1%
507 0 IF K%>51 2 % THEN 5050
5080 LSET A1 $=MID(SS(I%),L%*512%+1%,J%)

I 509 0 PUT # 2 %
5100 NEXT 1%
5200 CLOSE 1% ,2%
521 0 CHAIN “TIMOUT ”

I 5220 GO TO 32767
10000!

I ! PROG RAMMER D E F I N E D  F U N C T I O N S
AND SUBROUTINES

1 10100 DEF F N S $ ( X % )
10110 x$= ””
10120 IF X%<0% OR X%>10% THEN X$ ”H” : GO TO 1014 0

I 10130 X$=r4ID(L$,X%+1% ,1%)
10140 FNS$=X$
10150 FNEND
19000 !

ERROR TRAP HANDLING ROUTINE

19100 PRINT ERR ,ERL
!PRINT ERROR * AND LINE #

32767 END

I
I
I

-—~ — -—~~~~~-~~~ -5

1’ — - 
~~~~ — -5— - -— ,_ - _ - r— ——- — —.-——— — -5—



85

1! ! LOGIC S I M U L A T I ON Di SPLAY PROGRAM

2! FILE : TIMOUT.BAS
3! ACCOUN T : [10,13]

4!  V E R S I O N  2 DE C E M B E R  7 , 1976

5! R E V I S I O N  1 D E C E M B E R  8 , 1 9 7 7
100 !

PROGRAM DESCRIPTION

105 ! ! THIS PROGRAM IS EITHER INVOKED BY THE USER
I D I R E C T L Y  OR BY C H A I N I N G  INTO THE PROGR A M FROM
THE SIMULAT ION PROGRAM .

300!

i/O CHA NNELS

301! CHANNEL 1 USER TERMINAL OUTPUT
302 ! CHANNEL 2 USER TERMINAL GRAPHICS OUTPUT
303! CHANNEL 3 RANDOM ACCESS INPUT DATA FILE
800 !

SUBROUTINES AND FUNCTIONS

801! LINE DESCRIPTION

810 ! 11000 DISPLAY MENU AND RETRIEVE COMMANDS
811! 13000 I N PUT S I M U L A T I O N  INFORMAT ION

AND EVENT-TIMES RECORDS
812! 14000 INPUT LINE—STATE RECORDS
813! 16000 DRAW STATE SEGMENTS
814 ! 170 00 RETRIEVE LINE NUMBERS FROM USER
900!

DIMENSION AND DATA STATEMENTS

901 DIM O % ( 4 % )
MENU OPT IONS ARRAY

902 DIM R % ( 1 3 % )
MENU OPTIONS ROW COORDINATES

903 DIM C % ( 6 % )
MENU OPTIONS COLUMN COORDINATES

904 DIM E( 1024)
EVENT-TIMES ARRAY

— — •.___——— - 
— —

-5— -5—- — - — -5—- —



I -

~B6

I 905 D I M  L 2 % (20 0)
USER SELECTED L I N E  N U M B E R S

906 D I M  L1 % (2 00)

I ! I/O LINE NUMBERS (SIMULATOR SUPPL*ED)
907 D I M  B$ ( 12 8)

CHARACTER STRING ARRAY FOR EVENT-TIMES
PROCESSING

I 910 ! Y COORDINATE DATA FOR MENU FOLLOWS :
915 DATA 636 ,592 ,570 ,548 ,460 ,438 ,416 ,328 ,306
92 0 DATA 152 ,130 ,108

I 925 1 X COORDINATE DATA FOR MENU FOLLOW S:
930 DATA 42 0,968,241 ,564,818 ,957
940 FO% 0%: FI%=0%: F5% 0%

I 950 P1=0
1000!

I ! PROG RAM START

I 10 02 ON ERROR GOTO 19000
SET ERROR TRAP

1005 READ R%(I%) FOR I%=1% TO 12%

I ! STORE ROW COORDINATES FOR MENU
1010 READ C%(I%) FOR I%=1% TO 6%

STORE COLUMN COORDINATES FOR MENU
1015 T$=CVT$$ (NUM$ (CVT$% (CHR$ (0%) +

I LEFT (SIS (CUR$ (6%)+CHR$ (9%)+
C H R $ ( 0 % )) , 1))) ,2 % )

STRING REPRESENTING TERMINAL NUMBER OF USER
I 1020 F1 %=0%

1025 OPEN “KB :” FOR OUTPUT AS FILE *1%
OPEN BUFFER FOR OUTPUT TO USER TERMINAL

1030 F I E L D  # 1% , 16% AS V$

I ! SET FORMAT OF BUFFER #1
1035!

DISPLAY MENU AND RETRIEVE OPTIONS

I 104 0 GOSUB 11000
I MENU AND OPTIONS SUBROUTINE

I i~~6~ GO SUB 17500 !DRAW TIMING D iSPLAY PAGE
M%~~J~~: C5 % 1% : C7 % 1%: MAT C6 % ZER

1080 IF O%(2%)=0%
THEN C 6 % ( C 5 % _ ( C 7 % _ 1 % ) * N % ) = C V T $ % ( M I D ( L $ , 2 * C 5 % _ 1% , 2 % ) )

, 
: GO TO 1110

1090 IF O%(2%)=i%
THEN C6%(C5%_ (C7%_1%)*N%)=L1%(C5%)

I : GO TO 1110
1100 C6% (C5%_ (C7%_1%)*N%)=L2%(C5%)
1110 IF C6% (C5%_ (C7%_1%)*N%)=0% TH E N 1140

I 1120 C5 %=C5%-4-1%
1130 IF NOT(C5%>C7%*N%) THEN 1080

ELSE 1170
1140 C5%=C5%+l%

I 1150 IF c5%>C7%*N% THEN 1170
1160 C6%(C5%_ (C7%_1%)*N%) 0%: GO TO 1140
1170 L%=C6%(M%+1%)

I
U —~~~~~~~~ —-—---- --- - — 5— 5—— —~~~ —. - — - - -~~~~~~~ — - - ——~~ ________________ - - _
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1180 IF L%=0% THEN 1230
1190 GO SUB 18000 !DRAW TIMING DIAG . FO~ LINE L%
1200
1210 IF NOT(M%=N%) THEN 1170 1 N% LINES DISPLAYED?
1220 C7% C7%+1%: M%=O%
1230 O1%=FNM% !CHECK MINI OPTIONS MENU
1240 IF O1%=1% THEN 1040 !MOD1FY ANY OPTION
1250 IF O1%=2% THEN 9000 !EXJT PROGRAM
1260 IF O1%=0% THEN

IF L%=0% THEN 1230
ELSE 12 90 !C ON T I N U E

1270 A $= ””~ A $=FNT$ ‘T I M F  OPTION
1280 IF NOT (A$= ”l” ) THEN 1270

ELSE 1230
1290 GO SUB 175 00 : MAT C6 % Z E R : GO TO 10 80
9000!

1 EXI T R O U T I N E

9005 A $=FNQ$(0%)
\ SLEEP 1

RESET T E R M I N A L  TO ALPHA MODE
9010 CLOSE 1%

CLOS E USER TERM INAL OUTPUT CHANNEL
9011 CLOSE 2% ,3% ,4%
9013 CHAIN “CONTRL”
9015 GOTO 3 2 7 6 7

1 END OF PROGRAM
10000 !

FUNCTION BLOCK

10005 !

FUNCTION FNP$

10010!
THIS FUNCTION IS USED INTERNALLY TO FORMAT

I X-Y COORDINATE INFORMATION

10015 DEF F N P $ ( X % ,Y%)=CHR$(32%+(Y%/32% AND 31%))+CHR$ (96%+(Y% AND 31%))
+CH R $ ( 3 2 % + ( X % /3 2% AND 3 1% )) + C H R $ ( 6 4 % + ( X %  AND 3 i? ’~10020 !

FUNCTION FNO$

10025!
THIS FUNCTION IS USED TO DRAW VECTORS AS IN
A$ FNO$ (X ,Y). THE FIRST VECTOR FOLLOWING A MODE
COMMAND ( FNQ$ ), IS NOT DISPLAYED.

10030 DEF FNO$(X% ,Y%) : LSET V$ FNP$ (X% ,Y % )  : PUT # 1% ,RECORD 1% ,COUNT4

-

~
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10035 F N E N D
10040!

FU NCTION FNQ $

10045!
! THE FUNCTION FN Q$ IS USED TO ESTABLISH THE MODE OF THE
TERMINAL.

10050!
1 FNQ$ ( 0% ) ERA SES THE SCREEN , GOES INTO ALPHA MODE
I F N Q $ ( 1 %) PUTS THE T E R M I N A L  IN ALPHA MODE

FNQ $ (2 % ) PUTS THE T E R M I N A L  IN GRAPHICS MODE
! F N Q $ ( 3 % ) DISPLAYS THE CROSSH AIRS

10055 DEF F N Q $ ( X % ) : I F  X% 0 % THEN LSETV $ C H R $ ( 2 7 ) + C H R $ ( 12 )
10060 ‘F x%=1% THEN LSETV $=CHR$ (27%)-i-CHR$(31)
10065 IF X%=2 % THEN LSE’rV$=CHR$(27%)+CHR$(29)
10070 IF X%=3% THEN LSETV$=CHR$(27)+C [-IR$(26)
10075 PUT # 1% ,RECORD 1 %,COtJ NT2%
10080 IF X%=0% THEN SLEEP 2
10085 FNEND
10090 !

F U N C T I O N  FNR$

10095 !
1 FNR$ IS USED TO ACQUIRE THE COORDINATES OF THE CROSSHAIRS
! F’NR$ HAS NO ARGUMENT . THE RESULT IS THE CHARACTER
TYPED BY THE USER. THE TERMINAL RETURNS TO ALPHA MODE.

I THE COORDINATES OF THE CROSSHAI RS ARE IN X% ,Y%

10100 DEF FNR$
10105 OPEN “KB :” FOR INPUT AS FILE 2%
10110 W$=SYS (CHR$(3%)+CHR$(2%))+FNQ$(3)
10115 FIELD #2% ,10% AS U$
10120 X$= ””\X%=O
10125 W$=S~YS(CHR $(4%)+CHR$(2%))\GET *2% ,RECORD 1%
10130 X$=X$+LEFT(U$,RECOUNT)
10135 X%=X%+RECOUNT
10140 IF X%<5% THEN 10125
10145 W$=SYS (CHR$(2%)+CHR$(2%))\CLOSE 2%
10150 CHANGE X$ TO W%
10155 X%=32%*((W%(2%) AND 31%)—32%)+(W%(3%) AND 31%)+1023%
10160 Y%=32%*((W%(4%) AND 31%)—32%)+(W% (5%) AND 31%)+1023%
10165 FNR$=LEFT(X $,1% )
10170 FNEND
10175!

I F U N C T I O N  FNW$

101

~~

0 !
I THIS FUNCTION OUTPUTS AN X AT THE GIVEN X-Y COORDINATES

I
- - --- 5- 
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10185 DEF FNW $ (X %,Y%)
10190 A$=FNQ$ (2%)+FNO$ (X% ,Y % )
10195 A$ FNQ$(1%)
102 00 PRINT “X ”
102 05 F N E N D
10210!

FU NCT ION FNS $

10215!
I THIS F U N C T I O N  IS USED TO DRAW A SOLI D L I N E

10220 DEF FNS $
10225 A $=FNQ$(2%)-1-FNO$ (Q1% ,Q2%)

DRAW A DAR K VECT OR TO STA RT OF L IN E
10230 A$=FNO$ (Q3% ,Q4 %)

DRAW A V I3IBLE LINE
10235 FNEND

E X I T
10240 !

F U N C T I O N  FN D $

102451
THIS FUNCTION IS USED TO DRAW A DASHE D LI NE

10250 DEF FND$
10255 A$=FNQ$(2%)+FNO$ (Q1% ,Q2%)

1 DRAW A DARK VECTOR TO THE ST A RT OP L I N E
10260 Z2%=Q1%

I I N I T I A L I Z E  THE POS I T I O N  POINTER Z 2 %
10265 Z1%=Q3%—Z2%

I CALCULATE THE DISTANCE LEFT IN THE L INE
10270 IF Z1%<8% THEN 10300

I SPACE TOO SMALL?
10275 Z2%=Z2%+4%

SET NEW X POSITION
10280 A$=FNQ$(2%)+FNO$ (Z2% , Q 4 % )

1 DRAW A DARK DASH
10285 Z2%=Z2%+4%

I SET NEW X POSITION
10290 A$=FNO$ (Z2% ,Q4 %)

1 DRAW A VISIBLE DASH
10295 GOTO 10265

I LOOP BACK AGAIN
10300 IF Z1%<=4% THEN A$=FNQ$(2%)-s-FNO$ (Q3%,Q4%)

GOTO 10320
I IF TOO SMALL , END LINE WITH DARK DASH

10305 Z2%=Z2%+4%
SET NEW X POSITION

10310 A$=FNQ $(2%)+FNO$(Z2% , Q 4 % )
DRAW A DARK DASH

10315 A$ FNO$ (Q3 % ,Q4% )
I DRAW VISIBLE DA SH

10320 FNEND

— —— -- 5-— .- —  — - — -___— -
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I I EXIT
10330!

1 FUNCTION FNC$

10335 ! THIS FUNCTION DRAWS A ZERO-DELAY RISE TIME LINE BETWEEN
I STATES A AND B

10340 DEF FNC$ (X %,Y%)
10345 IF N O r ( ( Y % = 1 %  AND x % = 2 % )  OR ( Y % ~~2% AND X % = 1 % ) )  THEN 10360
10350 Q 1% S 1%:  Q 2 % S 2 % :  Q3% S 1% :  Q4% S 2 % + S 4 %
10355 A$ FNS$
1036 0 FNEND
103701

I FUNCTIO N FNT $

10375 ! THIS F U N C T I O N  ALLOW S THE USER TO POSITION THE Y CROSS HAI R
AT ANY POINT OF INTEREST ON THE TIMING DIAGRAM AND GET THE
T I M E .

10380 DEF FNT$
10390 A $=FNQ$(2%)+FNQ$(3%)+FNR$4-FNQ$(1%) !GET CROSSHAIR LOCATION
1040 0 IF X %<P1% OR X% > P2 % THEN 10435
10410 X=X%—P1%
10420 A$=FNQ$(2%)+FNO$ (X%,7 5 5 % )+ F N Q $ ( 1 %)
10430 PRINT USING “###.#“ ,X/T6 +P1
10431 GO TO 10440
10435 FNT$=”l”
10440 FNEND
10450 1

FUNCTION FNM%

10455 1 T H I S  F U N C T I O N  C H E C K S  TUE OPTIONS MENU AT
THE BOTTOM OF TH E D ISPLAY PAGE

10460 DEF P N M %
10465 I%=3%
10470 A $=FNQ$(2%)+FNO$ (C%(I%), 10%)+FNQ$ (1%)
10475 A$ ”” : A$=FNK$
10480 IF A $ <> ” “ THEN 10500
10485 I%=I%4-1%
10490 IF I%=7% THEN I%=3%

• 10495 GO TO 10470
10500 IF A$<>CHR$ (8%) T H E N  10520
10505 I%=I%—J%
10510 IF I%=2 % THEN I%=6%
10515 GO TO 10470
10520 IF A$<> ”X ” THEN 10475
10525 FN~ %=I %— 3%10530 FNEND
10580 !

1 FUNCTION F N K $

10585 ! THIS FUNCTION DISABLES THE ECHO ON THE USER’S TERMINAL AND
I RETURNS THE CHARACTER TYPED BY ‘IHE USER

I
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10590 DEF FNK $
10595 OPEN “KB :” FOR INPUT AS PILE 2 %
10600 W$=SY5 (CHR$(3%)+CHR$(2%)): FIELD ~2% , I0% AS 11$
10605 X$ ”” : X% 0 %
10610 W $ = S Y S ( C H R $ ( 4 % ) + C H R $ ( 2 % ) ) :  GET # 2 % , R E C O R D  1 %
10615 X$=X$+LEFT(U$, RECOUNT )
10620 X%=X%+RECOUNT
10625 IF X% < 1% THEN 1861 0
10630 W$=SYS (CHR$(2%)+CHR$(2%)): CLOSE 2%
10635 FNK$=X $
10640 FNEND
11000!

SUBROUTI NE TO D I S P L A Y  M E N U  AND TO R E T R I E V E
USER INSTRUCTIONS FOR DISPLAY FORMATTING.

11005 LSET V$=CHR $ (155%)+CHR$(56%)
I SET 4014 BIG CHAR. MODE

11010 PUT #1%, RECORD 1%, COUNT 2 %
11015 A$=FNQ$(0%)÷FNQ$(1%) !ERASE SCREEN , A LPHA MO DE
11020 SLEEP 1
11025 IF F1%=0% THEN O % ( I % ) = 0 %  FOR I % = 1 %  TO 4%
11030 PRINT : PRINT TAB(2 8) ;”DISPLAY OPTIONS”
11035 PRINT : PRINT : PRINT : PRINT
11040 PRINT “ OPTIONAL I N P U T  F I L E  “ ;T A B ( 3 0 ) ; ” [  ~“ ; T A B ( 4 0 ) ;
11045 IF F1 %=1% THEN PRINT “TO “‘“CHANGE”’” OLD OPTIONS”

ELSE PRINT “TO “‘“SELECT”’” NEW OPTIONS”
11050 PRINT
11055 P R I N T  “ DISPLAY: ” ;TA B ( 12 ); ”ALL LINES” ;T’\B(30); ” f  1” ;
11060 PRINT TAB (40);”POSITION CROSSHAIRc , TYPE X ”
11065 PRINT TAB (12) ;“I/O LINES” ;TA B ( 3 0 ) ; ‘ [ I ”
11070 PRINT TAB ( 1 2 ); ”USER SELECTE D” ;TAB(JO); ” [ I ”
11075 PRINT
11080 PRINT “ TIME WINDOW :”
11085 PRINT
1109 0 PRINT T A B ( 4 ) ; ”ENTIRE SIMULATION ” ;T A B ( 3 0 ); ”( ]“
11095 PRINT T A B ( 4 ); ”MIN & MAX T1MES” ;TAB(30);” [  ) “
1110 0 PRINT TAB (4 )  ; “M I N  T I M E  & I N C R E M E N T ” ;TAB(30); ” [  1 ”
11105 P R I N T
11110 PRINT “ TIMING GRID :”
11115 PRINT
11120 P R I N T  TA B (4 ) ; ”REGULAR GRID ” ;TAB(30);” [  1”
11125 PRINT T A B ( 4 )  ;“NO GRID” ; T A B ( 3 0 )  

~~~
“ 1 1”

• 11130 PRINT
11135 PRINT
11140 PRINT
11145 PRINT
11150 PRINT
11155 PRINT
11160 PRINT -rAB (46); ”CONT INUE “ ;T A B ( 6 9 );”[ I”
11165 PRINT T A B(48 );”S PE C I F Y  NEW OPTIONS ” ;T A B ( 6 9) ; ” [  ] “
11170 PRINT TA B (4 8 ) ; ”EXIT PROGRAM” ;TAB ( 69 ) ; ”( 1”
11174 X 1% 1%: Y 1~~~I %
11175 A$=FNQ$ (2%)+FNO$ (C%(X1%)+15% ,R% (Y 1% )) +FNQ$ (1%)
11180 A $ ” ” : A$ FNK$
11185 IF A $<’ ” “ THEN 11205
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11190 Y 1% Y 1%+ 1 %: I F  Y 1% 13% THEN Y 1% 1%
11195 IF Y1%>9% THEN X1%=2%

ELSE X1 %=1%
11200 GO TO 11175
11205 IF A$<>CHR$(8%) THEN 11225
11210 Yl% Y1%—1 % : IF Y1%=0% THEN Y1% 12%
11215 IF Y1%<10 % THEN X1%=1%• I ELSE X1%=2%
11220 GO TO 11175
11225 IF A$ <>”X ” THEN 11180
11230 IF Y 1% 1% THEN O% (1%) 1 % : GO TO 11250
11235 IF (Y1%>9%)AND(Yl%<13 %) THEN 11255
11240 IF (Y1%>1 %)AND(Y1%<5%) THEN O%(2%)=Y1%—2%
11245 IF (Y1%>4%)AND(Y1%<8%) THEN O%(3%)=Y1%—5%

ELSE O%(4%)=Y1%—8%
11250 A$=FNW$ (C%(X1%)+15% ,R% (Y1 %) ) : GO TO 11190
11255 IF Y1%=10% THEN 11280

f ELSE IF Y1% 11% THEN F1% 0%: GO TO 11000
11260 GO TO 90 00
11280!

I SECOND OPTION REQUEST PAGE

11285 A$=FNQ$(0%)+FNQ$(1%) !ERASE SCREEN , ALPHA MODE
11290 SLEEP 1
11295 OPEN “KB :” FOR INPUT AS PiLE 2%
11300 PRINT: PRINT : PRINT
11305 IF F1% 1% THEN PRINT “FILE—NAME IN USE IS “ ;F$

:PRINT
:GOTO 11340

11310 IF F2%=1% THEN CLOSE 3%
11315 IF O%(1%)=0%

THEN F$ = ”CRT ”+T$+ ” .TMP ”
PRINT “DEFAULT FILENAME USED IS “ ;F$
GO TO 11330

11320 PRINT “INPUT FILE—NAME =

11325 INPUT # 2 % , Ps
11330 OPEN F$ FOR INPUT AS FILE # 3%
11333 GOSUB 13000
11335 PRINT
11340 IF O%(2%)<>2% THEN 11395
11345 IF (F1%<>1% OR L2%(1%) 0%) THEN

PRINT “DISPLAY WHAT LINES ? “

\GOTO 11365
11350 PRINT “SPECIFY NEW LINES ? “ ;

11355 INPUT # 2% , A$
11360 IF LEFT(A $,1%)<> “Y” THEN 11390 ELSE PRINT
11365 L2%(I%) 0% FOR I%=1% TO N5%

\N5%= 0%
11370 PRINT “ENTER LINE NUMBERS SEPARATED BY COMMAS OR SPACES”
11375 PRINT “WHEN THROUGH , TYPE <CR> AFTER PROMPT .”
11380 PRINT
11385 GOSUB 170 00
11390 PRINT
11395 IF O% (3%)=0% THEN 11460
11400 PRINT “SPECIFY DISPLAY TIMES” : PRINT
11405 PRINT “ MIN VA LUE = “ ;

11410 INPUT # 2 % , P1
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11415 IF P1>=N 4 THEN PRINT “ERROR - MAX SIM T I M E  “ ;N4: GO TO 11405
11420 IF O%(3%)=2% TI-lEN 11445
11425 PRINT “ MAX VALUE =

11430 INPUT # 2 % ,P2
11435 IF P2<P1 rHEN PRINT “ERROR — MAX < MIN VALUE GIVEN ” :GOTO 1 1425
11440 GOTO 11455
11445 PRINT “ T I M E  INC R EMENT = “ ;

11450 INPUT # 2 %,P3
11455 PRINT
11460 A$=FNQ$(2%)+FNO$(0%,17 4 % ) +FNQ $ ( i %)
11465 PRINT
11470 PRINT T A B (4 8 ) ; ”CONTINUE” ;T A B ( 6 9 ); ” [  ] “
11475 PRINT TAB(48 );”MODIFY ANY OPTION” ; TAB (69 ) ; ” [  1”
11480 PRINT
11482 A$ FNQ$ (2%)+FNO$ (C%(2%)-4-15% ,R%(i0%))+FNQ$(i%)
11484 A$ ” ” : A$ FNK$
11486 IF (A$= ” “)OR (A$=CHR$(8%)) THEN

A$=FNQ$(2%)+FNO$ (C%(2%)+15% ,R%(1i%))+FNQ$(1%):
GO TO 1149 0

11488 IF A$= ”X ” THEN 11505 ELSE 11484
11490 A 5” : A$ FNK$
11492 iF (A$= ” “ )  OR (A$=CHR$(8%)) THEN 11482
11494 IF A$= ”X” THEN 11 000 ELSE 11490
11505 CLOSE 2%
11510 RETURN
130001

SUBROUTINE TO INPUT SIMULATION INFORMATION
AND EVENTS—TIMES RECORDS FROM DISK FILE

130101
1 INPUT SIMULATION INFORMATION (FIRST RECORD )

13015 FIELD #3% , 2% AS A 1$ ,  2% AS A2$ ,  4% AS A 3 $, 4% AS A 4 $ ,
400% AS A 5 $ ,  100% AS A6 $

I SET FORMAT FOR SIMULATION INFORMATION
13020 N$= ””

NULL STRING
13025 GET #3% , RECORD 1%

I INPUT FiRST RECORD
13030 N1%=CVT$%(A1$)

I NUMBER OF NETWORK LINES
13035 N1=N1%
13040 N2% CVT $% ( A 2 $ )

NUMBER OF SIMULATION EVENTS
13045 N2 N2%
13055 N4=CVT$F(A4$)

1 MAXIMUM SIMULATION TIME VALUE
13060 L1%(I%)=CVT$%(MID(A5$,I%*2%_1% ,2%)) FOR I%=1% TO 200%

1 CONVERT EACH CHARACTER PAIR TO A LINE NUMBER (I/O )
13065 H$ A6$+N$

I SIMULATION HEADER
13070!

INPUT NETWORK LINE NUMBERS

13075 FIELD # 3 % , 512% AS B1$ J
1
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I
I I SET BUFFER FORMAT FOR LINE-NUMBER

1 CHARACTER P A I R S
13080 L$ N$

I NULL THE LINE-NUMBER STRING
13085 Z=Nl*2/512

I 256 LINE—NUMBER CHARACTER PAIRS PER RECORD
13090 IF Z=INT(Z) THEN C3%=INT(Z)

I ELSE C3%=INT(z+1)
1 CALCULATE NUMBER OF LINE—NUMBER RECORDS

13095 FOR I%=1% TO C3%

I I INPUT C3% LINE-NUMBER RECORDS
131 00 R1%=1%+I%

D E T E R M I N E  RECORD NUMBER
13105 GET #3 %, RECORD R 1%

I ! INPUT LINE-NUMBER RECORD INTO BUFFER
13110 L$=L$+B1$

I BUILD LINE-NUMBER CHARACTER-PAIR STRING

I 13115 NEXT 1 %
13120 L$=LEFT(L$,N1%*2%)

REMOVE TRA SH CHARACTERS FROM STRING

‘ 
13122 L$=L$+CVT%$(0)
13125!

INPUT EVENT-TIMES RECORDS

I 13130 FIELD #3 %, (I%_1%)*4% AS D$, 4% AS B $ ( I % )
I FOR 1%=1% TO 128%

SET BUFFER FORMAT FOR EVENT-TIMES
13135 Z=N2/128

128 EVENT—TIMES PER RECORD
13140 IF Z=INT (Z) THEN C1%=INT (Z)

ELSE C1% INT(Z+ 1)

I I CALCULATE NUMBER OF EVENT-TIMES RECORDS
13145 FOR I%=1% TO C1%

I INPUT AND CONVERT C1 % EVENT-TIMES RECORDS

I 13150 R 1% 1%+C 3%+I %
I I D E T E R M I N E  RECORD NUM BER

13155 GET #3% , RECORD R i %
1 INPUT EVENT-TIMES RECORD INTO BUFFER

1 13160 FOR J%=l% TO 128%
1 CONVERT EVENT TIMES

13165 E( (I%_1%)*128%+J %)=CVT$F(B$ (J%))

I ! UNPACK AND STORE EVENT TIMES
13170 NEXT J%
13175 NEXT 1%

I 13180!
I CALCULATE NUMBER OF LINE—STATE RECORDS

13185 C1=C1 %I 13190 Z=C1/4
1 4 EVENT—TIMES RECORDS PER LINE-STATE RECORD

13195 IF Z=INT(Z) THEN C2%=INT(Z)
ELSE C2%=INT (Z+1)

I CALCULATE NUMBER OF LINE-STATE RECORDS
132 00 RETURN

I 14000!

SUBROUTINE TO INPUT LINE-STATE RECORDS

I
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14005! L% = LINE NUMBER INDEX
C1% = NUMBER OF EVENT—TIMES RECORDS
C2% = N U M B E R  OF L I N E — S T A T E  RECORDS PER L I N E
C3% = NUMBER OF LINE-NUMBER RECORDS
N2% = NUMBER OF EVENTS
G$ = STRING CONTAINING LINE STATES

14010 FIELD # 3 % , 512% AS 81$
1 SET FORMAT OF BUFFER FOR LINE STATES

14015 G$=N $
NULL THE LINE-STATE STRING

14020 FOR I%=1% TO C2%
I GET C2% RECORDS

14025 R1%=1 %+C3%+C1%4~((L%_1%)*C2%)+I%
1 DETERMINE WHICH LINE—STATE RECORD TO ACCESS RANDOMLY

14026 R1%=R1 %+1% ! TEMPORARY FIX
14030 GET #3% , RECORD R 1%

INPUT LINE—STArE RECORD INTO BUFFER .5

14035 G$=G $+B1$
I BUILD LINE-STATE STRING

1404 0 NEXT 1%
14045 G$=LEFT (G$,N 2 %)

THROW AWAY TRASH CHARACTERS
14050 RETURN

1 RETURN WITH LINE—STATE STRING G$
16000!

SUBROUTINE TO OUTPUT STATE S EGMENTS

16005’ STATE “A” = LOGIC 0
16010! STATE “B” = LOGIC 1
16015! STATE “C” = LOGIC 0 THAT SHOULD BE LOGIC 1
16020! STATE “D ” = LOGIC 1 THAT SHOULD BE LOGIC 0
16025 ! STATE “E” = I N D E T E R M I N A N T  STATE
1603 0! STATE “F ” = TRANSITION FROM LOGIC 0 TO LOGIC 1
16035! STATE “G” TRANSITION FROM LOGIC I TO LOGIC 0
16040! STATE “H” = ERROR CONDIT ION

16045 ! S$ = STATE INDICATOR
31% = START ING X POSITION
S2% = STARTING Y POSITION
53% = LENGTH OF STATE SEGMENT
S4 % = HEIGHT OF STATE SEGMENT

1605 0 IF INSTR(1% ,”ABCDEFGH ” ,S$)=O% THEN 16395
I CHECK FOR ILLEGAL STATE

16052 F0% F1%:F1% 0%
16055 ON INSTR (1% ,”ABCDEFGH ” ,S$) GOTO 16050,16095 ,16130 ,16180 ,16230 ,

16235 ,16360 ,16390
BRANCH TO APPROPRIATE SEGMENT ROUTINE

16060!
DRAW STATE “A”
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1606 1 Fl%=1%
16063 A$=FNC$(F0%,F 1% )
16065 FOR I%=1% TO 3%
16068 Q1% S1%
16071 Q2 % S2%+I%
16074 Q3%=S1%+S3%
16077 Q4%=Q2%
16080 A$ FNS $
16085 NEXT 1%
16090 GOTO 16 395
160951

DRAW STATE “B”

16097 Fl %=2%
16098 A $=FNC$(F0% ,Fi%)
16100 Q1%=S1%
16105 Q2%=S2%-fS4%
16110 Q3%=S1%+S3%
16115 Q4%=Q2%
16120 A$=FNS$
16125 GOTO 16395
16130 1

1 DRAW STATE “C”

16135 FOR I%=1 % TO 3%
16138 Q1%=S1%
16141 Q2%=S2%+I%

1 16145 Q3%=SI%+S3%
16150 Q4%=Q2%
16155 A$=FNS$
16158 NEXT I%
16160 Q2%=52%+S4%
16165 Q4%=Q2%
16170 A5=FND5
16175 GOTO 16395
161801

DRAW STATE “D”

16185 FOR I%=1 % TO 3%
16188 Q1%=S1%
16190 Q2%=S2%-I-I%
16195 Q3%=S1%+S 3%
16200 Q4%=Q2%
16205 A$ FND$
16208 NEXT 1%
16210 Q2%=S2%+S4%
16215 Q4%=Q2%

‘ 
16220 A$ FNS $
16225 GOTO 16395
162301

! DRAW STATE “E”

16233 FOR I % 1 % TO 3%
16235 Q1%=S1 %
16240 Q2%=S2%+I%
16245 Q3%=S1%+S3%
16250 Q4% Q2%
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16255 A$ FNS$
16258 NEXT 1%
16260 Q2%=S2%+S4%
16265 Q4%=Q2%
16270 A$=FNS$
16275 IF S3%< 8% THEN 16395
16280 S4%=S1%+S3%
16285 Q1% S1%
16290 Q2%=S2%
16295 Q4% Q2% +H2 %
16300 Q3% Q1%+~3%
16305 IF Q3%>S4% THEN 1 6395
16310 A$=FNS$
16315 Q1% Q1%+8%
16320 GOTO 16 300 ! LOOP BACK AG A IN
16325 !

1 DRAW STATE “F”

16330 Q1% S1% : Q2% S2% +S4%/ 2 %
16332 Q3% S 1%+S 3%: Q4 % Q2%
16334 A$ FND$ I DRAW DASHED LINE
16336 Q 1% S1% +S 3%/2 %: Q2~~ S2%
16338 Q3% Q1% : Q4% S2 %+S4%
16340 A $=FNS$ I DRAW ARROW STEM
16342 Q1% S1% +S3% / 2% : Q2 % S2%+S4%
16344 Q3% S1%+S3%/4%: Q4% S2%+3%*S4%/4%
16346 A$=FNS$ I DRAW ARROWHEAD
16348 Q1% S1%+S 3%/2% : Q2% S2%+S 4%
16350 Q3% S1%+3%*S3%/4%: Q4% S2%÷3%*34%/4%
16352 A$ FNS$ 1 DRAW ARROWHEAD
16355 GOTO 16395
16360!

I DRAW STATE “C”

16362 Q1% S1% : Q2 % S2% +S4 %/2%
16364 Q3% S 1%+S3% : Q4% Q2 %
16366 A$ FND$ ! DRAW DASHED LINE
16368 Q1% S1% +S3%/2 %: Q2 % S2%
16370 Q3 % Q1% : Q4% S2% +S4%
16372 A$=FNS$ ! DRAW ARROW STEM
16374 Q1% S 1%+S 3%/2% : Q2% S2%
16376 Q3% S1%+S3%/4% : Q4 % S2%+S4%/ 4%
16378 A$=FNS$ I DRAW ARROWHEAD
16380 Q1% S1 %+S3%/2%: Q2% S2%
16382 Q3%=S 1 %+3%*S3%/4%: Q4% S2%+S4%/4%
16384 A$=FNS$ ! DRAW ARROWHEAD
16386 GO TO 16395
163901

1 DRAW STATE “H”
163951 - •

EXIT

16400 A$=FNQ$(l%)
I RESET TERM INAL TO ALPHA MODE

16405 RETURN
I EXIT

170001
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I SUBROUTINE TO RETRIEVE LINE NUMBERS
I FROM THE USER TERMINAL .

17005 F3%=0% : N 5 % = 0 %
17010 FOR I%=1 % W H I L E  F3% 0%

I 17015 F4%=0%
17020 PRINT ~~*“ ;

17025 INPUT LINE #2 %, A$
17030 IF A$=CHR$(13)+CHR$ (10) OR A $ ” ,”+CHR $ ( 13 )+CH R $ ( 1O)

THEN F 3 % = 1%
:GOTO 17110

17035 A$=CVT$$(A$,15 6 % ) + ”*” I CLEAN STRING , ADD D E L I M I T E R
17040 J%=1%
17045 T1%=INSTR(J% ,A$ ,” ,”)
17050 T2%=INSTR(J %,A $ , ” “ )
11055 IF T1%=0% THEN T1%=T2%
17060 IF T2%=0% THEN T2%=T1%
17065 IF T1%=0% AND T2% 0%

THEN K% I N S T R ( J % ,A$, ” *” )
:F4% 1%
:GOTO 17075

17070 IF T2%<T1%
THEN K%=T2%

ELSE K% T 1%
17075 D$ M ID(A $ ,J% ,K%—J%)
17080 IF D$= ”” THEN 17100
17085 N5%=N5%-+-1%
17090 IF N5%>200%

THEN P R I N T  “LINE LIMIT EXCEEDED”
:GOTO 1712 0

17095 L2% (N5% ) VAL ( D$)
STORE LINE NUMBER

17100 J%=K%+1%
17105 IF F4%=0% THEN 17045
17110 NEXT 1%
17115 IF N5%=0%

THEN 17005
17120 RETURN !RETURN FROM LINE ROUTINE
17500 1

I S U B R O U T I N E  TO DRAW STATE DISPLAY PAGE
17510 P1%=1 00% !LEFT BOUNDARY
17515 P2%=1000% IRIGHT BOUNDARY
1752 0 P3~ =90% I BOTTOM BOUNDARY
17525 P4%=750% 1 TOP BOUNDARY
17530 N%=10% ! NUMBER OF LINES/PAGE OF DISPLAY

‘ 
17540 HJ%=66% !DISTANCE BETWEEN LINES
17545 H2% 22% IDISTANCE BETWEEN 0 AND 1 LINES
17550

DRAW PLOT BOUNDARY LINES
17555 A$=FNQ$ (0%) !ERASE SCREEN
17560 A$=FNQ$ (2%)+FNO$(P1%,P3% )
l7565 A$=FNO$ (P2% ,P3%) +F NO$(P2% ,P4%)+FNO$ (P 1% ,P4%)+FNO$(P1%,P3%)
17566 A$=FNO$(0,P3%)+FNO$ (0 ,P3%—25%)+FNO$(1020 ,P3%—25)+FNO$(1020 ,P3% )
17567 A$=FNO$ (1000%,P3%) + FN Q $( 1%)
17570 I

I
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I PRINT OP’I’IONS MIN I-MENU
17575 A$=FNQ $(2%)+FNO$ (P1% ,I0%)+FNQ$(1%)
17580 PRINT “CONTINUE I I MODIFY ANY OPTION I I EXIT PROGRAM I I “ ;

17581 PRI NT “-rIME I I ”
17585

1 P R I N T  L I N E  N U M B E R H E A D I N G
17590 A$=FNQ$(2%)+FNO$(0% ,P4%)-I-FNQ$(1%)
17595 PRINT “LINE #“
17600 1

P R I N T  T I M E  h EADING
17605 A$=FNQ$(2%)+FNO$(1@%,P3%—20%)+FNQ$(1~- )
17610 PRINT “T iME ”
17612 A $ = F N Q $ ( 2 % ) + F N O $ ( 1 8 % , P 3 % — 4 5 % ) + F N Q ~~( 1 % )
17614 PRINT T~3$
17615 1

P R I N T  H E A D E R
17620 A$=FNQ$ (2%)+FNO$(P1% ,P4%÷65%)+FNQ$(1~- )
17630 PRINT H$
17635 1

DRA W T I M I N G G R I D

17640 IF O%(4%)<->0 % THEN 17800
17650 FOR I%=1% TO 17% STEP 2%
17652 A$=FNQ $(2%)+FNO$(P1%+I%*50% ,P3%)+PNO$ (P1%+I%*50% ,P4 % )
17654 NEXT 1%
17656 FOR I%=2% TO 16% STEP 2%
17658 A$=FNQ$(2%)+FNO$(P1%+I%*50%_2% ,P3% )+FN O $(P 1% + I % * 5 0 % 2 % ,P 4 % )
17660 A$ FNQ$ (2%)+FNO$(PI%+I%*50%+2% ,P3%)+FNO$ (P1%+I%*S0%+2% ,P 4 % )
17662 NEXT 1%
17680 IF O%(3% )=2% THEN T5=P1+18*P3

ELSE IF O% (3%)=1% THEN T5=P2
ELSE T5=1.05*N4: P1 E (1%)

17690 T4 P1: T69 00/(T5—T4)
17700 T9= (T5—T4)/18
17720 FOR I%=0 % TO 18% STEP 2%
17730 X=P1%+I%*50%_40%
17740 T7 T4+I%*T9
17750 A$ FNQ$ (2 %) +FNO$(X ,P3%— 20%)-FNQ$(1%)
17760 PRINT USING “####“ ,T7
17770 NEXT I%
17800 RETURN
18000 1

S U B R O U T I N E  TO D I S P L A Y  T I M I N G DATA FOR A SPE C I F IC L IN E

18020 FOR I%=1% TO 2*N1% STEP 2%
18030 L3%=CVT$%(MID(L$,-I% ,2 % ) )
18040 IF L%=L3% THEN 18070
18050 NEXT 1%
18060 RETURN 1 ERROR : LINE # NOT POUND
18070 L3% L%: L% 1%/ 2%
18120 M% N%—1%—M%: Z9% M%*H1%+P3%
18125 S2% Z9%: S4% H2% - .

18130 A$=FNQ$(2%)+FNO$(0% ,Z 9%)+FNQ $ (1% ) 5)
18140 PRINT L 3 %
18150 GOSUB 14000 S .
18160 14= 0
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18170 IF T4<E(1%) THEN 18240
18180 IF NOT(T4>N4) THEN 11 T4: I9% 2%: GO TO 18330
18190 S$=FIID(G$,N2% ,l%)
18200 Sl%=P1%
18210 53%=900%
10220 GOSUB 1600 0
18230 GO TO 1848 0
18240 IF T5<E (l% ) THEN F6% 0%: 12=T5: GO TO 18260
18250 F6% 1% : I2 E (1%)
18260 I1 T4: I3 (12_I1)*T6
18265 S$=MID(G$,1% ,1% )

‘ 
18270 S1%=P1%
18280 S3%=I3
18290 14=14+13
1830 0 GOSUB 16000
18310 IF F6%=0% THEN 18480
1832 0 I1 E ( 1 % ): 19% 2%
18330 IF E(I9%)>T4 THEN 18350
1834 0 I9% I9 %+1%: GO TO 18330
18350 I2 E( I9%) : S$ MI D(G$ , I 9 % 1% ,1%)
18360 I9%=I9%+1%: S1$ MID(G$ 19%—1% , 1%)
18370 IF S$=S1$ THEN 18410
18380 I3= (I2_I1)*T6: S1% P1%+I4: S3% I3: I4 14+I3
18390 GOSUB 16000 !DRAW STATE SEGMENT
18400 I 1 I2 :  S$ S1$
18410 I2 E ( 1 9 % )
18420 IF I2>T5 THEN S$=MID(G$, I9%—1%,1%): GO TO 18440
18430 IF 19% N2%+ 1% THEN S$ MID(G$ , N2% ,1%) : GO TO 18440
18435 GO TO 18360
18440 I2 T5: I 3 (I2~~I1)*T6
18450 S3% 13: S1% P1%+14

j 1847 0 GOSUB 160 00
18480 L%=L3%: M% N%— 1%—M%
18490 RETU RN
19000!

ERROR HANDLER ROUTINE

19010 CLOSE 1% ,2%,3%
1902 0 PRINT ERR ,ERL
19030 GO TO 32767
3 2 7 6 7  END

I
I
I
I
1
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I. Problem Statement

The purpose of this project is to develop a computer program that

will automatically route the conductor paths requ i red in a hybrid circuit.

The problem associated with this type program is to route the

hundreds of connections present in a typical circuit wi th a path that

avoids previously laid paths. The program should accomplish the

following objectives:

- “The program should route a high percentage of the connections

present.

- •The program should determine the shortest path that meets all

designer imposed constraints with the minmum likel ihood of

preventing future connections.

•The program must have reasonabl e requ i rements of computer memory

and execution time .

I
I
I
I
1
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II. Program Description

A program that meets these requirements will now be described .

This program , named ARP for Automated Routin g Program , will route up

to 1000 connections on a maximum 256 square inch , 16 l ayer board . This

assumes 50 mu centers between connections. No vias or feedthroughs

are produced .

The program routes each layer sequentially until all connections

which can be routed are routed . Obviously, since the layers are handled

sequentially, the lower layers will be denser than the upper l ayers.

To use ARP , a wi re lis ’ of the circuit must be developed . Each

entry in a wire list consists of the x & y coordinates of the two

terminals comprising a connection. To determine the x & y coordinates

of each termina l , each l ayer of the chip or board niust be uniformly

divided into a grid , with the origin located in the l ower l eft corner .

Every terminal will then have an x & y coordinate associated with it.

Given this information , the program will first order the wire list.

This operation will place those connections that will have least effect

upon future connections at the top of the list. This will help insure

a higher percentage of routable connections.

Before describing the routing process , the CELMAP array will be

explained . This array contains all information about the state of the

board . Each cell on the board maps into a cell of this array--the

x & y dimensions of the board corresponding to the x & y dimensions of

the array . Since the array ’s size is directly related to the size of

the board , it is primarily responsibl e for the memory requirements of

2
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the program. The array is also 3-d imensional --the third dimension

consisting of two fields:

“The availability or A-fiel d which is used to indicate whether a

cel l is availabl e or not on each layer allowed . For each layer

(bit #16 through bit #31 corresponds to l ayer 1 through layer

16) a va l ue of 1 denotes an available cell and 0 an unavailable

one.

“The sequence or S-field which is used to indicate the sequence

number of an expanded cell in the routing process.

Now that the information contained within the CELMAP array is

understood , the routing process will be presented step-by-step:

1) All A-fields must be preset according to the number of layers

7 allowed.

2) Reset all A-fields for those cells that have been designated

as bl ockades.

3) Reset all A-fields for all termina l cells.

4)  Make first pass through the wire list for those connections

that wish to be placed on the present l ayer. Jump to Step 6.

5) Make second pass through the wire list for all remaining con-

nections , other than those designa ted for remaining layers.

6) Get x & y coordinates of a connection.

7) Determine dimensions of framing rectangle to lim it cell

expansion.

8) Clea r all S-fields. Set S-field of starting cell to 1.

I I
3

I
i
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9) Initialize A-fields of both terminal cells to 1 for each

layer allowed .

10) All starting cell to NEWCEL list.

11) Determine the four neighboring cells to each cell recentl y

added to the NEWCEL list on the previous expansion level .

12) Determine if each new expansion cel l above can become a

new frontier cell.

(a) Is cel l unmarked?

(b) Is cell available on present layer?

13) Mark S-field of all good cells with present sequence number

and add to NEWCEL list.

14) Unless target cell has been reached , go to Step 11 after

incrementing sequence number.

15) Add target cel l to PATH list.

16) Decrement sequence counter .

17) Determine neighboring cells to present PATH cell.

18) Determine if a cel l above can become a PATH cell by checking

of the S-field equals the present sequence counter .

19) Add cell to PATH list.

20) Unless starting cell has been reached , go to Step 16.
F 

21) Output PATH list.

22) Reset present layer bit in A-field for each cell in the PATH list.

23) Clear all lists.

24) If through with pass 1 through wire list , go to Step 5.

4

- -
_ - -- -S - - -  — - -  —



I
I

25) If through with pass 2 through wire list , jump to next layer

I and go to Step 4.

I 26) If present layer is last layer allowed--Stop .

I
I
I
I

I
I
I
I
I
I
I
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III. Conclusions

ARP can be used to route the conductor paths on both printed

circuit boards and hybrid chips. On a typica l printed circuit board

of two layers and 155 connections, It took ARP 222 seconds to route all

the connections (all but 5 on the first layer).

The sequential nature of ARP makes it suited for hybrid circuits.

Two popular methods of layering connections on a hybrid chip are to

separate each layer of conductor with a layer of insulator or to place

insulating material only at each location of overlap between adjacent

layers of conductor. Since ARP treats each layer sequentially without

producing any vias, each layer, in effect, is separate from any other

layer. Therefore, each layer that ARP routes can be separated with a

layer of insulator. The feature of being able to designate a preferred

layer for a connection to be placed on gives added flexibility.

Further improveme nts can be made to ARP to make it eas ier to use .

ARP is a general routing program depending upon x & y coordinate input

and producing x & y coordinate output. Therefore, tailor-made inputs

and outputs can be developed for any need. A net-list-to-wire-list

converter wou ld el imina te much user t ime In prepar ing a c ircu it to be

routed. Instead of feeding x & y coordinates of each terminal to ARP ,

one would be abl e to give the position and orientation of components

Instead. This would, however, require a quite extensive component

library .

Any form of output could easily be developed using any type of

medium--from a plotter to a graphics terminal. A graphics terminal

6
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would also lend itself to interactive routing where the placement of

jumpers , the notification of areas of overlap, and the manua l add iti on

- I of non-routable connections may be dealt with.

I
I
I

-

~~ I
H I- I
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USER ’S GUIDE

And

PROGRAM LISTING

C
C
C~~ * % * * * * * * * * * * * * *  ~ ~~* * , * * * * ** * f t * ** * *f t f t* ** * * ** ** * * *4 * * *, * * * * *  *~~~* ~~* * 3~~* * * *’ ~

C
C
C
C
C A A A A c ~A A A A i 1  R R R R R R R R R R R  P P P P ~’P P P P P P
C A P A A A P F A A A A A A  RRRRRR R RRRRR PPPPPPPPPPPP
C AA A A RR RR PP Pp
C A .A RR RR pp pp
C •~.A P~A RR RR PP PP
C A A A A A A A A A A A A R R R R R R R R R R R R PP P p ~ PP P P P p P
C AAAAAAAAAAAA RR R RRRR R RRR PPPPPPPPPPP
C A.4 A A RR RR PP
C AA AA RR RR PP
C AA A.A RR RR PP
C AA AA RR RR PP
C AA AA RR RR PP
C
C
C
C

C
C
C AUTOMATED R O U T I N G  PROGRAM
C VERSION 1 DECEMBER 1977
C A U B U R N  U N L V E R S I T Y  E L E C T R I C A L  EN G [N E E R ~~N G D E P A R T M E N T
C DEVELOPED BY STANLEY S. KAWKA UNDE R CONTRA CT DAA KL~O_~T7_ C_OO L$ 2• C
C
C,,~**,*I,••**•**,,*ft•**,,*,*ø*,*,*e*•,***,ft,**,*,*,*,,,ft**,e**,I*~ *ft~~*

7
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I
C (J~~~~ E R S  G U I D E
C

C T H I S  PROGflAM WILL AUTOMATIC A LLY ROUTE UP TO 1000 CONNECTIONS
C ON A M A X I M U M  25~ QU A R E  INCH (ASSUMING 50 MIL CE1~T E RS BETWEEN
C ( ‘ O N N E C T I O N 3 ) , l~~- L A Y E R  BOARD.

P C N O V T A S  A R E  PRODU C ED .
C-
C TO U C E T H I S  P R O G R A M , EACH LAYER OF THE BOARD MUST BE DIVIDED INTO A
C GRiD. EACH CELL OF THIS GRID CAN NOW BE REFERRED TO BY AN X&Y
C COORD INA TE. THE ORIG IN OF THIS- GRID IS LOCATED IN THE LOWER LEFT
C CORNER.
C EVERY TERMIN A L W ILL NOW HAVE AN X&Y COORDINATE ASSOCIATED WITH IT.
C A W T RE LIST CAN NOW BE DEVELOPED. A WIRE LIST GIVES THE X&Y
C COORDINA TES OF TERMINA LS TO BE CONNECTED.
C
C THE USER MUST NOW G I V E  THE P R O G R A M  THE F O L L O W I N G  I N F O R M A T I O N :
C 1. CELLULAR DIMENSIONS OF THE BOARD-THE MAXIMUM NUMBER OF CELLS
C IN THE X-DTRECT ION AND IN THE Y— DIRECTION
C 2. NUMBER OF LAYERS DESIRED
C 3. THE W I R E  LIST D E S C R I B E D  AB OVE
C L~~. A B L O C K A D E  L I S T  OF CELLS W H I C H  C A N  NOT BE USED
‘5-

C GIVEN THIS INFORMA TION THE PROGRAM WILL ROUTE EACH LAYER SEQUENTIALLY
C UNTIL ALL CONNECTION: ; ‘. 4 H I C H  C A N  BE R O U T E D  A R E  R O U T E D .  S I N C E
C THE L A Y E R S  A R E  H A N D L E D  S E Q U E N T I A L L Y , TUE LOWER LAYERS WILL BE
C DENSER T H A N  THE UPPER LAYERS. THE CUTPUT CONST~~T:~ OF A LIST OF
C CELLS T H A T  REPRESENT THE PATH FOR EACH CONNECT ION TN THE WIRE LIST.
C
C THE USER MAY DESIGNATE CERTAIN CONNECTIONS TO GO ON CERTAIN LAYERS.
0 THESE CONNECTIONS G I L L  T H E R E F O R E  BE ROUTED r I~~ST ON THOSE LA YERS.
C
C THE MESSAGES , W H I C H  4AY APPEAR IN THE OUTPUT , ADVISING A DIMENSION
C CHANGE MAY BE HEEDED. HOWEVER , ANY INCREA S E IN THE DIMENSIONS OF
C TU E ARRAYS MAY NEED TO BE FOLLOWED BY AN INCREASE IN THE MEMORY
C REQUIREMENTS FOR THE PROGRAM .
C
C
‘5-

C JCL
C

C THE J CL  N E E D E D  T ’  R U N  T H I S  P R O G R A M  ON T i l E  I BM ~7O IS AS FOLLOWS:
C
C //!~RP JOB ( E F .251 , E E L ) , ’Y O U R  N A M E ’ , M S G L E V E L ~~1 , RE G I O N : 19 2 K
C / ‘ J O B P A R M  L I N E S : 1 O K , T I M E : 2 0 0

( C I/RUN EXEC PGM :A RP
C //STEPLIB DD DSN :EE251.SSK ,DISP:SHR
C //FTO5FOO1 DD ~‘
C
C DATA

C //FTO6F OO1 DD SYSOUT:A
C /I

1. /

5--

--
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C -

C THIS WILL ALLOW YOU TO ACCESS THE LOAD MODULE EE25 1 .SSK (ARP)
C AND EXECUTE IT. NO SOURCE LISTING WILL OCCUR-ONLY T H E  PR ~) G R A M
C OUTPUT WILL BE GIVEN.
C IF THE DIMENSIONS OF THE ARRAYS A RE IN C -R E~ SED ril E RE G t O N
C P A R A M E T E R  I N  TH~ JOB CA RD MAY NEED TO BE iNCRE A SE D ALSO.
C
C
C IF ANY CHANGE S ARE NEEDED TO BE MADE TN THE PROGRA ~ PIE F~-LLO,UNGC JCL IS NEEDED:
C
C h ARP JOB (EE25 1 ,F.EL),’YOUR NA ME ’ ,MSGLEVEL ~~1 ,RE CtQN~ 1fl 2K
C /~ J O B P A R M  L I N E S~ 10K ,TIME:20O
C I/KILL EXEC ZAP
C //SYSIN DD ~
C EE251.SSK
C //FORT EXEC EORTGCL
C //FORT.SYSIN DD
(S

PROGR AM
C
C / / L K E D . S Y S L M O D  DI) DSN ~~E E 2 5 1 . S S K ( A R P ) , D I SP : ( , CA T L G ) ,
C II U N I T~ DI SK ,SPACE~~(TRK , (1 , 1 , 1)),LABEL ~EXPDT :78365
C /1
C
C THI S WILL DELETE THE OLD LOAD MODULE AND CREATE THE NEW ONE IN ITS
C P L A C E .  NOTE THAT THE E X P I R A T I O N  DATE iS D E C E M B E R  ~ 1 , 19 ( ~~.
C
C

C
C BO A R D  S I Z E  V ER SUS MEMORY RE QUI R E M E N T S
C
C
C MEMORY REQUIREMENTS DEPEND PRIMARILY UPON THE C E L M A P  A R R A Y  ~ INCE T
C REQUIRES THE MOST STORAGE.
C THE FOLLOWING TABLES SHOULD HELP IN DECIDING 110W MUCH MEMORY SHOULD
C BE REQUESTED.
C ASSUME 50 M IL CENTERS BETWEEN CONNECT IONS.
C
C S I Z E  T Y P I C A L  D I M E N S I O N  OF
C (SQ IN ) DIMEN SION CELMAP ARR A Y
C 50 8~ 5 (160 ,100,2) 192~C 100 10’S (2OO , 160 ,.~)
C 150 12’12 (211 3 ,2H3 ,2)
C 200 20’lO (400 ,200,2) R :2K
C 250 16’16 (320 , -~20,2) 1O2~IKC
C
C SUGGESTED ARR A Y  SIZES:
C
C CELMAP CONECT NEWCEL OUTCEL /PA TII
C 160 ,100 ,2 300,G 1500 .2 200.2
C 200 , J60 ,2 500,6 ~0OO ,2 250,2
C 240 ,2110 ,2 1000 ,6 6000 ,2 ~OO ,2
C 400,200,2 1000 ,6 10000 ,2 400,2
C 320,320,2 1000,6 16000,2 500,2
C

-- -~~~~~~~~~~~~ - -- -“-5-- ~~~~~~~~~--  - - 
~~~~~~~---- - -

~~~~~~~~~~~~~~~~
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C 10
C
C
C DATA F O R M A T
C
C
C T~~E 0-ITA TI l E PROGRAM NEEDS CONSISTS OF:
C 1 . iDENTIFICAT ION CARD
C 2. PARAMETER CARD
C ,.  CONSTRAINT CARD
C L~~. W I R E  LI ST DE CK
C 5. BLOCKADE LIST DECK
C
C
C TUE IDENTIFICATION CARD IS ANY 80 CHARACTER NAME ASSOCIATED
C W iTH TU E BOA R D  TO BE R O U T E D .
C-

C 1
C A N Y T H I N G
C
C-

C TIlE PA RAMETER CARD GIVES THE DIMENSIONS (CELLULAR) OF THE BOARD TO
C BE ROUTED. THERE ARE NO DEFAULT VALUES.
C
C 3 6
C 1 0 0
C HORIZO N TAL DIMENSI ON~ NNN N VERTICAL DIMENS ION :NNNN LAYERS~ N N
C
(S

p 

C TIlE CON STRAINT CARD GIVES THE VAL uES FOR THE FRAME EXPANSION FACTOR
C AN D THE LEVEL EXPANS ION LIMIT. THE F R A M E EXPANSION FACTOR IS AN
C E~ TEGER FROM 1— S W H I C H  D E T E R M I N E S  HOW M A N Y  T I M E S  THE F R A M E  MAY
C EXPAND. THE LEVEL EXPANSION LIMIT IS AN INTEGER FROM 1—999 WHICH
C DETERMINES HOW MANY CYCLES OF CELL EXPANSION MAY BE PERFORMED.
C THE DEFAULT VALUES ARE 1 AND 100 RESPECTIVELY.
C
C 1
C 1 0
C N NNN
C
C
C EACH CARD IN THE WIRE LIST DECK GIVES THE X&Y COORDINATES OF BOTH
C THE STARTING CELL AND THE ENDING CELL FOR ONE CONNECTION. IF THIS
C CON N ECTI ON IS DESIRED ON A PARTICULAR LAYER , THIS PREFERENCE IS
C INDICATED. THE DEFAULT VALUE FOR THIS PREFERENCE TS 0 INDICATING
C T H A T  IT ‘~1A Y BE ROUTED ON T I l E  F I R S T  A V A I L A B L E  L A Y E R .  C A R E  MUST BE
C E X E R C ISED , HO W EVER , IN I)ESIGNAT ING A PREFERENCE FOR ANY LOWER LAYER
C SINCE MOST OF THE ROUTING T 3  DONE ON THESE LAYERS. ANY PREFERENCE
C FOR THE LOWER LAYERS WILL RESULT TN DECREASED EFFICIENCY.
C A PLAN K CARD AT rUE END OF THIS DECK TERMiNATES THE LIST .
C
C 12~:’l5’~7:~9012345) C X~ Yl X2 Y2 L

1
1~

- - - —- — __________________________________
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C
C EXAMPLE S: 11 1 1 5~ 7 82
C 74 52 1 8 4 3
C
C THESE E X A M P L E S  SHOW T H A T  THE P R O G R A M  S H O U L D  T R Y  rn  R O U T E  A P A T H
C FROM CELL 11 ’4,~~ TO C ELL 7, 82 ON L A Y E R  A N D  A PATH FROM CELL 714.~”
C TO CELL 1P , ’4~ ON rUE F iRST AVAILABLE LA YE R. (A BLAN K FIELI) EQ~J~ L~ ~
C
C
C EACH CARD IN THE BLOCKADE LIST DECK GIVES THE X&Y COORDINATES OF
C ANY CELL WHICH CAN NOT BE USED IN A N Y  R O U T E .
C A BLANK C A R D  AT THE END OF THI S DE CK TE R M1 N~ TE S THE LI ST.
C
C 123 1456
C X Y
C
C

--- ------S.--- -’-- - - — -
~ --5- —- — — 5-— — .5



12
*0*  4 0 0 1 l 1 4 0 0* 0 1 0 0 0 0 0 4 4 0 0 0 0 4 ø 4 0 0 4 0  0 0 4 0 0 0 0 0  4~~~4~~~4 * 4 * f t 4 f t 4 4 f t 4 4* * * * *  0 0 4* * *,

C
C DECLARATION STATEMENTS
C
C ~~~ **** ~~~ * * 0 * * * * * * * 4*  * 4 * * 0 0* 0  0 * * * * * * * * * * * 4 * 4 4 * 4 4 0*  * 0 * * * * * * * * * * * * * * # * * *o,
C
C
CHANGE THE FOLLOWING FOUR DIMENSION CARDS FOR ANY CHANGES IN BOARD SIZE.

DIMENSION CELMAP (15O , 100 ,2 )
DIMENSION CONECT (’OO ,6)
DIMEN SION NEWCEL (1500 ,2)
DIMENSION OIJTCEL(200,2) ,PATH(200 ,2)
DIMENSION TRACEL (4 ,2 ) ,PARRA Y (10 ,2 ) ,IDENT(2O )
EQU IVALENCE (OUTCEL ,PAT H )
INTEGER CELMAP ,COIIECT ,OUTCEL ,PA TH ,TRACEL ,P A R R A Y
I N TEGER H O R D T M ,V E R D TM ,TIMES,E X P A N D
I N T E G E R  S T A R T X , S T A R T Y , E N D X , ENDY
I N T E G E R  XL OW ,X H I G H ,YLO~I ,Y HIGH
I N T E G E R  XDIFF ,YDIFF ,XADD ,YADD
I N T E G E R  XBLOCK ,YBLOCK
INTEGER T F R A M E ,B F R A M E ,L F R A M E ,R F R A M E
I N T E G E R  X ,Y ,P ,SE QU E~I ,FACTOR ,CONBO T ,H OLD ,P R E F ,CTEMP

C
C
C’ * 0 4* 0 * 0 0* 0 * 0 0* 4 * 0 * 0 * 0  * * 0 0* 0 * 0 * 0 * 0 *  * * * * *1* * *0 0 0* 0 * # * * *0 0 0* 0 0 0* 0* 0 0 0 0 0 0 4

C
C OUTPUT HEADING
C
C’’ *****~~~**********~~~* * * * * * * * * * * * * * * * * * * * * *  0 0 0 4 0 0* 0 0 0 0 4* 0 0 0 0 0 0* 0 0 0 0 0 0 1 1 0 0

C
WRITE (G , 850)
WRTTE (6,860)
WRITE (6 ,R70)
W R I T E ( 6 , 880)

C
C
C** * 4 * 0 * 0 0 * 0 * 0 * 4 0 * 4 * 4 4 * 0 0 * 0 *  0 * 0 * 0 0 * 0 * 4 0 * 0  * * 0 0 0 0* * 4 4 4* * * - 0 0 0 , 0 4 0 0 0* 0 0 4* * * *
C
n I N P U T  SECTION
C
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0 * *4 4 4 4 4 4 4* * * * * * * *4 0  0 4 0 4 4 0 0 0 0 0 0 4 4 4 4* 0 0 4 4 0 0 0  * 0 1* 0 0 *

C
C

REA D (5 , POO)IDENT
R E A D (5 ,81O)HORDII-1 ,V E R D I M ,LAYER S
READ (5 , 820)T!MES , EXPAND

CHANGE THIS STATEMENT IF DIMENSIONS OF CELMAP ARRAY ARE ALTERED
IF (HORDIM.GT .16O.OR.VERD IM .GT.100)GO TO 210
IE (LAYERS.GT .16)GO TO 630
JF(TIMES.LT . 1)TIMES:1
IF (TIMES.GT . 5)TIMES:5
IF (EXPAN D.LT . 1)EXPAN I)~ 1OO
W RrTE (6 , 390)ID ENT
W R I T E (6 ,9 00)H O R D I M ,V E R D I M ,LAYERs
W R E T E (6 , 910)TTMES , E X P A N D

I C

I
-. 

5- - 5.-.- — ___ _ _ _ ____5__
~~.__S__~~~~~~~~
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C
C * * *0 0 0 0 0 0 1 0 1 * * 1 0 0* , 0 0 1 0 * 0 0 0 * ** * * 0 , * * *- 0 0 0 0 4 * *0 0 0 0 0 0 *0 0 0 * 0 0 0 0 *0 0 0 0 0 *  ~ 4 * 4 4

C
C ORDERING SECTION
C
C * * * * * * *** * *** * * * *4 * * * *# * * * * * ** * *** * *~~* * 0 * * * * * 4 * * * * * * * * * * * 3 ~~*~_ * * * * * ~~* O Y

C
C
C I N P U T  W I R E  L I S T — B L A N K  C A R D  S I G N I F I E S  E N D
C

1= 1
100 R E A D ( 5 , 8 3 0 ) ( C O N E C T ( I , J ) , J :1  , ‘4 ) , C O N E C T ( I  , 6 )

IF (CONECT(I , 1).LE.O)GO TO 110
r~ I+1

CHANGE THIS STATEMENT IF DIMENSIONS OE CONECT AR R A Y  ARE ALTERED
IF(I.GT.3 00)CO TO 690
GO TO 101)

110 N U M C O N ~~I — 1
C
C INITIALIZE COLUMN 5
C

D0 120 I~~1 , N U M C O N
C O N E C T ( I  , 5) : O

120 C O N T I N U E
C
C FOR E A C H  W I R E  L IST  P A I R , D E T E R M I N E  T H E  N U M B E R  OF T E R M I N A L S  . 4 1 T H i ’ ~ T~
C R E C T A N G L E  D E F I N E D  BY T H A T  P A I R
C I N S E R T  THAT N U M B E R  IN COLUMN 5
C

DO 114 0 1~~1 , N U M C O N
XL 0W~ MINO(CONECT( , 1)  ,CONECT (I , 3))
X H I G H : M A X O ( C O N E C T ( I , 1) , C O N E C T ( I , 3 ) )
YLOW~MIN0(CONECT(J ,2),C0N ECT (I ,4))
YHIGH :MAX O(CONECT(I ,?),CONECT (I ,14))
DO 130 J:1 ,NUM CON
IF (J.EQ.I)G0 TO 130
IF((CONECT(J , 7).LE.XHIGH.AND.CONECT (J , 1).GE .XLOW) .AND .

1 (CONECT(J ,2).LE .YHIGH .AND.CONECT(J .2).GE.YLOW ))
2 CONECT(I ,5)~~CONECT(I ,5)+1
IF( (CONECT(J , 3)  .L E .  X H IGH  . A N D .  C O N E C T ( J , ) .GE . XLOW ) . A N D .

1 (CONECT (J ,4).LE .YHIGH.AND.CONECT (J ,Ll ).GE.YLOW))
2 C O N E C T ( I , 5 ) ~~C O N E C T ( I , 5 ) + 1

1 30 CON T I N U E
114 0 C O N T I N U E

C
C SORT THE WIRE LIST WITH RESPECT TO COLUMN 5
C (SMALLEST TO LARGEST )
C

CONBOT ~ N U M C 0N
NSORT=2

150 NOSUAP:0

- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - — ~~ ~—~5--. -~~~~~~~~~~
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1 1:1
J:2

160 IF (CONECT(l ,5 ).LE.CONECT(J ,5))GO TO 1°O

I DO 170 M~~1 , 6
I T E M  P:CO~i E C T ( . J , M )
CONECT(J ,M) :CONECT (I ,M)

I CONECT(I ,M)~~ITEMp170 CONTINU E
NOSWAP :1

180 I F ( J . E Q . C O N B O T ) G D  TO 190I J :J+ 1
GO TO 160

I 190 T F ( N S O R T . E Q . N U M C O N ) G O  10 200
I F ( N O S W A P . E Q . O ) G O  TO 200
N SORT N SORT +1

I C O N B O T = C O N B O T — 1
GO TO 150

C
C OUTPUT ORDERED W IRE LIST

I C
200 WRITE (6,920)NUMCON

M~~1

I DO 270 I~~1 , N U M C 0 N
IF(M-2)210 , 230 , 250

210 IE (CONECT(I ,6).NE.O)GO 10 220
• W R T T E (6 ,930)I , (CONECT(T ,J) ,J:1 ,5)
I M 2

GO TO 270
220 ~R T T E ( 6 , 9 L i 0 ) T , ( C C N E C T ( ! , J ) , J~~1 , 6)

I SO TO 070
2 3 0  I F ( C O N E C T ( I , 6 ) . N E . O ) G O  TO 2 140

1 WRITE(6 ,95O)1 , (CONECT(I ,J) ,J~~1 ,5)
M:3
GO TO 270

2140 WRITE(6 ,960)I , (CONECT(T ,J) ,J:1 ,6)

I M~~
GO TO 270

250 [F (CONECT(I ,6).NE .O)GO TO 260
I W RI TE (6 ,970)I ,(CONECT (I,J) ,J:1 ,5)
• 1:1

GO TO ?70

• 260 WRITE (6 , 9~ O)I , (CONECT (I , J )  , J~~1 , 6)

• 2 7 f l  r : , , T I N U E
C

I C :UI T IALtZ E COLUMN 5
C 0 - N O T  R O U T E D  1 - f l O U T E I )
C

I DO 280 T:1 ,NUMCON
CONECT(I ,5):O

280 CONTINUE

I
I

— 
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C
C 4 0 0 * * * 0 0 0 0 0 0 0 0 0 0 0 * * 0 4 0 0 * * 0 0 0 * 0 0 4 * 0 4 0 * * * * 0 0 0 * * * 4 0 0 0 0 0 4 0 0 4 4 0 0 0  * 0 * 0 * 4 * 0 * 4 *

C
C A V A I L A B I L I T Y  F I E L D  P R E S E T  S E C T I O N
C
C ** * * * * *0 0 0 *0 0 0 ** * * *0 0 0 ** * ** * *** ***0 0 0 0 4 4 0 0 ***0 4 0 0 4 0  4 * 4 * 4 * 0 * 4 4 * 0 * 0 * 4  *4 4 - 4

C
C
C PRESET ALL A-FIELDS ACCORDING TO THE NUMBER OF LAYERS ALLOWED

DO 290 I~~1 ,H ORD I M
DO 290 J~~1 , V E R D I M

C BIT 1116 THROUGH BIT 1/31 CORRESPONDS TO LAYER 1 THROUGH LAYER 1~5
C 0—LAYER NOT AVAILABLE 1—LAYER AVA ILABL E

CELMAP (I ,J , 1):65516_2** (16_LAYERS)
290 CONTINUE

C
LAYER ~ O
NO:1
NR OUTE:O
P R E F :0

C
C I N P U T  I N I T I A L  B L O C K A D E  C O O R D I N A T E S . . E L A N K  C A R D  S I G N I F I E S  E N D
C RESET ALL BLOCKADE A-FIELDS r
C OUTPUT B L O C K A D E S
C

300 WRITE(6 ,990)

3 10 R E A D ( 5 , 8 L 1 0 ) X B L O C K , YBLOC K
IF(XBLOCK .LE.O)GO TO 320
CELMAP (XBLOCK ,YBLOCK , 1 )=O
PARRAY( I , 1):XI3LOCK
PA R R A Y ( I ,2):YBLOCK
IF (I.EQ .1O)GO TO 320
1:1+1
GO TO 310

320 IF(XBLOCK .LE .O)I:I—1
t4RITE(6,1000)( (PARRAY (J ,K),K 1 ,2) ,J:1 , T)
1:1
IF (XBLOCK.LE .O)GO TO 330
GO TO 3 10

C
C RESET A-FIELDS FOR ALL TERMINAL CELLS
C

330 DO 3 140 I~~1 , N U M C O N
CELMAP(CONECT(I ,1) ,CONECT(I ,2) ,1 ) o
CELMAP(CONECT(I ,3) ,CONECT(I ,L1) , 1):O

~14O CONTINUE
C

-------5-- - 5-— -I-— —~~~~~~~ - - _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _— - _______
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C
C ’4 0 0 4 0  0 0 0 * 0 0 0 0* * *0 0 0 0* 4 0 0 0 0 0 0* * * * *l 1 0 0 1 1 0 0 0 0 0 0 0 1 0 0 0 I 0 0 4 0* S * * * * * * * * * * * * *
C
C ROUTING INITIALIZATION SECTION
C
c0

~~ ** * * * *$ * 0 1 4 0 4* * * 0 0 0  *- * f t * * -~~4*4* * * * * *~~~4 * * * * *0 * * * * * * * * * * * * * * *O * * * ** * * * * *

C
C
C P R I N T  L A Y E R  L A B E L
C M A K E  TWO P A S S E S  T H R O U G H  W I R E  LIST
C PASS 1- P R E F : 1  PASS 2—PREF :O
C PASS 1 — R O U T E  THOSE P A I R S  T H A T  A R E  P R E F E R R E D  ON THE PRESENT LAYER
C PASS 2 — R O U T E  ALL R E M A I N I N G  P A I R S  ( C O L U M N  6:0)
C

350 N E W C O N : 1
I F ( P R E F . N E . 1 ) G O  TO 360
PR EF :0
GO TO ‘470

360 I F ( N O . E Q . O ) G O  TO 3B0
370 IF(LAYER.E Q.LAYERS)GO TO 760

LAYER :LAYER÷1

~I R I T E ( 6 , 10 10 ) L A Y ~~NO:O
P R E F  1
GO TO 1470

380 W R I T E ( 6 , 1020)
GO TO 370

C RESET A - F I E L D S  ON P R E S E N T  L A Y E R  FOR CELL S IN PA TH JUST R O U T E D
C

390 DO ‘460 I= 1 ,P
I F ( I . E Q . 1 . O R . I . E Q . P ) G O TO~~11l O
HOLD :0
L S U B :  3276~1400 C E L M P t P ( P A T H ( I , 1 ) , P A T H ( I , 2 ) , 1 ) : C E L M A P ( P A T H ( I , 1) , P A T H ( I , 2 ) , 1 ) — L S U B
IF (CELMAP(PATH (I, 1),PATH (I ,2 ) , 1).GE .O)GO TO ‘420
CELMA P(PATH (I , 1) ,PATH (I ,2) , 1):CELMAP(PATH(I , 1), PAT H (I ,2), 1 )+LSUB

1410 L SU B : LSU B / 2
I F ( L S U B . L T . 1 ) GC)  TO ~l5O
GO TO 1400

‘~21) T F ( L S U B . i Q . ( 2 ’ 0 ( 1 6 - L A Y E R ) ) ) G O  TO ~430
}IOLD :HOLD-÷LSUR

14 3 0 GO TO 1410
14’40 CELMAP(PATH(I, 1)  ,PAT H (I ,2), 1 ):O

GO TO 1450
‘150 CELMAP (PA TII (I , 1), PATH (I ,2) ,1):HOLD
145 0 C O N T I N U E

C
C GET X&Y C O O R D I N A T E S  OF N E X T  W I R E  LIST P A I R
C

170 S T A R T X : C O N E C T ( N E W C O N , 1 )
~TARTY :CONECT (NEWCON ,2 )
ENDXsCONECT (NEWCON , 3)
E N D Y = C O N E C T ( N E W C O N , 14)

II



17 1
C
C IF AT END OF LIST , JUMP TO NEXT PA SS OR N E X T  L A Y E R
C IF ALREADY ROUTED , SKIP (COLUMN 5:1)
C IF P R E F E R R E D  ON A N O T H E R  LAYER , SKIP (COLUMN 6<)O)
C

IF(STARTX.LE .O)GO TO 350
NEWCON :NEWCON+ 1
IF(CONECT ((NEWCON— 1) ,5).EQ.1)GO TO 1470
IF(PREF.EQ .1)GO TO 148 0
IF(CONECT((NEWCON— 1) ,6).NE .O)GO TO 1470
GO TO 1490

1480 IF(CONECT ((NEWCON— .1) ,6).NE.LAYER)GO TO ‘47 0
C
C DETERMINE DIMENSIONS OF FRAMING RECTANGLE
C

1490 FACTOR:O
XDIFF :IAB S(STARTX-ENDX) 3
YDIFF:IAB S(STARTY—ENDY )
XADD :XDIFF/ 10
IF (XADD. LE .2)XADD:3
YADD YDIFF/1O
IF(YADD . LE. 2)YADD 3
X L O W : M I N O ( S T A R T X , E N D X )
XHIGH :MAX O(STARTX , EN DX )
YLOW :MINO (STARTY,ENDY )
YHIGH=MAXO (STARTY ,ENDY )

C NUMBER OF TiMES TO CONTINUE EXPANDING RECTANGLE
500 I F ( F A C T O R . E Q . T I M E S ) G O  TO 7~~0F A C T O R : F A C T O R + 1

T F R A M E :Y H I G H + Y A D D ’F A C T O R
BFRAME :YLOW—YADD ’FACTOR
RFRAME :XHIGH+XADD’FACTOR
LFRPtME :XLOW-XADD *FACTOR

C
C INITIALIZE ALL SEQUENCING FIELDS TO 0
C

510 DO 520 I:1 ,H ORDIM
DO 520 .J:1 ,V E R D I M
CELMAP (I ,J ,2):O

520 CONTINUE
C

-Si

—5- ----5- -5-- - - - - - 5----- - - - - __________________
- -- -----~~ - -~~ - - . 5  ,- - 
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* 0 0*  * 0 4* 0 * 0 * 0 * 0 0* 0 * 4 0*  * * *0*  4 4 0 4 0 4 0 0 0 0 4 0 0 0 4 0 0 0  * * * * , 0 4 0* * ** ** l 0 0 0 0 4 0 4 0 0

C ROUTING EXPANS ION SECTION
C
C’ 4 0 4 4 4 4 0 0 * 4 0 0 0 4 0 4 0 4 0 * 0 * 0 * 4 * 0 0 * 4 * 0 0 * 4 *  0 4 4 0 4 0 0 0 4 0 0 0 4 0* 0 0 0 0

C
C
C I N I T I A L I Z E  S E Q U E N C E  C O U N T E R
C

530 SEQUEN 2
C
C INITIAL IZE AVAILABILITY AND SEQUENCING FIELDS OF TERMINAL CELLS
C

CELMAP (STARTX , ST A R T Y , 2): 1
CELMAP (STARTX ,ST A R T Y , 1):r)5535
C E L M A P (E N DX ,END? , 1):655~ 5

C
NEW CEL(1 , 1):STARTX
NEW CEL( 1 , 2):STARTY
L E V E L : 1
NE~4BOT:2
N E W T O P :  1

C
C D E T E R M I N E  TH E FOUR NEIGHBORING (N ,E ,S,W) CELLS TO EACH CELL ON THE
C EXPANSION FRONTIER

5’IO L~~~EWBOT-1KOUTIT : 1
DO 550 I : N E W T O P , L

• ‘~JTCEL(KOUNT , 1):NEWCEL (T , 1)
~U [CEL(KOUNT ,2):\IEWCEL ( r ,2)+1
KOUNT :KOUNT+ 1
O U T C E L ( K O U N T , 1 ) : N E W C E L ( T , 1) + 1
OUTCEL(KOUNT ,2):WEWCEL(I , 2)
K O U N T : K O U N F + 1
O U T C E L ( K O U t I T , 1 ) : N E W C E L ( I , 1)
OUTCEL(KOUNT ,2):NEWCEL(I ,2)— 1
K 0 U U T :  K 0 U NT +1
OUTC EL ( KO IJ NT , 1) :N EWC EL( I , 1)— i
OIJTCEL(KOUNT , ’)=NEWCEL (I ,2)
KOUNT :KOUNT÷ 1

C H A N G E  T H I S  S T A T E M E N T  IF DIMENSIONS OF OUTCEL ARRAY ARE ALTERED
I F ( K O U N T . G T . 2 U O ) G O  TO 100

55) C O N T I N U E

C DETERM INE !F E A C H  EXPANSI ON CELL CAN DECOM E A NEW F R O N T I E R  CELL
) c

K G U N T :  K QU N -r — 1
M F W A D D : 1

C
DO 610 I :1 , K O U N T
X:OUTCEL(I , 1)

F Y~ OUTCEL (I,2)

I.
_______________ -- 

- - - ~~~~~~~~~~~~~~~~~~~~~~ - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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C DO C O O R D I N A T E S  F A L L  W I T H I N  B O A R D  A N D  F R A M E ?
IF(X.LT .LFRAME .OR .X .GT .RFRAME .GR .Y.LT.BFRA ME .OR .Y .GT .TFRAME)

1 00 TO 610
T F ( X . G T J - I O R D I M . O R . X . L T . 1 . O R . Y . G T . V E R D T M . O R . Y . L T . 1 ) G O  TO 0 10

C I S CELL U N M A R K E D ?
TF (CELMAP (X ,Y , 2).NE .O)GO TO 610

C IS CELL AVAILABLE ON PRESENT LAYER?
CTEMP:CELM.AP(X ,Y , 1 )
LSUB:32768

550 C T E M P :C T E M P - L S U B
IF(CTEMP.GE.0)GO TO 580
CT EM P CT EM P +LS UB

570 LSUB L S U B / 2
IF(LSUB.LT.1)GO TO 61 0
GO TO 560

580 IF(LSUB .EQ .(200 (16—LAYER)))GO TO 500
GO TO 510

C
C SET SEQUENCE FIELD IF GOOD
C
590 CELMAP (X ,Y ,2):SEQUEN

C
C ADD CELL TO E X P A N S I O N  LI ST
C

600 N E W C E L ( N E W B O T , 1 ) :X
NEW CEL (N E W B OT , 2):Y
HEWADD :NEWADD+ 1
NEWBOT :”IEWBOT÷ 1

C
C GO TO R E T R A C IN G SECTION IF THROUGH
C

IF (X. EQ. ENDX .AND.Y. EQ .ENDY)GO TO 630
C H A N G E  THIS STATEMENT IF DIMENSIONS OF NEWCEL A RRAY ARE ALTERED

IF(NEWBOT .GT.1500 )GO TO 710
610 CONTINUE

C
C GET READY FOR A NEW LEVEL OF EXPANSION
C

NEWADD :NEWADD- 1
NEWTOP :NEWBOT-NEWADD
N :NEWBOT-1
LEVEL=LEVEL+ 1

C
C IF E X P A N S I O N  L I M I T  R E A C H E D  I N C R E A S E  F R A M E  S I Z E
C

IF (LEVEL.EQ.EXPAND )GO TO 500
C
C INCREMENT SEQUENCE COUNTER
C

SEQUEN :SEQUEN+1
620 GO TO 5140

C

H

‘ 1
-- - -_%_ 

~~~- - - -- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _-—.5-—----
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C~~ 0 * *l * * * *0 0 * , N ’ 4 f t e f t, , * * * *0 * *, ,* *0 e * * * * *, * * *0 * *, 0 , * * *ø e * *I * * * * * *N 0 4, * *0 *
C
C R O U T T N G  R E T R A C I N G  S E C T I O N

p C

C
C

~~ 3(j  P i~~H (  1 , 1 ) :X
P A T H ( 1 , 2 ) :Y
P 1

C
C D E C R E M E N T  SEQ u ENCE C O U N T E R
C

6 140 S E Q U E N : S E Q U E N — 1
I F ( S E Q U E N . E Q . O ) G 0  TO 660
L$tSTX:X
LPISTY:Y

C
C D E T E R M I N E  N E I G H B O R I N G  CELLS TO PRESENT PATH CELL

T R A C E L ( 1 , 1 ) : P A T H ( P , 1)
TRACEL( 1 ,2):PATH(P ,2)+ 1
TRACEL (2, 1):PATH(P , 1)+1
TRACEL (2, 2):PATH(P , 2)
TRA CEL (7 , 1):PATII (P , 1)
T R A C E L (3 ,2):PATH (P , 2)— i
THACEL( 14, 1):PATH (P, 1 )— 1
T R f\C EL ( ‘I , 2) = PATH (P , 2’
P:P-s- 1

i~~ r T ;IT~ C T . 4 T E T 1 E N T  I F  D i M E N S I O N S  OF P A T H  A R R A Y  A R E  A L T E R E D
IF(~~.GT.2OO)G0 TO /20

C DETERMINE IF NEI GHBORING CELLS CAN BECOM E A NEW PATH CELL
C

DO 650 1:1 , 11
X :TRA CEL(I , 1)
Y T R A C E L ( T , 2 )

C DO C O O R D I N A T E S  F A L L  ‘~l I T H I N  B O A R D  A N D  F R A M E ?
T F ( X . G T . E I O R D I M . O R . X . L T . 1 . O R . Y . G T . V E R D I ~1 . O R . Y . L T . 1 )00 TO 650
I F ( X . L T . L F R A M E . O R . X . G T . R F R A M E . O R . Y . L T . B F R A M E . O R . Y . G T . T F R A M E )

1 r,0 T0 65f )
C r s  S - F I E L D  E Q U A L  TO PRE3ENT SEQUENCE COUNTER?

IF(CELMA P (X ,Y ,2).NE .SEQUEN)GO TO 650
C
C ADD CELL TO PSATH
C—

PAT U (P , 1):X
PAT !l (P ,2):Y

I P~~~T N T  OUT PAT H IF  T HROUGH
C

IF(X .EQ .STARTX.AND .Y.EQ.STARTy )GO TO (140
GO TO 6 ’4 O

650 CONTINUE
C

I
~.5 5~~ - - 
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C * **  * * * * * * *0 * * * ** * 0 0 * ** * * * * * ** * ** * * * ** * * ** ** * * * ** * * *0 * f t * * * * ** * * * * *$ * * * *~
C
C E R R OR H AN DLER
C

C
C
C R E T R A C I N G  E R R O R
C

1) 6 0  NEWCON =NEW CON - .1
NEWCON :NEWCCN+ 1
GO TO fl/U

C
C G R I D  S I Z E  E R R O R

670 W R I T E (5 , 1OLIO)
GO TO 1 1 3 0

C
C LAYER LIMIT ERROR
C

680 W R I T E ( 6 , 1050)
GO TO 11 -SO

C
C M I R E  LIST E R R O R
C

60 0 W R I T E ( 6 , 1060)
GO TO 1180

C
C
C 0 0 0 * *0 4 0 0 0 * * * * **4 0 0 0 0 * * * *0 0 0 0 0 4 0 0 4 0 0 4 0 0 0 0 0 * 0 0 0 0 * * ** * *  * 0 0 0 0 0 4* * * * * * *

C
C M E S S A G E S
C
C’ ’000 ’” ” 0 0 0 00 00 0 4 4 0 0 0 0 0 0 0 0 4 0 4 4 0 4 0  4 0 0* * ** * * ** * * ** * *0 4 4* 4 * 0 0 4* * *  *
C
C
C EXCESSIVE DIMENSIONS MESSAGES
C

~OO NEWCON :NEWCON-1
RITE(6 , 1070)NEWCON

NEWCON :NEWCON+1
GO TO ‘470

M O  N E W C O N : N E W C O N — 1
W R I T E (6 , 1080)NEWCON
N E W C O N : N E W C O N + 1
GO TO~~47() -~~

720 N E 4 C O N : N E W C O N — 1
W R T T E (6 , 1000)NEWCON
NEWCON:NFWC ’N+ 1
GO TO ‘470

C
C UNABLE TO ROUTE MESSAGE
C

730 N E W C O N : ’ 1 E W C O N — 1
W R I T E ( 6 , . 1 1 0 0 ) N E W C O N
NEWCON:NEWCON +1
G0 T0 1470

~~~~

- —

~~~~~~~~~~~

- — —-
~~~~~~~~~~~~~~~~~ - - - -~~~ _- _  ~~~~~~~~~~ -
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C
C PATH OUTPUT MESSAGE
C

7~ 0 NEWCON :NEWCON— 1
W R I T E (6 , 1110)NEWCON ,ST A R T X ,ST A RTY ,E N D X ,ENDY
CONECT(NEWCON ,5)=1
N E W C O N = N E W C O N + 1
NO : 1
N R O U T E = N R O U T E + 1
I P:P

75 0 W R I T E (6, 1120)PATH(IP , 1) ,PATH (IP ,2)
I P :I  P — i
T F ( T P . G T . O ) G O  TO 750
GO TO 90

C
C ROUTING COMPLETED MESSAGE
C

760 WRTTE (6, 1130)
L :O
DO 780 1 1 ,NUMCON
I F ( C O N E C T ( I , 5 ) . E Q . 0 ) G O  TO 770
GO TO 780

j  ~~~70 WR ITE (6 , 11’lO ) T
L:1

( 4 0  CO N T I N U E
TF( L .EQ .i)5O ro 790
W R I T E (6 , 115 0)

( 1 1 0  WR ITE (5 , 1160)
WRITE(6 ,11 (O)NROUTE ,NUMCON
GO TO 1180

I

- 
~~~~~~~~~~~~~~~~~~~~~~~ 

- __________________________
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C
C0000*0000004040**4400044444004440* *0000400404*0 40 * * * 4 0 4 0 0 0 0 0 4 0 0 4 00 0 0 0 0 0

C
C F O R M A T  S T A T E M E N T S
C
C**********4400******0040******00404*********044*****000*******’* 0 * 4 * 0 * 4 *

C
C
C ~N P U T
C

230 FORMAT (?OAC )
3 10 FORMAT (TO? , 14 , 111) ,  T T67 , 12 )
320 FORMA T (T 1 ,T1C .T~~)
830 F O R M A T ( 5 1 3 )
8 140 F O R M A T ( 7 I ~~)

C
C O U T P U T
C

850 FOR~~AT( 1X ,T’46, 10 (1HA) ,T61 , 11 ( 1HR) , T77 , 11 (lI-I P)/
li x , T~l5 , 1 2 ( 1  HP . ) , T(- 1 , 12(1 HR ) , T77 , 12 ( 1  N P )  /
21X ,T145, ’A A’ ,T55 , ’ A A ’ ,T61 ,’RR’ ,T7i , ’ R R ’ ,T77 , ’PP ’ ,T8T, ’PP’/
31X ,T’45 , ’A A’ ,T55 , ’AA ’ ,T61 , ’RR’ ,T71 , ’R R ’ ,T’7 , ’PP’ .T 8f , ’PP’)

r360 F O R M A T ( 1 X , T’4 5 , ‘ A 4 ’ , T55 ,  ‘ A A ’ , T6 1 , ‘ R R ’  , T’7 1 , ‘i ~R ’ ,T 77 , ‘PP’ ,T~~
’, ‘PP’/

l i x , 1149 , 12( 1H A  ) , T6 1 , 12( 1HR ) ,T77 , 12( fliP) /
2 1X , T 145 , 1 ?( l ilA ) ,T61 , ii ( 1HR ) , T77 , 1 1 C i M P )  /
3 1X ,TLI5, ‘AA’ ,T55 , ‘AA .T61 , ‘ R R ’  ,TC7 , ‘R R ’ ,T T ’ , P P ’ )

~ (O EORMA T( 1X ,T’45 , ‘AA ’ ,T55 , ‘AA ’ ,T61 , ‘R R ’  , T 6C ~ , ‘ R R ’  ,T((, ‘ P P ’ /
i i X ,T145,’A A ’ ,T55 , ’ t1J~’ ,T61 , ’RR ’ ,T09 , ’RR ’ ,T 7Y , ’PP ’/
21X ,T’45, ’AA’ ,T55 , ’AA ’ ,T61 , ’ R R ’ ,T70, ’RR’ ,T7T, ’PP’/
31X ,TLI5, ’A A ’ ,T55 , ’ A A ’ ,T61 , ’ R R ’ ,T71 , ’RR ’ ,T77 ,’PP ’)

880 E O R M A T ( / / 1X , T 13 ,  ‘ A U B U R N  UNIVERSITY ELECTRICAL ENGINEERING DEPARTM F
1NT AUTOMATED ROUTING PROGRAM VERSION 1 DECEMBER 1977’;

890 FORMAT (/////////f’OBOARD IDENTIFICATION: ‘ ,20A’4)
900 FORMAT( /’Ou-IOR IZONTAL DIMENSION : ‘ , I 3 , ‘ V ERTICAL DIMENSION :

113 , ’ LAYERS: ‘ ,12)
910 FORMAT(/’OCONsTRAJNTS : ‘ ,

il X ,T15 , ’FRAME EXPANSION FACTOR: ‘ ,Tl /
21X ,T15 , ’LEVEL EXPANSION LIMIT : ‘ ,13)

C
920 FORMAT(’ 1’ ,T245 , 10 (1H’) , ‘ W I R E  LIST OF ‘ , I14 , ‘ C O N N E C T I O N S ’ , 1 O ( i I I ~~) / /

11X , ’#CONNECTIoN NUMBER—COO RDINATES—ORDERING CRITERIA —L AYER PREFEF~F
2NCE(IF ANY)’//)

930 FORMAT( ‘ ‘ ,T2, ‘il ’ ,I’l , ‘ —. ‘ , i 53 , ‘ , ‘ , I ? ,  ‘ TO ‘ ,13, ’ ,’, 12 ,  ‘ — ‘ ,13)
9140 FORMAT ( ‘ ‘ ,T? , ‘1/ ’ , I14 , ‘ -. ‘ ,13 , ‘ , ‘ , T 3 , ‘ TO ‘ , T~~, ‘ ‘ , T 3 ,  ‘ — ‘

1’ — LAYER ‘ ,12)
95 0 F O R M A T (  ‘ + ‘ ,T115 , ‘ # ‘  ,TlI , ‘ — ‘ , 13, ‘ , ‘ , 13, ‘ TO ‘ , 13, ‘ ‘ ,T3, ‘ — ‘ ,I3)
96 3 F O R M A T (  ‘ + ‘ , T ’I S , ‘ / / , 114 , ‘ —. ‘ , 13 , ‘ , ‘ ,I ? ,  ‘ TO ‘ , T 3 ,  ‘ . ‘, 13 , ‘— ‘ ,T2 ,

1 ‘ — L A Y E R  ‘ , 12)
97 0 F O R M A T ( ’ + ’ , T87 , ’f/ ’ , I~4 , ’ — ’ , I 3 , ’ , ’ , I 3 ,  ‘ TO ‘ , 13, ‘ , ‘ , 13, ’ — ’ , I 3 )
980 FORMAT ( ‘ + ‘ ,T87 , ‘# ‘  , 1’4 , ‘ — ‘ , 13, ‘ , ‘ ,13, ‘ TO ‘ , 13, , ‘ , 13, ‘ — ‘ , 1~~,

1’ — L A Y E R ‘ , I 2 )
C

990 F O R M A T ( ’ l ’ , TSO , l O ( l H ’ ) , ’BLOCKADE C O O R D I N A T E S ’ , l O ( l H ’) , / )
1000 F OPI4 A T ( 1X , 10( 13, ’ , ’ , 13, ’

- - —S-~~~~~~~~~~~ — 
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1010  F O R M A T ( ’ 1 ’ , T51 , 1 O ( 1 H 4 ) , ’ L A Y E R  ‘ , 12 , ’ R O U T E S ’ , l O ( l H ’ ) )

1020 FGRMAT (////1X ,T5T , ‘40 R O U T E S  ON THIS L A Y E R ’ )

1O~~ FOR’ T (’0~~
? , I1I , ’****$FRROR *****RET RA CTN G ERR O R TN FINDING PREDECES

1I~~R TO C ELL ‘ , F ~~ ,
‘ 
,
‘ , T 

~/1XT22 , ‘PROC5:ED ~ NG 1 1  N EX T W I R E  L I S T  P A I P ’

1~~~ ) EORIAT ( ‘1 ’  ,/// 1X ,~ 10 , ‘40444ERROR 040 ~~~’~R ID :; 17.E roo SMALL’ !
1’O ’  ,T1O , ‘DIMENSTON S OF CELMA P A R R A Y  NEED TO BE INCREASE D ’ !
? 1 X ,T1O , ‘ (ALSO LI- TI TER IN STATEMENT T H A T  GEN ERA TE D THIS MESSAGE )

r
1051 FORMA T ( ‘1 ’  ,/// 1X ,TlO , ‘*****ERROR**** $L I~YER LIMIT OF 16 EXCEEDED’)

1000 Fi )RMAT( ’l’ ,///lX ,TlO ,i*****ERRUR* ****WIRE LT flT TOO LARGE’!
1 ‘0’ ,T1P , ‘DIMENSI ~~uS OF C -3NECT A R R A Y  NEED TO BE ~N C R E A S E D ’ /
21X ,T1O , (ALSO L MITER T N  STATEMENT Ti1~ T G E N E R A T E D  T H I ~’- M E S S A G E ) ’

J C

~O7 fl  F O R M A T ( ’ O / / ’ , 114 , ‘ — E X P A N S I O N  I N V O L V E D  TOo ‘—lANY ‘ELLS—WTLL TRY TO RO I J
lIE ON RE M AINI N G L A Y E R S ’ !
21X ,T8 , ‘(OR INCREAS E DIMENSIONS OF OUTCF .L A RRAY AND LIMITER TN STAT

~E M E N T  T H A T  G E N E R A T E D  T H I S  MESSAGE)’)

1 0q 0  FORMA T (’Oll’ , I14 , ‘ - E X P A N S I O N  I N V O L V E D  TOO MA N Y CELLS-WILL TRY TO ROV
1TE ON RE M AI N ING L A Y E R S ’ !
2 1 X . T0 , ‘ ( O R  T~~CR EAS E DT~~ENSTONS OF NE4CEL A R P A Y  A N D  L I M I T E R  IN STAT

I ’ 
~E’- T EN T T H A T  G E N E R A T E D  T H I S  MESSAGE )’)

C~~- ;-:i ~~- R’ ~A T (  ‘ -~~I/ ‘ , • ~ 
14 , ‘ --~~A H l  LE’ -IGTH TOO LC NG-- -:: LL T~ Y T O  ROU TE ON R E M A  INI

140 L’~Y E 3 3 ’ /
?1X ,T8 , ‘(OR 1UCRE~~5E DIMENS IONS OF P A T H  A R R A Y  A N D  L I M I T E R  T N  S T A T E M
:~~ 4T T H A T  G E N E R A T ~;D - r uT -~ ‘.IESSAGE)’)

(
S

1 1 0 0 ~ - 1R:-1 .AT (  ‘01’ ’ , I14 , ‘ - - U N A D L E  TO F I N D  A Pr 1ri I ON THIS LAYER’
1

11 1 1) E0R-T ~ T( ‘ O i l ’  , 114 , — THE PATh BETWEEN CELL: ‘ , I -
~~, 

‘ , ‘ , I ~~ , ‘ A N D  ‘ , 13 , 
—

1’ , ’ , I~~, 
‘ CONSISTS OF CELLS : ’)

1120 FORMA T( 1X ,T~~.’ , ’ ~~)

l l ~:O Ffl-~MAT ( ‘1’ .114 l r (  iiI~~) , ‘L I S T  OF C O N N E C T I O N : ;  NOT ROUTED’ , 1 ( : ( 1 H * ) / / )
1 1 1 4 )  FORMAT ( ‘ ‘I ‘ , I H )
1 iCY) F -P ’ -~~T (  lx , T~ 1 , $ 

~~~ CONNECTIONS ROUTE D

i 1  ‘~~ F~~R ’ .i 1 T  ( ‘ i ’ / / / /! ! / lx . i’i o , 10 (111* ) , ‘ R O U T I N G  no’~1P L E T E t - I ’ , lO ( lU’)
170 F-)R~iAT (///1X ,T5O , 1 14 , ’ O UL  OF ‘ , T 1-4 , ‘ CONNECT ION S RO (JTED’)

C’ 4 4 0 $ $ 4 * * 4 0 *  $ 0 * * * * 4 0 0 0 -* ~ 4 * * 4 0 0 * * 0 4 * 0 *  0 0 * it It $ -‘ * ~ * 4 0 0 4 4 M * II 0 * * *4  * * 0 * * * *4  * It 4

(.5

‘ 
1 1 ‘1 C O N T  I NT ’E

4 R T T E ( ( ~, 1 10 0 )
¶ 1’)~ ~~ k 11T( ‘1 ‘ )

I
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