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Abstract 

To a c c u r a t e l y e s t i m a t e t h e p e r f o r m a n c e of 
b i p o l a r c i r c u i t s , two c i r c u i t s i m u l a t i o n s y s t e m s 
u s i n g a t w o - d i m e n s i o n a l d e v i c e s i m u l a t o r have been 
d e v e l o p e d and c o m p a r e d . One s y s t e m u s e s t h e t a b l e 
m e t h o d , and t h e o t h e r u s e s t h e d i r e c t m e t h o d . 
S i m u l a t i o n s of an ECL g a t e i n v e r t e r c h a i n , and 
p r o p a g a t i o n d e l a y s i m u l a t i o n s of t h e two m e t h o d s 
were compared. 

1. I n t r o d u c t i o n 

Device s i m u l a t o r can s i m u l a t e d e v i c e b e h a v i o r s 
e x a c t l y because i t can r e f l e c t t h e d e v i c e s t r u c t u r e 
e x a c t l y and a l s o can s i m u l a t e p h y s i c a l phenomena 
a c c u r a t e l y . U s u a l l y o n l y d e v i c e c h a r a c t e r i s t i c s a r e 
e x a m i n e d and t h e c i r c u i t p e r f o r m a n c e i s e s t i m a t e d 
f rom t h e s e c h a r a c t e r i s t i c s . As a r e s u l t , a 
s i m u l a t i o n system t h a t e s t i m a t e c i r c u i t per formance 
u s i n g t h e t w o - d i m e n s i o n a l d e v i c e s i m u l a t o r i s 
s t r o n g l y d e s i r e d . 

One example of t h i s t y p e s i m u l a t o r i s MEDUSA[1]. 
In MEDUSA, o n l y a o n e - d i m e n s i o n a l d e v i c e s i m u l a t o r 
of b i p o l a r d e v i c e s i s i n s t a l l e d . T h e r e f o r e , we 
d e v e l o p e d two t y p e s of c i r c u i t s i m u l a t o r s u s i n g two-
d i m e n s i n a l d e v i c e s i m u l a t o r s . One u s e s n u m e r i c a l 
t a b l e s t o c o n t a i n t h e t r a n s i s t o r e q u i v a l e n t c i r c u i t 
e l e m e n t i n f o r m a t i o n . These t a b l e s a r e made from t h e 
s t a t i o n a r y s o l u t i o n s of t h e d e v i c e s i m u l a t o r . The 
o t h e r t y p e of c i r c u i t s i m u l a t o r s o l v e s c i r c u i t 
e q u a t i o n s d i r e c t l y by u s i n g t h e t r a n s i e n t s o l u t i o n s 
of t h e d e v i c e s i m u l a t o r . We c a l l t h e f o r m e r t h e 
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" t a b l e method", and t h e l a t t e r t h e " d i r e c t method." 
I n t h i s p a p e r , we p r e s e n t a n d c o m p a r e t h e 

s i m u l a t i o n t e c h n i q u e s of t h e s e two m e t h o d s . 

2 . S i m u l a t i o n Method 

F i g u r e 1 d e p i c t s t h e s i m u l a t i o n f low fo r c i r c u i t 
pe r fo rmance . The a n a l y t i c a l model in a c o n v e n t i o n a l 
c i r c u i t s i m u l a t o r h a s many p a r a m e t e r s wh ich a r e 
e x t r a c t e d from t h e d e v i c e s i m u l a t o r r e s u l t s . T h i s i s 
shown by t h e a r r o w s l a b e l l e d 1. However , t h i s 
p a r a m e t e r e x t r a c t i o n i s o f t e n a v e r y e l a b o r a t e t a s k , 
a n d d o m i n a n t f a c t o r s e s s e n t i a l f o r h i g h s p e e d 
o p e r a t i o n , f o r e x a m p l e , h i g h c u r r e n t i n j e c t i o n , 
d i f f u s i o n c a p a c i t a n c e , and t w o - d i m e n s i o n a l e f f e c t s , 
c a n n o t be d e s c r i b e d e x a c t l y by t h e a n a l y t i c a l 
t r a n s i s t o r model . 

The t a b l e method u se s n u m e r i c a l t a b l e s from t h e 
t w o - d i m e n s i o n a l d e v i c e s i m u l a t o r w i t h o u t e x t r a c t i n g 
model p a r a m e t e r s . Th i s i s shown by a r rows l a b e l l e d 
2 . 

The d i r e c t method d o e s n o t u s e t h e e q u i v a l e n t 
c i r c u i t , b u t s o l v e s t h e n o d a l e q u a t i o n s u s i n g 
t r a n s i e n t s o l u t i o n s of t h e d e v i c e s i m u l a t o r . Th i s i s 
shown by a r rows l a b e l l e d 3. 

Device Simulator 

EH 
Parameter Extraction 

Analyt ical Model 

Equivalent Circuit 

Nodal Equat ion 

I Output 

© Conventional Method 
(2) Table Method 
(3) Direct Method 

Fig. 1 Simulation flow to get circuit 
performance. 
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2.1 Device S i m u l a t o r 

D e v i c e s i m u l a t o r F L A P S { F u j i t s u L a b o r a t o r i e s 
A n a l y s i s Program of S e m i c o n d u c t o r d e v i c e s ) s o l v e s 
t h e f o l l o w i n g b a s i c semiconduc to r e q u a t i o n s . 

d i v ( Egradijj} =-q{ p-n+ND-NA ] 

d n / d t = 1 / q d ivJ n +G-R. 

d p / d t = - l / g d i v J +G-R. 
IT 

J n = - q n u n g r a d 4 > n . 

J p = - q p u p g r a d c t ) p . 

n = n i e exp{q/kT(\ lJ - ( t ) n )} . 

p = n i e exp{q/kT(( | ) p - i l j )} . 

(1 ) 

(2 ) 

(3 ) 

(4 ) 

( 5 ) 

(6 ) 

(7 ) 

( Start ) 

Calculate Table Elements 

± 4 NEV t OLD + A t 

V 

I 
VBEU) • VcE(t)l 

I Interpolate Table Elements 
i I 

Iu , Ic 
CCB.CEB 

A l e Ale A113 Ale 

AVOE ,AVUE ,AVCE , AVCE 

Fig. 2 Simulation flow of the table method. 
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Here, G is a generation rate term, and R is a 
recombination rate term, and cbn and d>p are quasi-
Fermi potentials of an electron and a hole 
respectively, and n i e is an intrinsic carrier 
density. These equations are discretized by a finite 
difference method and are solved using the 
incomplete LU decomposition conjugate gradient 
method[3]. This program is also vectorized for a 
vector processor. 

2.2 Table Method 

Figure 2 depicts the simulation flow for the 
table method. Before solving nodal equations, we 
must develop numerical tables for the equivalent 
circuit elements. In this method, we adopted the 
equivalent circuit shown in Fig. 3. Capacitances and 
current sources in this equivalent circuit are 
obtained from the two-dimensional device simulator 
solutions. 

COLLECTOR 
9 

BASE 

EMITTER 

Table Model 

Fig. 3 Equivalnet circuit of a bipolar transistor 
used in the table method. 

The current tables are obtained from the 
terminal currents of the base and the collector. To 
make the capacitance tables, the total charge Q in 
the device was obtained from the following relation. 

Q=Jpds, (8) 

From t h e d e r i v a t i v e s of t h e t o t a l c h a r g e w i t h 
r e s p e c t t o t h e t e r m i n a l v o l t a g e s , two c a p a c i t a n c e s 
a r e o b t a i n e d : 
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CEB=AQ/AVEB 

CCB=AQ/AVCB 

( 9 ) 

( 1 0 ) 

0.25 0.35 0.1 

0.05 

0.05 

0.6 

0.8 

EMITTER BASE 

n+ 10 2 0 

n~ 

n+ 

J 
P 

10 1 6 

10 1 9 

10 1 8 

COLLECTOR 

F i g . 4 S i m u l a t i o n s t r u c t u r e of a b i p o l a r t r a n s i s t o r . 

F i g u r e 4 i s a d iagram of t h e s i m u l a t e d s t r u c t u r e 
of a b i p o l a r t r a n s i s t o r . C o n s i d e r i n g symmetry, o n l y 
h a l f of t h e d e v i c e n e e d s be s i m u l a t e d . T h i s 
s t r u c t u r e has an e m i t t e r wid th of 0.05 urn and a b a s e 
w i d t h of 0 .05 urn. 

F i g u r e 5 i l l u s t r a t e s t h e t w o - d i m e n s i o n a l 
n u m e r i c a l t a b l e s of c u r r e n t s and c a p a c i t a n c e s . 
D i v i d i n g maximum c o l l e c t o r - e m i t t e r v o l t a g e of 2.5 V 
i n t o 12 e l e m e n t s and a l s o maximum b a s e - e m i t t e r 
v o l t a g e of 0.9 V i n t o 17 e l e m e n t s , t w o - d i m e n s i o n a l 
n u m e r i c a l t a b l e s of t h e b a s e c u r r e n t I t . and t h e 
c o l l e c t o r c u r r e n t I Q w e r e o b t a i n e d . The 17x7 
e l e m e n t c a p a c i t a n c e t a b l e s were made i n t h e same 
way. I r r e g u l a r s p a c e d e l e m e n t s w e r e a d o p t e d f o r 
i n c r e a s e d a c c u r a c y i n t h e h i g h c u r r e n t r e g i o n . 
V a l u e s of i n t e r - e l e m e n t p o i n t s a r e o b t a i n e d by 
l i n e a r i n t e r p o l a t i o n s of t h e l o g a r i t h m i c v a l u e s . By 
a v e c t o r i z e d program, i t took 33 m i n u t e s of CPU t ime 
f o r a F u j i t s u VP100 v e c t o r p r o c e s s o r t o make t h e s e 
n u m e r i c a l t a b l e s . 

E x t r i n s i c components , l i k e an e x t r i n s i c p o l y Si 
b a s e r e s i s t a n c e a n d a c o 1 1 e c t o r - s u b s t r a t e 
c a p a c i t a n c e , a r e a t t a c h e d e x t e r n a l l y t o t h e 
e q u i v a l e n t c i r c u i t of F i g . 3. 
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IC(V 
(a) 
CE'VBE^ 

(b) 
IB(VCE'VBE^ 

(c) 

'BE*VBE'VCB 

(d) 
CBC^VBE'VCB' 

Fig. 5 Numerical tables of the table method. 
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Generally, the nodal equations are expressed as 
follows. 

IIij=0 (i=1,N). (11 ) 

H e r e , N i s a t o t a l node number and I ^ i s a 
c u r r e n t w h i c h f l o w s i n t o t h e i - t h n o d e . T h e s e 
e q u a t i o n s a r e d i s c r e t i z e d w i t h r e s p e c t t o t i m e . 
D i s c r e t i z e d t ime i n t e r v a l s a r e be tween 0.2 ps and 5 
p s . We s o l v e d t h e s e e q u a t i o n s by Newton's method a t 
each t ime i n t e r v a l . 

In t h e Newton's method, n o n - l i n e a r c u r r e n t s of a 
b i p o l a r t r a n s i s t o r a r e l i n e a r i z e d as f o l l o w s . 

31 
I B - I B 0 + " 

B 

3V 
^VBE + 

BE 

31 B 
AV 

3V 
CE 

CE 

( 1 2 ) 

3 1 , 
I „ = I C0 + " AV 

3V 
BE + 

BE 

3 1 , 
AV 

3V 
CE 

CE 

( 1 3 ) 

( Start ) 

+ NEV + At 

VnE(t)+AVDI; 
Vc":!t) 

VDE(0 

VCE(I) 

I I 
VBE(t) 

VcE(t) +AVCE 

I Transient Simulation 

| AIH Ale 
I AV„i, .AV|,i: 

± ^ J 

I n . I c 
A I „ Ale 
AVci; ,AVci-

J_ 
Solve Nodal Equations 

1 
t 

(Stop) 

Fig. 6 Simulation flow of the direct method. 
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In t h e s e e q u a t i o n s , d e r i v a t i v e s of t h e c u r r e n t s 
w i t h r e s p e c t t o t h e v o l t a g e s a r e o b t a i n e d from t h e 
n u m e r i c a l t a b l e s by l i n e a r i n t e r p o l a t i o n of 
l o g a r i t h m i c v a l u e s . 

2 .3 D i r e c t Method 

C i r c u i t b e h a v i o r i s e s s e n t i a l l y a t r a n s i e n t 
p h e n o m e n o n . T h e r e f o r e , t h e u s e of t r a n s i e n t 
s o l u t i o n s i s t h e b e s t t o s i m u l a t e t h e c i r c u i t 
b e h a v i o r . F i g u r e 6 shows t h e s i m u l a t i o n f low f o r t h e 
d i r e c t method. C u r r e n t s and c u r r e n t d e r i v a t i v e s a r e 
o b t a i n e d from t h e t r a n s i e n t s o l u t i o n s of t h e t w o -
d i m e n s i o n a l d e v i c e s i m u l a t o r , and a r e used t o s o l v e 
t h e n o d a l e q u a t i o n s . 

F i r s t , t h e b a s i c s e m i c o n d u c t o r e q u a t i o n s (1)-{7) 
a r e s o l v e d t r a n s i e n t l y f o r t h r e e t e r m i n a l v o l t a g e s 
f o r e a c h t r a n s i s t o r by i n c r e a s i n g t h e t i m e by At . 
The b a s e a n d t h e c o l l e c t o r c u r r e n t s a r e t h e n 
o b t a i n e d . The b i a s c o n d i t i o n s f o r t r a n s i e n t a n a y s i s 
a r e shown i n T a b l e 1 . 

Terminal Voltage 
Base 
VBEU) 

VUE(t)+AVBE 

VB E(0 

Collector 
V C E ( I ) 

Vci;(t) 

VCEID+AVCE 

Terminal 
Base 

I D I 

1132 

I 133 

Current 
Collector 

Ic i 

1C2 

I c 3 

Table 1 . B i a s c o n d i t i o n f o r t r a n s i e n t s i m u l a t i o n s 

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

3 l i 

3 V BE 

31 B 

3v; CE 

I B 2 ~ I B 1 

AVBE 

I B 2 " I B 1 

( 14 

( 1 5 ) 
AV CE 

3 1 , 

3V BE 

L C 2 _ i C 1 
( 1 6 ) 

AV BE 
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3IC IC2_IC1 
(17; 

3VCE AVCE 

Here, AV B E is 0.01 V and AVCE, is 0.05 V. These 
calculations are performed for each transistor. The 
nodal equations are solved using these current and 
current derivatives. This procedure is repeated 
until the solutions of the nodal equations converge. 
When nodal equations converge, time is increased by 
At, and the calculations are repeated. 

In the table method, or the quasi-static 
approach, nodal equations are solved using the 
stationary solutions. However, in the direct method, 
or non-quasi-static approach, the nodal equations 
are solved using the transient solutions. The direct 
method is thus considered to be superior to the 
table model because the quasi-static approach is not 
used and purely transient phenomena can be 
evaluated. 

2.4 Determination of Circuit Elements 

To compare circuit speeds, the logic swing of an 
ECL gate is kept constant. In these simulation 
systems resistances in an ECL gate can be 
automatically determined by DC solutions of the 
table method when the transistor size is given. 

3. Comparison 

Assuming that exact solutions are obtained by 
the direct method, we examined the accuracy of the 
table method. Difference between propagation delays 
of an ECL gate was investigated. Propagation delays 
were obtained from the simulation of the three-stage 
inverter chain shown in Fig. 7. The ECL gate has an 
emitter follower and supply voltage of -3.1 V, an 
emitter follower supply voltage of -1.8 V, and a 
reference voltage of -1.2 V. 

Figure 8 graphs the output waveforms, simulated 
with the direct method, of this inverter chain when 
a step voltage with a 50 ps fall time was applied to 
the input terminal. The propagation delay per gate 
was obtained from the time difference between the 
output voltages of the first and the third stages. 
In this case, the propagation delay per gate was 57 
ps and the consumed power per gate was 3.08 mW. It 
took 3.7 hours of CPU time for a Fujitsu VP100 
vector processor to obtain this result. Figure 9 
plots consumed power dependence of the propagation 
delay for the two methods. 
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Fig. 7 Three-stage ECL gate inverter chain. 
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Fig. 8 Output waveforms of an inverter chain. 



137 

1 0 0 

<D 

E 
i -
>> 

a> 
D 

1 0 . 

I l ' „ ' '. 

o Direct 

* Table 

J 1 I i i i 

5 10 
Power (mW/Gate) 

Fig. 9 Comparison of propagation delay for the 
tabel method and the direct method. 

because extrinsic base-
also included in the 

The table model gives smaller propagation delay 
than the direct method in the whole power region. 
The difference between the two methods is larger in 
the high power region than in the low power region. 
The reason is that, in the table method, the time 
delay in the extrinsic base region cannot be 
exactly estimated, and because influence of the 
extrinsic base resistance is already included in the 
current tables, and also 
collector capacitance is 
capacitance CBC. 

Therefore, in the table method, the propagation 
delay discrepancy increases when it is determined by 
the time delay of extrinsic transistor elements. 

4. Summary 

We d e v e l o p e d two s i m u l a t i o n s y s t e m s wh ich 
es t ima te the performance of b i p o l a r c i r c u i t s using 
a two-dimensional device s imula to r . 

The t a b l e model using s t a t i o n a r y s o l u t i o n s g ives 
e x a c t s o l u t i o n s f o r DC a n a l y s i s . However , f o r 
t r a n s i e n t a n a l y s i s , i t g i v e s i n a c c u r a t e r e s u l t s 
e s p e c i a l l y in the high power region because of both 
t h e i n c o r r e c t e q u i v a l e n t c i r c u i t and t h e q u a s i -
s t a t i c approach. 
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The d i r e c t method i s c o n s i d e r e d t o be t h e mos t 
a c c u r a t e method t o s i m u l a t e c i r c u i t b e h a v i o r s , b u t 
needs much CPU t i m e . 

As a n e a r f u t u r e p r o b l e m , b o t h i m p r o v e m e n t s of 
CPU t ime i n t h e d i r e c t method and of t h e e q u i v a l e n t 
c i r c u i t of t h e t a b l e model must be done . 
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