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ABSTRACT 

A genera l  t echn ique  f o r  p r e d i c t i n g  t h e  FET 
l a r g e  s i g n a l  per formance has been developed. The 
techn ique  i s  based e n t i r e l y  on exper imen ta l  da ta  
( sma l l  s i g n a l  S-parameters a t  d i f f e r e n t  b i a s  
p o i n t s )  and t h e r e f o r e  i s  independent  o f  t h e  
s t r u c t u r e  o f  t h e  FET. Large s i g n a l  measurements 
c o n f i r m  t h e  v a l i d i t y  o f  t h e  model. 

I. INTRODUCTION 

Modu la t i on  doped FETs (MODFETS) have a l r e a d y  
been proven t o  have good n o i s e  per formance f o r  
microwave a p p l i c a t i o n s  (1). MODFETs a re  a l s o  w e l l  
s u i t e d  f o r  c l a s s  B a m p l i f i e r s ,  s i n c e  t h e i r  t r a n s -  
f e r  c h a r a c t e r i s t i c  can be approx imated b y  a 
p iecew ise  l i n e a r  cu rve  and t h i s  l eads  t o  a l a r g e  
s i g n a l  t ransconductance independent o f  t h e  s i g n a l  
l e v e l .  However, t h e r e  a r e  few l a r g e  s i g n a l  models 
a v a i l a b l e  and t h e  d e t e r m i n a t i o n  o f  t h e  parameters 
o f  such models i s  d i f f i c u l t  o r  r e q u i r e s  s p e c i a l  
equipment. Fur thermore,  t h e  models cannot be used 
c o n v e n i e n t l y  i n  common CAD programs. 

The model and measurement techn iques  p re -  
sented he re  overcome these  problems. So f tware  
requ i remen ts  i n c l u d e :  a program (1 i k e  TOUCHSTONE'") 
t o  f i t  an e q u i v a l e n t  c i r c u i t  t o  S parameter  data;  
a s imp le  l e a s t  square po lynomia l  app rox ima t ion  
program; and t h e  popu la r  SPICE f o r  n o n l i n e a r  t i m e  
domain s imu la t i ons .  Hardware requi rements a re  
b a s i c a l l y  l i m i t e d  t o  a network a n a l y z e r  t o  c a r r y  
o u t  t h e  smal l  s i g n a l  S parameter  measurements. 

11. NONLINEAR MODFET CIRCUIT MODEL 

A. C i r c u i t  Elements 

The n o n l i n e a r  c i r c u i t  proposed i s  an exten-  
s i o n  o f  a w i d e l y  used sma l l  s i g n a l  e q u i v a l e n t  
c i r c u i t  i n  which t h e  n o n l i n e a r i t y  o f  C g s ( v l )  and 
IdS(Vl,Vds) i s  t aken  i n t o  account  (see Fig. 1). 
I n  t h i s  c i r c u i t  I d s ( v l , v d s )  models t h e  n o n l i n e a r -  
i t i e s  o f  t h e  t ransconductance (gm) and t h e  o u t p u t  
conductance ( G o )  t h rough  Eqs. 1 and 2: 
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Figure 1 .A : MODFET model 

I Figure 1 .B : Small signal equivalent of Ids 

B. De te rm ina t ion  o f  t h e  L i n e a r  Element Values 

The va lues  o f  cds and t h e  e x t r i n s i c  elements 
have been determined f o r  a 3 0 0 ~ m  SONY MODFET by 
measur ing i t s  S parameters a t  VDS,VGS = 0 and 
f i t t i n g  i t s  e q u i v a l e n t  c i r c u i t  a t  t h i s  b i a s  p o i n t  
(F ig .  2 )  (2 ) ,  (3 )  (See Table 1). I n  o u r  model, 
o n l y  Cgs and I d s  a r e  a l l owed  t o  be v o l t a g e -  
dependent. To d e s c r i b e  t h i s  dependence we have t o  
a d j u s t  gm, GO, C s ,  R i ,  C d and cdc i n  F ig .  1 
t o  match t h e  2 parameaers a t  seve ra l  b i a s  
p o i n t s .  Only t h e  f i r s t  t h r e e  parameters a r e  
used t o  c h a r a c t e r i z e  t h e  n o n l i n e a r  b e h a v i o r  o f  
C s ( v l )  and Ids (V l ,Vds ) (4 ) .  The l i n e a r i z e d  equ iv -  
agents  o f  ~ i ,  Cgd, and cdc a re  found by ave rag ing  
t h e i r  va lues a t  t hese  b i a s  p o i n t s .  The ob ta ined  
va lues  a re :  
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Ri = 1.22 0; C = 0.0438 pF; Cdc = 0.0518 pF 
gd 
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Figure 2 Zero-bias equivalent circuit 

Table 1: L i n e a r  elements f rom zero b i a s  c i r c u i t  

Ld = 0.0741 nH Lg = 0.0478 nH L, = 0.0588 nH 

Rd = 1.39 n R g  = 1.36 n Rs = 1.22 n 

cds = 0.0219 PF Cpg = 0.0267 PF Cpd = 0.0371 pF 

C. De te rm ina t ion  of I d s ( v l & d  

Ids 

*4. ) 

"m 

Figure 3 Distribution of the bias points 

F i g u r e  3 shows t h e  d i s t r i b u t i o n  o f  t h e  b i a s  p o i n t s  
f o r  which a smal l  s i g n a l  e q u i v a l e n t  c i r c u i t  has 
been determined. I f  we assume t h a t  Ids(vl,yd,) 
can be expressed as a p roduc t  o f  two one-va r iab le  
f u n c t i o n s ;  i.e.: 

p q ( v l )  can be found f rom t h e  t r a n s f e r  f u n c t i o n  a t  

A t  t h i s  p o i n t  we can s e t  pd(VDS ) 1; then  
p g ( v l )  i s  f o r c e d  t o  t a k e  t h e  va8ue i  o f  t h e  
t r a n s f e r  c h a r a c t e r i s t i c .  From Eq. 2 and knowing 
t h a t  

lds(vTYvDSQ) = ( 5 )  

(VT b e i n g  t h e  p i n c h - o f f  v o l t a g e ) ,  we can w r i t e  

Pg('1) = I gm(uSVDSQ)dU (6) 
vT 

which a l l o w s  us t o  e v a l u a t e  t h e  VI dependence o f  
I d s  from t h e  measured g, a t  seve ra l  b i a s  p o i n t s .  
F i g u r e  4 shows t h e  va lues o f  gm measured 
f o r  VGS r a n g i n g  f rom -1.4V t o  0.4V 

= 2V and t h e i r  co r respond ing  va lues 
of and pg vDf o r  = ""? I d s  v~ ,VDSQ) )  found w i t h  Eq. 6. 

S i m i l a r  s teps  a re  taken  t o  de te rm ine  t h e  
dependence o f  I d s  w i t h  Vds: f rom Eqs. 1 and 3 we 
know t h a t  

GO(vGSQY 'ds) = Pg(vGCJ))Pi(vds) ( 7 )  
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FIGURE 4: TRANSCONWCI'AKE AND TRANSFER CURVE FUR Vde=VLSQ=2V 

T h i s  equat ion,  w i t h  t h e  c o n d i t i o n  pd(vDSQ) = 1 
leads  t o  pd f o r  t h e  nonzero va lues o f  vds: 

Also, s i n c e  Ids(V1,O) = 0, Pd has t o  be z e r o  f o r  

I n  Tab le  2, t h e  p r a c t i c a l  a p p l i c a t i o n  of 
Eq. 9 i s  shown: S t a r t i n g  f rom t h e  va lues  o f  
G~(VG~Q,VDS!  and p e r f o r m i n g  t h e  numer ica l  i n t e -  
g r a t i o n  i n d i c a t e d  i n  Eq. 9, t h e  va lues of pd(VDS) 
a r e  found f o r  VDs r a n g i n g  f rom 0.5 t o  4V. 

D. Polynomia l  f i t t i n g  o f  p,(vl), P , + ( V ~ ~ )  and 

Vds = 0. 

3 

f o r  c l a s s  B a p p l i c a t i o n s  

The approach d i scussed  so f a r  has a l l owed  us 
t o  d e s c r i b e  t h e  v o l t a g e  dependencies w i t h  one- 
v a r i a b l e  f u n c t i o n s .  What i s  needed now i s  t o  
express these  f u n c t i o n s  i n  a fo rm t h a t  can be 
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Table  2 - Determination of Pd(Vos) from O v t p u t  Conductance Data  (VGs = VGso - - 0 . N )  

VDS 0.5 1.0 2.0 3.0 4.0 

GO ( m s )  18.9751 8.2583 5.2548 3 . 7 4 4 7  3.4330 

VDS 

vDsP 

I Go(mA)  - 1 3 . 5 6 4 7  - 6 . 1 5 6 3  0 4.4445 8.0884 

Pd(V0s) 0.4408 0.7215 1 1.1855 1.3934 

handled by a CAD program. Our work has been 
focused towards g e t t i n g  a model f o r  SPICE,  whose 
use r -de f i ned  non1 i n e a r i t i e s  have t o  be expressed 
i n  po l ynomia l  form. 

There a re  seve ra l  methods t o  f i t  a polynomia l  
t o  a s e t  o f  data. Our cho ice  i s  t h e  one d e s c r i b e d  
by  Hayes (5) i n  which t h e  sum o f  t h e  squares o f  
t h e  r e s i d u a l  e r r o r  i s  m in im ized  by u s i n g  a sum o f  
o r thogona l  po lynomia ls .  Other  a l g o r i t h m s  as w e l l  
as commer ic ia l  s o f t w a r e  can be used f o r  t h i s  
purpose. 

Fo r  s i m u l a t i n g  c l a s s  A o p e r a t i o n  we need t o  
g e t  d a t a  a t  VT  < v i  < v and c a r r y  o u t  t h e  
f i t t i n g  o f  p g ( v l )  and C (??I? i n  t h i s  range. How- 
ever, f o r  c l a s s  B and ?opera t i on  i t  migh t  no t  be 
necessary t o  t a k e  measurements i n  t h e  whole range 
o f  va lues  o f  v i .  T h i s  i s  because we know 
beforehand t h a t  p (0) = 0 f o r  v i  < VT  and t h a t  
C g s ( v l )  behaves smoo&hly i n  t h i s  range. Advantage 
i s  t aken  of b o t h  f a c t s  t o  l i m i t  t h e  measurement 
range t o  VT < v i  < vlmax. I n  ou r  case we a r e  
i n t e r e s t e d  i n  c l a s s  B o p e r a t i o n  and ou r  dev i ce  
has VT = - l V  and vlmax = 0.4V wh ich  o u r  
c l a s s  B range -2.4 5 v l  5 0.4. 

E x t r a p o l a t i o n  o f  pg below t h e  p i n c h - o f f  
v o l t a g e  c o n s i s t s  o f  adding zeros a t  d i s c r e t e  
va lues o f  v . F i g u r e  5 shows t h e  process f o r  o u r  
p a r t i c u l a r  Ease (5.4uA rms e r r o r  w i t h  a 10 degree 
polynomi a1 ) . 
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FIGURE 5: POLYNOMIAL FITTING OF THE TRANSFER CURVE 

Note t h a t  f o r  t h e  l ower  va lues o f  v i ,  p g ( v l )  i s  
q u i t e  d i f f e r e n t  f rom zero. T h i s  i s  a t y p i c a l  
c h a r a c t e r i s t i c  o f  po l ynomia l  f i t t i n g ,  i.e. t h e  
( a b s o l u t e )  e r r o r  t ends  t o  be h i g h e r  a t  t h e  
extremes o f  t h e  f i t t i n g  i n t e r v a l .  Therefore,  we 

can expect  t o  have t h e  h i g h e s t  r e l a t i v e  e r r o r s  a t  
t h e  l e f t m o s t  extreme o f  t h e  t r a n s f e r  c h a r a c t e r i s -  
t i c  where t h e  c u r r e n t s  a re  smal l  bu t  t h e  f i t t i n g  
e r r o r  can be h igh.  To a v o i d  t h i s  e f f e c t ,  a few 
zeros were added a t  va lues o f  v i  l e s s  than  -2.4V. 

E x t r a p o l a t i o n  o f  C g s ( v l )  i s  more i nvo l ved .  
F i r s t ,  a c o e f f i c i e n t  m has t o  be found t o  f i t  
t h e  measured va lues  o f  Cgs t o  t h e  e x p r e s s i o n  

which can be l a t e r  used t o  f i n d  Cgs f o r  v1 < VT. 
F i g u r e  6 summarizes t h i s  process f o r  o u r  
p a r t i c u l a r  case (m = 0.474). A 3.8 f F  rms 
i s  ob ta ined  w i t h  an 8 degree po lynomia l .  

0 0 . 5  

V I  ( v o l t s )  

x : measured values 0 :  extrapolated values 

line: fitting polynomial 

FIGURE 6: FOLYNOMIAL FITTING OF CgS(V1)  AT VdS-VDSQ'2V 

? r r o r  

F i n a l l y ,  Pd(Vds) has t o  be i n t e r p o l a t e d  t o  
t h e  va lues shown i n  Table 2 and t h e  p o i n t  pd (0 )  = 
0. Note t h a t  s i n c e  i n t e r p o l a t i o n  i s  a p a r t i c u l a r  
case o f  po l ynomia l  f i t t i n g ,  t h e  same so f tware  t h a t  
has been used t o  f i t  p ( v i )  and C g s ( v l )  can now 
be used t o  i n t e r p o l a t e  pdqvds)-  

111. EXPERIMENTAL RESULTS 

Measurements a t  10 GHz on a SONY MODFET 
2SK677H5 were made t o  c o n f i r m  t h e  t h r e e  b a s i c  
n o n l i n e a r  e f f e c t s :  

0 N o n l i n e a r i t y  i n  Cgs 
o 

o 

N o n l i n e a r  dependence o f  I d s  w i t h  Vds 

N o n l i n e a r  dependence o f  I ds  w i t h  v1 

The accuracy o f  t h e  n o n l i n e a r  behav io r  of Cps(vl) 
was checked by measuring t h e  l a r g e  s i g n a l  11 and 
comparing i t  w i t h  s imu la ted  data. T h i s  i s  shown 
i n  F i g u r e  7, where t h e  measured c l a s s  A and 
c l a s s  B S11 a r e  compared t o  t h e  c a l c u l a t e d  ones 
f o r  two va lues o f  i n c i d e n t  power. 
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FIGURE 7: LARGE SIGNAL SI 1 

Vas - -0.31V 

0 Measured Class B Vos - 3 V  vas - - lv  
Slmulaled Class B 1 PIN lnln - -5.86 dBm PIN - 9.14 dBm 

-The arrows lndlcale Ihe change In S11 wilh Increasing PIN 

S i m i l a r l y ,  t h e  l a r g e  s i g n a l  S22 i s  expected 
t o  be s e n s i t i v e  t o  t h e  n o n l i n e a r  dependence o f  
I d s  w i t h  Vds. F i g u r e  8 shows c o m p a r i t i v e  r e s u l t s  
o f  t h i s  parameter  a t  two b i a s  l e v e l s .  ( T h i s  
parameter  showed l o w  s e n s i t i v i t y  t o  t h e  i n c i d e n t  
power). 

FIGURE 8: LARGE SIGNAL S22 

Measured) VoS - 3V ; VGs - -0.31V 
Simulated 

-1ncldenl Power: PIti - 4.14dBm 

-The arrow Indicates the change In S22 wilh lncreaslng Vos 

F i n a l l y ,  t h e  accuracy i n  t h e  modeled t r a n s f e r  
c h a r a c t e r i s t i c  was checked by  comparing t h e  
measured DC c u r r e n t  generated i n  c l a s s  B o p e r a t i o n  
t o  t h e  c a l c u l a t e d  value. Th is  i s  shown i n  F i g u r e  9 
and again, good agreement i s  found. 

I V .  CONCLUSIONS 

x: measured solid 1im:calculated C u r r e n t  i n  mh 

-8 -4  0 4 

Power  i n c i d e n t  i n  dBm 

P1GUQ.E 9:  DC "T GENERATED IN CIASS 8 OPERATION 
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