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Abstract

Thermal-noise calculations for both junction-gate and m.o.s. field+ffect transistom are performed using a
straightforward circuit-analysis technique based on the equivalent circuit. Expressions are obtained for

$, i! and the correlation coefficient of i, and id at moderately high frequencies. A comparison with van der
Zielrs results for the bulk f.e.t. shovvs that the expression for the gate noise can be simplified considerably
and that the expression for the correlation coefficient c is in error. The correct cxpression for c is given in
terms of van der Ziel's equations and is also presented in simplified form. Approximate expressions for the
noise factor of both bulk and m.o.s.f.e.t. amplifiers are presented in a form convenient for comparison with
experimental measurements. It is found that, for the model under consideration, at higher frequencies the
thermal-noise performance of the m.o.s.f.e.t. is similar to or better than that of the bulk f.e.t., for comparable
gate capacitances and transionductances.

List of symbols

For junction-gate f.e't.
a : halfchannel height, defined in Fig. I
c : correlation coefhcient, defined by eqn. 25

c, : maginitude of correlation coefficient
Ct : gate-source capacitance of intrinsic devb,

defined by eqn. 4
C2 : gate-drain capacitance of intrinsic device, defind

by eqn. 5
Cr, C,: capacitances, defined bY eqn.22

Cc" : total gate-source capacitance, including strays
Csa: total gate-drain capacitance, including strays

C,:  Cg,*  C.ga
,f: cyclical frequencY

,fo: break frequency of the spot-noise factor, defined
by eqn. 38

f {y, z), fz(y, z), ft(y, z) : functions of the direct-bias condi-
tions, defined by eqns. 4 and 5

F: noise factor, defined by eqn. 37
F^in: minimum noise factor, defined by eqn. 40

Fcn : contribution to noise factor due to channel noise,
defined by eqn. 36

g{y,z): function of bias conditions, defined by eqn. 23
go : output conductance, defined by eqn. 2
g- : transconductance, defined by eqn. 3

8'mo : maximum transconductan@, defined by eqn. 7
icn : noise cuff€nt into gate resulting from thermal- 

noise of R"
is : gat€-noise current resulting from thermal noise

in channel
ia: thermal-noise current from the conducting

channel
i4, -- total noise current in short-circuited drain

id,R : noise culTent at drain due to thermal noise of R,
I a : direr;t drain current, defined by eqn. I
k : Boltzmann's constant
L : active channel length

N. : ionised-impurity density in channel
p : function of bias conditions, defined by eqn. 23

P(f') : power spectrum, defined by eqn. 30
PrUl : power spectrum of total output-noise current
P aU) : power spectrum of drain-noise current due to the

. t -

Q ( l , z ) :
R t , R , :

signal source conductance
magnitude of elecronic charge
function of gate bias, defined by eqn. 16
resistances at the point x in the channel, defined

by eqns. l0 and ll
Rn : eguivalent noise resistance, defined by eqn. 18
R8: gate resistance

R*or,: gate resistance which minimises noise factor,' 
defined by eqn. 39

.t(/) : Fourier spectrum of the noise currenl j(r)
defined by eqn. 29
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t : channel breadth
T : absolute temperature, K

Vr, : dbect gate-source voltage
Var: dkect drain-source voltage

dV^(x): thermal-noise voltagc generated by a lcnSfh of
channel dx at x

W : gate-+hannel potential at a point r in theclrannel
Wa : gateahannel potential at drain
Ws : gate-+hannel potential at source
W, : pincholT potential

x : distance along channel from the source
y :  W a l W o
z :  W J W p
d : conductivity of channel material

116 : equilibrium contact potential
I (l 1 7ztt21

Y: j  0 +Ti i4

For m.o.s.f.e.t.
c' : correlation coefficient, defined by eqn. 56
ci : magnitude of correlation coefficient
Ci : gate-source capacitance of intrinsic device

defined by eqn. 4l
C) : gatedrain capacitance of intrinsic device, dcfined

by eqn. 42
C"r, C|a : total gate-source and gate-drain capacitarrccs'

respectively
Co: : oxide capacitance per unit length of channel

Cs :  L 'C "
ci : cL, + c;d
4 : bltak fre-quency of the noise factor, defined by

eqn. 60
F' : noise factor, defined by eqn. 59

FLto : minimum noise factor, defined by eqn' 62
Fi1, : contribution to noise factor due to channel noise,

defined by eqn. 58
gj : output conductance, defined by eqn. 43
g,l, : transconductance, defined by eqn. 44

C* : transconductance at pinchoff, defined by eqn. 48
g(u s,a d) : function of bias conditions, defined by eqn. 54

i: thermal n6ise due to conducting channel
i": gate noise due to capacitive coupling with- 

channel
L' : active channel length
Rl : equivalent noise resistance, defined by eqn. 50

R"op, : gate resistance which minimises noise factor,
defined by eqn. 6l

I,, : thickn"tt of o*id" insulating layer
u. : gate-channel potential at source
uo : gate{hannel potential at drain

Vr, : diret gate-source voltage
V), : ditert drain-source voltage
Zr: threshold voltage
Z : device breadth

€ox : permittivity of oxide insulating layer
pt : carrier mobility in channel
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I Introduction
Thermal-noise calculations for both junction' and

insulated-gate field-cffect transistors have bcen prescntcd by a
number of authors.l-5 Since that time, additional work on the
small-signal equivalent circuits of these devices has been
published.6. l0 The purpose of the paper is to demonstrate
that thermal-noisc calculations can be performed simply by
using an equivalent-circuit approach rather than by reverting
to fundamental considerations of device operation' Results
are presented in a compact form for both junction- and
insulated-gate deviccs.

2 Junction-gate f.e.t.

2.1 Equivalent circuit
A cross-section of an f.e.t. is shown in Fig. l. The

device can be divided into an 'intrinsic' portion involving
the active channel and an 'extrinsic'portion, which accounts
for stray capacitances and parasitic resistances as illustrated.
Reddy and Trofimenkoff6 have derived a small-signal equiva-
lent circuit for the active device, which takes the form shown
in Fig. 2. For frequencies well below the cutoff frequency ofthe
f.e.t., the resistances 11 and 12 are negligible compared with
the reactances of C1 and C2, and /q is very small, so that the
active channel may be represented to a good approximation
by the circuit shown in Fig. 3. ShockleyT has shown that the
direct drain current. /a is given by

(  t W  \ t t z \  d Wra: -  2oat\t  -  
\ i l  J;  

(r)

where o : conductivity of the channel material.

, l

cxtrrnsrc
copocrtonces

F intrhsk*t ednnsrc
i <lcvice I copoc ltonces
r  i  A ,

Utilising eqn. l,' it is easy to show that thc output conductancc
go is given by

s.:ry{'- (a)' ' ' . | i
and the transconductance g- is

r-:Y {(k\" '  -  (Y:\ ' ' ' )  (3)6m L  l \we l  \we /  )

It should be noted that

l l/,: ss * vgs

Wo: {o * Vr, - Va,

where I/"" and Vu, are the gate-source and drain-source
voltages, respectively, and ls is the equilibrium contact
potential.

Van der Ziel2 has derived expressions for the gate-source
capacitance Cs and the gate-drain capacitance C2 in terms of
device dimensions and bias conditions as follows:

-?qNpLt fz$,z)ct: 
-Lsi= (4)

-2qNcaLt h(y,z). z :  W ,
where

fzQ,z) --

{l(rttz _ ,tr\ _tOz _ zzl,t(t _ ztt\ _ fr(y,z)(ztt2 _ z)
f?{'Y' z)

f {v ,z ) :

{_ + 03 t2 -,3 t 2,, + * (y2 - zrl(t - yt t 2) + / {y, zXyt t z - y)

f?(v, z)
)

f{v,z) : (v - 4 - ijtt ' 
- z3t2)

and y : l4/a||/,

z :  W J W .

At Pinchoff, Wa : Wp, so that.Y : I and

s o - o  ( 6 )

o m o ( - ,rrz1 (7)

-3qN,aLt ( l  + zt l2lc, :3f f  i  +TJt- \ ,  
(8)

Cz:  O  (9 )

It can be shown that, at moderately high frequencies, the
effects of the parasitic resistances R, and R, are negligible,
so that stray capacitances from gate to source and gate to
drain appear directly in parallel with Cr and C2, yielding a
modified equivalent circuit for the complete device, as shown
in Fig. 4. Tt.e capacitances Cr" and Cs4 rePresent the total
gate-source and gate-drain capacitances, respectively.

Fig .  4
Modified eq uivalent circuit includi ng stray capaci tances
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Fig. t
Bulk f-e.t with bias voltages applied

Fig. 2 
3

General form of intrinsic equivalent circuit

Fis.  3
Simplilied equivalent circuit for the active channel
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L2 Thrrmrhnolroctlcrhdonr
Trofimenkofft has presented a method of evaluating

the short{ircuit drain-noisc culreJrt by splitting the transistor

I
b

Fig. 5
Split-transistor technique
a Schcmatic of bulk f.c.t.
, 2-traNistor rcprdcntation of f.c.t.

at a point x in the channel, as shown in Fig. 5. The resistances
.R1 and R, are given by

! : ' : ! { '  -  (L\ ' ' ' \  ( ro)
R ,  x [ ' \ W /  J

|  2oat  ( -  tW t t t2 \
^ , :  , - -  ' { '  

-  
\ * r )  J  

( l l )

The thermal noise associated with the resistance of a length of
channel dx at x is given by

7W:

where A7: equivalent noise bandwidth of the system.
The contribution to the drain-noise current may then be
expressed as

i;t ilW* ' :6ft  ! t : t
Substitution for dx from eqn. l,forW from eqn. 12, and
integration from the sourc€ ( Itl : ltl,) to the drain (W : W al
yield the mean-square drain-noise current in a bandwidth
Lf:

.  oat  l (v  -  z)  -  ! (y ] t2  -  z3t2)  + t ( f  *  z \ )
i2 :  skT\ f  

- ;
- d  - - - - "  

L  f { y , z ' t
.  ( t 4 )

in agreement with van der Ziel'st results.
At pinchoff,

E:  +kr t ' fe-oQ(1,  z l  (15)

|  ( l  -  3zt l21where Q(t ,zt :  1 ' fu,a 
(16)

The equivalent noise resistance at the input may be obtained
by writing

Q: &rn,g,^"Lf .  (17)
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Equating cqn. 15 and cqn' 17 Yalds

o  _  Q ( l , z )  ( t E )l r r :  _
' '  

9mo

where Q(1, e) is of the order of 0'6 for normal bias conditions'

2.3 Gaie noire
An extcnsion of the split-transistor technique may be

used to calculate the gate noise which results from capacitive
coupling with the channel at moderat€ly high frequencies.
The intrinsic capacitances are included in the 2-transistor
equivalent circuit, as shown in Fig. 6. It should be noted that

o,o.u1o) r,
s t : 3

R t I' C 1
R "

c r

L

I

d"=d

st?, zl (23)

Fis.  6
2-transistor representation for gate-noise calculations

the source and drain terminals are a.c. short-circuited to the
gate, eliminating the effects of stray capacitance.

If it is assumed that capacitive currents flowing to the gate

are small in comparison with conductive currcnts flowing
through the channel, the channel current can be assumed to
be constant. If this is the case, the voltage at d1 is given by

dv1 :  R l i a  (19 )

and the voltage at s2 is

dvr: - p,4'o

dV,(x)
wnere ald : (R, + RJ

Using eqns. l9 and 20, we can show that the incremental gate

current di" is

di,: 4Y,1*rr-{.,() - ,,(:+)} Q2)

where c, : 'y,t '( t)tr(#, #,)

and ,,-ry(?)offi,#,)
The function tt (#r,%%) . obtained bv replacins v bv

(ft1t"eqn. 5, and ,r(#,' #,) t" oot^'ned bv replacing z

* (#) in eqn. 4

Substitution of appropriate values into eqn. 22 and integra-
tion from source to O*,...?:,0:,.

(20)

(2r\

(12 )

t k -

4kT\fu2C2t(t= ztt2)

s^1f310, z\f1U, z\
where

c{y,z): f,f {(y - z)-:- I it: ' .2 - ,2) - !1tttz - tttzl}
- 2p{1(y3t2 - z3t2) - (f - tz) + 1.(ystz-- z5t2)
-r {IUx - z2) - t }st, - tst21 * + (y3 - r3)}]

,  i ( y t t z _ r 3 t 2 1  _ I t f  _ z 2 l
a n o  0 : @

again in agreement with van der Ziel's results.2

At pinchoff, b(y,z) may be simplified to yield

E  l { - 7 z t t 2 1
ildFnAel: s tlTtz;rzt 

Q4)

This result is much simpler than that presented by van der
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Ziel,2 and it can, tre shown that the two expressions are
identical.

2.a Correlationcoeficient
The degree of correlation between the gate and drain

noise is expressed in terms of a correlation coefficient defined
by

ffi (2s\

A nodal analysis of the circuit yiclds

0. + ir!)Wy.j:ucso, 
Gzyldt  --  ld

On replacing currents by equivalent current spectra in eqn. 32,

F ig .  7  
3

Simpte l.e.t. amplifier with R7 4 Ilgs, showing the)mal-noise sourcr

taking the product with the complex conjugate and perform-
ing the averaging procedure and noting that i" and i, are
correlated, it can be shown that

;T  -n  ( , ? . -  i T * l ( s r ^ " - t o2c lo1n j
u ' ' t  I  - { o R r ( C r r + C r a ) 1 2

( ^ \
- 2c,G4ltr2n?\as^"Gr, -r cla) - 

T I

g  :  j c , : {4n')
Taking the product of eqn. 2l with the complex conjugate
of eqn. 22 and integrating from source to drain:

4- _ -4kT^fia2qN"aLt, ,t i la -- --W{y_- lpl-(y - zt

-  + (y3 t2  -  z3 t2 l  -  t ( f  - , 2 ) )  *  l ( y3 t2  _  -3 t2 )

-  ly2 -  , t l  '?1rstz  -  zst2 l f  .  e6)

Substitution of eqns. 26,23 and 14 into eqn. 25 and setting
y : l yields

-  j (  +  6z t t 2  -  3z )c: 
lnl;)v2{5(t -,-];rt{]TTfnDn Q7)

Van der Ziel has obtained an expression for c which is more
complicated and which does not agree with the numerical
data.2 The expression in its corr€ct form is given by l

f r '  * 4ztt2, -

and it can be shown that this reduces to eqn. 27.

2.t Figure of merit
The spot-noise factor is the most commonly used

figure of merit for evaluating the noise performance of an
amplifier and may be expressed as

O _ total output noise power
output thermal noise power due to the source

Similarly, the mean-square contribution to the output currenl
from the gate resistance is given by

:T' d t R  - (34)

Substitution of eqns. 33 and 34 into eqn. 3l yields

|  ( l  + 3ztt2)2
n 1a 2jr4

- f r ' - \  -1 l /

s'tr\jl

The noise power is usually described in terms of a power
spectrum, which gives the mean-square noise voltage or
current per unit bandwidth. In order to obtain the power
sp€ctrum of a random stationary process such as thermal
noise, a transformation from the time domain to the fre_
quency domain and a suitable averaging procedure are
required. Montgomerye shows that it is possibie to replace a
steady-state noise current i(r) by a Fourier sp€ctrum defined
by

Q0, zt( l  -  <,r2R?c?)_ .-2c?QQ, z, tyR,

s-^n.h - /-c'r\ ' f *mo
- -  " (  

\ g ^ o /  )

- 2c rR rutz C rr,qrt, rry' rr, (t: r:ffd)-----------7-

r. ' {r  "  (*) ' }
(35)

conductance F  - t :
(28)

(2e).s(.f): #rJ,',Ily ,*0,
where 7'is any finite time interval. The power spectrum is then
obtained by noting that

: 2

P(f ):;: I E{s*(f)s(d}de . (30)
r t

where E denotes the expected value, and the asterisk denotes
the complex conjugate. The noise factor may then be written
as

- PrU)
' :  p * ( f l  ( 31 )

where P7(f): power spectrum of the total output noise
current

P nU ) : power spectrum of the noise at the output due
to the signal source conductance only.

The equivalent circuit of a simple amplifier including noise
sourcts is shown in Fig. 7, where the symbols are as defined
in the list of symb-ols.
r 866

where C, : Cr, -r Cga

^ r _ � l ( l - 7 t ' l z \'  5 ( l  + 3 z t l 2 )

The first term is the contribution due to channel noise, the
second is due to gate noise, and the third is a result of
correlation between irand, io.It should be noted that C, is the
gate-drain capacitance for the intrinsic portion of ttri f.e.t.
only, while Cg4 repres€nts the total gate-drain capacitance,
including strays.

_ At moderately high frequencies, <tt ( g^olCga, and, if
Rr_)^llg.^o,. the term <oCralg^o is much- smiller than
aRrC,, so that the chanirel-noise contribution is approxi-
mately given by

(36)

A comparison of eqn. 36 with the contributions due to gate
noise and correlation shows that the channel-noise term
dominates, provided that C1 ( C,, which is always the case,
so that

r - ,  Q ( . 2 ) [ ,  f " / l r ' lf : t - .
g^oRs [ \ lol .J
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l
where /6 : frf'., 

(38)

The gate resistance that will minimise the noise factor is found

by differentiating eqn. 35 with r€sp€c! !9 {r "na equating the

rcsult to zero. Again, at moderatcly high frequencies and for
values of Rr) l lg^o,

At pinchoff,

F:Zkra,rs'-,,
. 2 l

a n d  n ' ^ : t =  ( 5 2 )
- o f f i

The mean-square value of the gate-noise current is given by

-it aT32krLfc|l7:sv;ffivs(u"uat (53)

where Cs -- L'Co,
and

s{u,,ua) ::&4n* 3(ul ',- u2)(a3, - ,)) + 2r1z'l - r'})
(54)

At pinchoff, aa: O

, 7i, & @2kT^fC6 ,..,anq ,s '  :  r f<
6 m o

The correlation coefficient is independent of bias conditions
for the pinchoff case and has a value

,' : ici - I"16 : o'3ssi '

aC
F^ ina  I  -  2Q(1 ,  z l l ) - t

6 m o

Since the optimum gate resistor R, oo, is frequency-dependent,
it is not possible to minimise F over a large range of frequencies
using a fixed R".

3 Metal-oxide-semiconductor f.e.t.

3.1 Equivalent circuit
The equivalent circuit for a metal-oxide-semi-

conductor f.e.t. takes the same form as that for the junction-
gate f.e.t., as shown in Figs. 3 and 4. In order to avoid con-
iusion, primed values will be used to distinguish the m.o.s.f.e.t.
parameters from those of the bulk f.e.t.

Using the transmission-line equations derived by Candler
and Jordan,lo a small-signal equivalent circuit has been
derived for the device, and the compon€nts have been ex-
pressed, in terms of bias conditions and device dimensions as
follows:

I
RcoN = 

;e ,
(3e)

and the minimum noise factor is given by

(40)

(41 )

(42)

(43)

(44)

c ; :  o

c ; :  a

, PCor ^-g^o: rf ,, . (48)

Thermal noise

The procedure involved in calculating the noise

Utilising the expressions for the thermal-noise generators
given by eqns. 49 and 53, the excess noise factor for a simple

amplifiir similar to that shown in Fig. 7 may be written in

exact form as

Z (t = (orR-Cj)2] 16 @2RsC&
F ' - t - -  - !'  ' - 3 e ^ , R r \ , _ f y s g l ' l  r r )  8 ^ o

l '  \  c ; , /  )

( , -  c h  \
2 @zRsCoC't Y g^,Rrci/-t--i;:F:rm

) (.us -r 2ua)cl:  3Co,L' �u, ' f f i ,
't (2a" * ua)

C;: tCo,L'uoO*-r;

,  p.C^.
8": '17-  uu '

u;: t9- @, - ua)o m  
L ,

c 7
where Cr" : 

i

It should be noted that

u , :  V [ ,  -  Vr

ua: V'r" - V), -  Vr

At pinchoff,  aa: O

a n d  C |  : 1 C o , L '

where C/ : Cr, + Cro
The first term'is the ibntribution due to channel noise, the

second is that due to gate noise, and the third is that due to

correlation.
As for the bulk f.e.t' at moderately high frequencies'

a 4 g^JC'sa, so that the channel-noise contribution is

approximately given bY

F,, : _:_ q1 + 6nrc)2\ (58)'  ,h  -  
3g '_oRr ' '

For Rn > | I S;* it is found that the channel noise dominates'
providid ttrai'dj > Cq, which is usually the case, so that the

noise factor F' is

(56)

(5e)

(45)

(46)

F'= |  *  dUr{,
- (k)')

3.2

camponents for the m.o.s.f.e.t. is identical to that for the
bulk f.e.t. just described. In order to avoid repetition, only
the final results are quoted.

The thermal noise of the conducting channel may be
written as

I
where /i : 

nn-r; 
(60)

Using a procedure similar to that for the bulk f.e't', it is found
that lhe optimum R* which will minimise the noise factor is
give.r by

p '"gopt  
_C;

yielding a minimum noise factor

.  4 u C
F '  -  l : -  I - 1 t' m i n - ,  

1 o ,-  o m o

( 6 1 )

(62\
8 @? , t) su.t T 1)2dl

# : ;kr^ ' fg-

yielding an equivalent noise resistance

2  |  1 u ! - a , u a + r f i )n': t r; 
-@ - uil-
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4 Gomparison of results

A comparison of eqn. 62 with eqn- 40 shows that the

minimum noise factor for the m.o.s.f.e.t. is nearly the same
I 867
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as that for thc bulk f.e.t., provided that the transconductances
and input capacitances ane companble. It is possible to
obtain m.o.s.f.e.t.s with high transconductance and low input
capacitance, so that, for the model under consideration, the
thermal-noise performance of the m.o.s.f.e.t. at higher fre-
quencies is expected to be as good as or better than that of the
bulk f.e.t.
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