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High-Frequemlcy MESFET Noise Modeling
Including Distributed Effects

WOI.,FG)JWGHJ31NRIcH, MEMBER, IEEE

Abstract —A microwave FET noise analysis is presented including dis-

tributed effects caused by the wave propagation :along the gate width

direction. Using this model the noise characteristics c~f submicrometer-gate

MESFET’S at frequencies beyond 20 GHz are evaluated. We found that,

in the case of well-designed qnarter-micron LN-MESFET’S, distributed

effects may be neglected. Common lumped approximations, on the other

hand, are shows to prodnce noticeable deviations. An improved lumped

model is proposed.

I. INTRODUCTION

T HE RECENT improvements of the microwave FET

frequency limits offer a great variety of new applica-

tions, especially in the low-noise field. State-of-the-art

MESFET and HEMT devices achieve minimum noise fig-

ures of 2.5 and 2.4 dB at 35 and 60 GHz, respectively [1],

[2].

Common small-signal models, on the other hand, cover

only the frequency range up to about 20 GHz. For exam-

ple, papers have been published recently discussing the

influence of wave propagation along the electrodes [18],

[19], and Oxley and Holden [20] propose that there maybe

a significant increase of the minimum noise figure due to

such distributed effects. Thus the existing lumped models

should be checked, and, if necessary, an extended FET

description should be developed that holds well above 20

GHz.

In the following, some basic considerations on this topic

will be presented. The paper concentrates on the question

of how MESFET noise behavior can be modeled in the

millimeter-wave range below 100 GHz, clarifying from a

theoretical point of view

Q whether distributed effects have to be accounted for;

o which elements should be added to the usual small-

signal equivalent circuit;

● in which way the well-known NFtin formulas [5], [9]

change.

As a consequence, a unit FET cell is studied (see Fig. 1)

and any embedding or de-embedding plroblems will be

excluded. One should note that the analysis presented can

be employed also with HEMT devices when introducing

adequate geometry and small-signal parameters.
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II. METHOD OF ANALYSIS

A. The Model

According to the aims outlined above, both wave propa-

gation along the electrodes and the full small-signal equiv-

alent circuit description of the intrinsic FET have to be

included. Concerning the distributed phenomena, the pre-

sent work is based on a fundamental field-theoretical

analysis [10], which clearly indicates that the relevant wave

modes are quasi-TEM ones and, hence, can be described

by a distributed equivalent circuit formulation as demon-

strated in [11] (for experimental data see [12]). These

former treatments, however, employ a rather simplified

description of the intrinsic FET and, therefore, have now

been extended incorporating the full equivalent FET cir-

cuit and the noise generators, as shown in Fig. 2. Since we

consider noise at small-signal operation in the microwave

range, all the sources are assumed to produce pure diffu-

sion noise.

In this context a few remarks are necessary on the

contributions to MESFET noise theory published so far.

To the knowledge of the author, van der Ziel performed

the first specific investigations of MESFET noise [3], [4],

assuming a relatively simple geometry and ohmic channel

behavior. Pucel et al. [5] extended this treatment basically,

introducing saturation effects by a two-region model. More

recently, Capp y et al. [6]–[8] studied the noise in state-of-

the-art FET structures employing a quasi-one-dimensional

description that accounts for typical submicrometer-gate

effects such as energy and momentum relaxation. Further-
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Fiz 2. The equivalent circuit model (atl elements remesent distributed
&mtities). ~he data employed for; t~ical 0.25-~m-gate MESFET
are as follows:

Materzal constants: <r=12.9for GaAs, electrode spacings filled witi
passivation layer (t, = 4); electrode conductivity IC= 4.107 (0,. m)- 1.
Intrwsic elements: (scaled to300pm gatewidth): Rz, =lil; R ~=150
Q; C~=0,22 pF with R, C~=rr and 1=0.4ps; C~~r=0.615 pF;
C4~,= 0.04 pF; g~O = 210 mS/mm with ~,1= 1.9 ps and r,z = 0,1 ps.
Noise sources: UO~,Uo~, UO~, 10~ are thermat noise generators;
{Ig{; ) = 4kTAf ~ti2C~/gwo. R

{Id .I~) = 4kTAj~,,,oP

{{~ .Id) = 4kTAf .LJCD. jCcO,~

with P = 1.1, R = 0.5, and C& = 0.7 according to [8].

more, Fukui’s work has to be mentioned. He approached

the problem empirically and derived an approximate, but

simple, formula [9], which is in widespread use.

One should outline that all these noise analyses assume

quasi-static conditions. The drain-source current is set

constant along the channel, thus neglecting any local split-

ting into a conductive part and a capacitive current flow-

ing to the gate via the depletion layer at each point of the

channel. As a consequence, for instance, both the charge

resistor R ~ and the transit time ~ associated with the e ‘J’’”

term of g~ cannot be calculated using the theory of [3]-[8].

Concerning the noise quantities, these analyses fail in

predicting higher order terms in o for the parameters P,

R, and CCOr. Therefore, the frequency dependence of P

and CCOr as proposed by Cappy [8] seems to be question-

able and is not considered throughout this paper (see also

[21]).

Furthermore, it should be noted that the well-known

lVF~l. derivation in [5] and, accordingly, Fukuis formulas

[9] do not account for the transit time ~. ‘Thus their

validity is restricted to operation conditions where the

effect of transit time on transconductance is negligible.

Regarding typical quarter-micron-gate MESFET’S with ~

being in the range of 2 ps, however, this assumption holds

only at relatively low frequencies (u r = 0.25 at 20 GHz).

Hence, in the high-frequency regime, discrepancies due to
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Fig. 3. The distributed noise analysis (see subsection 11-B).

the simplification in g~ can be expected (see subsection

111-B).

For the numerical calculations we choose typical ele-

ment values according to measurement-fitted data from

the literature or, if not available, to recent theoretical work

[8], [13] (see Fig. 2). The stray capacitances, the electrode

impedances, and the inductances are calculated from these

data according to [11]. (For the gate electrode, for in-

stance, an end-to-end resistance of about 250 Q\mm is

obtained.) Note that, concerning the expression for g,., rf2

is in general not equal to ~Z as set in the usual FET

equivalent circuit (see [13]).

B. The Distributed Noise Analysis

For these studies it proves to be very useful to represent

the noise quantities by their correlation matrices according

to [14]. Fig. 3 explains the principle of the procedure.

We consider a noisy FET subsection of differential gate

width Az, located at z = ZO, which for AZ + O may be

described by means of lumped theory. In this way one

derives the correlation matrix (C~z):

The ( . . . ) denote the mean fluctuations, the + the trans-

posed complex conjugate.

Note that C~, is constant with z due to longitudinal

homogeneity. The short-circuit noise currents at the outer

ports of the transistor (11. - “ 16) produced by the single

FET subsection at ZO can now be calculated assuming the

remaining two sections of width ZO and W – ZO to behave

as noiseless but distributed. This relation may be expressed
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by the matrix (A(:O)):

\ ./

Consequently, one has the following expression for the

current correlation matrix (AC(ZO)) related to the differen-

tialsubsection ofwidth Azat z=zO(see Fig. 3):

[dbl

R

,.
GaSS ,..

,.,
‘\\ ,...,’”

4 Q25vZg&e
.\

~\ MESFET
\.

NFmin \ at 60GHz

2 &
K..

*:

%’:.

atz=zo

According to common noise theory [3]–[8], the noise

generated by different FET subsections is uncorrelated.

Therefore, the noise matrix ( C,O, ) of the whole FET can be

evaluated by superposing all the contributions ( AC(,O) ) of

the sections at z = ZO,, which in the limiting case of A z + 0

leads to an integral expression:

1=1

/w(~(zo))(c:z)(~(=o))+~zo.(4)
Zo=o

From (CtOt) all relevant quantities maybe deduced accord-

ing to common network noise theory.

It should be pointed out that for the distributed treat-

ment described above no additional physical assumptions

are required compared to previous lumped-element work

[3]-[8]. In practice, the integral of (4) is solved numerically

using a simple iterative trapezoidal rule.

111. I@SULTS AND DISCUSSION

A. Distributed Effects

Fig. 4 shows the gain and noise quantities of a quarter-

micron-gate MESFET at 60 GHz. The different curves

refer to lumped-element modeling and the two distributed

configurations with input and output at the same end of

the transistor and vice versa, respectively.

when increasing the unit gate width W for a given

frequency, one observes successively two effects: first, the

low-noise performance deteriorates (NFm,. grows, G=,, and

MA G decrease); second. deviations occur between the

distributed and the corresponding lumped formulation due

to wave propagation phenomena. This means in practice

that whereas for LN MESFETS the unit gate width should

be limited to relatively small values in order to avoid

severe NFmin (and G=,,) deterioration, distributed effects

do not play a significant role in such transistors!

o~ ,. ..
20U 50M Ioov ho
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L

unit gate-width W —

Fig. 4. MA G ( MSG), minimum noise figure NFm,n, and associated
gain G.,, against unit gate width w at 60 GHz (0.25 wwate MESFET
according to Fig. 2). Comparison between lumped model and dis-
tributed analysis applying the two different input–output configura-
tions as indicated
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Fig. 5. Unit gate width limitations due to LN performance deteriora-
tion ( NE~,n and G.,, ) and errors caused by distributed effects (A(C)).
A(C) denotes the maximum percentage of element error of the noise
correlation matrix (C) (eq. (4)) weighted by the row-maximum. I&, is
the maximum unit gate width dependent on the following restrictions:
— A(C) due to dismbuted effects exceeds 5 percent: –––– G.,,
decrease >1 dB; — .— .— NFm,n deterioration >0.5 dB.

Fig. 5 illustrates these unit gate width limitations graphi-

cally. The results were obtained by a systematic investiga-

tion considering both input–output configurations, as indi-

cated [15]. Because, the FET parameters vary within a

certain range, the diagram contains also the curves for the

worst-case constellation. The above-mentioned observation

is confirmed; i.e., lumped-element modeling holds well for

well-designed 0.25-pm-gate LN-MESFET’S, even at’ fre-

quencies above 60 GHz. Additionally, Fig. 5 shows the

useful range of unit width W. At 40 GHz, for instance, W

should not exceed 40 pm. There exists, of course, a lower

bound restriction on W as well. Given a total gate width

the number of fingers should be small, since otherwise the

parasitic of the feeding structures degrade noise character-

istics.
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Fig. 6. NFm,n against frequency with the unit gate width as parameter.
Comparison between present analysis and the vafues calculated accord-
ing to Pucel et al. [5] and Fukui [9]. The parameters introduced in the
models [5]? 19] correspond to those of Fig. 2 and are listed explicitly in
the caption of Fig. 7.

B. Improved Lumped-Element Modeling

According to the results of subsection A, a lumped-ele-

ment description may be used in the frequency and gate

width range of interest. As can be seen from Fig. 6,

however, the model employed by Pucel et al. [5] (see Fig.

7) and the simple Fukui expression [9] give only a rather

rough approximation. We found that the deviations com-

pared to [5] are caused mainly by the g., time constant ~,1

neglected there (see subsection II-A).

Furthermore, the feedback capacitance Cgd and the in-

trinsic element Cd~, are to be considered together with Cg,

(see Fig. 7), which, however, is of minor influence. In our

model Cg$ describes the stray capacitance between source

and gate electrodes, which gains in importance with de-

creasing gate length and spacing, providing T-shaped gates

and depositing high-c, passivation layers (see also [22]).

The drain resistance Rg~, on the other hand, turns out to

be negligible.

L
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=
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Fig. 7. Description of the noisy MESFET used by Pucel et al. [5] (solid

lines) and the elements included additionally in this analysis (dotted).
The network consists of lumped elements, whose values correspond to

those of Fig. 2. They are as follows (except for RG and gmoall scaled
to 300 pm gate width):

(i) Elements introduced into both the model of [5] and the new

one: RG = 2.9 Q for a single finger of 35 pm width; CD = 0.22
pF with r, = RIC~ = 0.4 ps; Rg, =1 Q; gmo = 210 mS/mm;
P =1.1; R = 0.5: CCO,= C&O= 07 according to [8].

(ii) Additional elements which are accounted for by the new model:

T,l =1.9 ps, ‘rt2 = 0.1 ps, and thus q = 2 ps (see eq. (5));

Cg~ = 0.022 pF; Cd,, = 0.053 pF; stray capacitance Cg~= 0.016

pF.

C. The Minimum Noise Figure

The additional elements (see Fig. 7) require additional

effort in calculating the minimum noise figure NFmn. The

resulting formula is given in the Appendix.

For practical applications a power series expansion in co

offers advantages, since the mathematics simplify and the

parameter dependence become more obvious. After a very

lengthy but straightforward derivation one obtains for the

complete model of Fig. 7

2UCD
NFm,n=l + — PoRo(l-c;o) +gn,o{Po[Rc(l+q) 2+ R.]-2Cko=[RG(l+ n)+ R.l+Ro[~G+~sl +g,,,oRcR,v'}

%o

+2(:)2g.*o(Po[RG(l+,)2+ R3(l+~j+;]-c,om[2(RG(l+ v)+ Rs)+&+g(Rr+:)]

-:@+ Ro[RG+Rsl+Rs(.,}z,)RG,’-c’’:c’”))
D D

+ higher order terms. . .

with (see Fig. 2)

CW + Cgd
q=

Fig. 7 shows the extended model that will be used for CD

the following derivations of NFtin. One should note that P= Po+cJP1 +”””

both this description and the previous one [5] are based on R= RO+U2R1 +”””
the same well-known small-signal equivalent circuit. The

C,OF= C~O+ jtiC~l + u2C~2 + “ . “
only difference is that the model presented here accounts

for additional elements of this circuit (i.e., Cg,i, Cd,z, and g~=g~o(l–jti~,+”””)

7), which were neglected in the previous treatments. 7t = ‘rt~+ 7*Z.

(5)
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Fig. 8. NFm,n against frequency. Curves of Fig. 6 using the improved
NFm,n formulas of (5) and (Al), respectively. Additionally, experimen-
tal data from the literature are shown.

Fig. 8 demonstrates the excellent agreement between the

improved lumped model (eq. (Al)) and the distributed

analysis. Note that the previous formula according to [5]

results in a deviation of about 1.5 dB at 60 GHz. The

sions. Thus the terms Cg~/CD, Cd,, /CD, and q = (Cgf +

Cgd)/CD become of particular importance at small gate
lengths (e.g.: q = 0.17 assuming the data of Fig. 7). Note

that this characteristic depends primarily on the submicroq

geometry and not on the frequency of operation.

Furthermore, one should note that the first-order term

C~l of the correlation factor may change the NF~i. value,

too, whereas the higher order terms PI, RI, and C~z do not

appear (see (5)). To date, however, there are no reliable

results on C~l available, because all approaches known to

the author (e.g. [3]–[9]) assume quasi-static conditions (see

subsection II-A).

In summarizing, one can state that the drift time 7, and

the intrinsic capacitance C~,j reduce the value of NF~i~.

Assuming typical MESFET parameters, this is true for the

feedback capacitance Cgd as well. The stray capacitance

Cg,, on the other hand, causes a slight NFmi~ increase,

which disappears for small R ~. The drift time ~t exerts the

strongest influence on NF~iw Therefore, a considerable

improvement over [5] is achieved when accounting only for

rt # ~t and setting Cgd = Cd$i = Cg~= O. Equation (5) then

simplifies to the expression of (6). Note that its first-order

term in frequency is identical to that given in [5]:

2CJCD
NFmin = 1 + — PORO(l– C:O)+g~O(R~ +R, )( PO–2Ckom+R0

gmo
)

+2(=]2gmo-((RG+ R,,(po-2c,oW+Ro]

)+Po:– Ckom:–:m .(6)
D D D

diagram also contains experimental data from the litera-

ture [1], [16], [17].

In general, any first-order approximation in o leads to

questionable results in the frequency range above 20 GHz,

whereas the second-order approach of (5) holds well up to

about 50 GHz. Beyond this limit third-order terms would

have to be included, which, however, cause additional

efforts that do not seem to be justified when compared to

the “exact” formula given in (Al).

For Tt = T,, Cgd = Cd$i = Cg, = O, and thus q = O, (5) re-

duces to the well-known formula derived by Pucel et al.

[5]. Regarding state-of-the-art FET’s, however, the as-

sumption ~t = ri does not hold. The ~t values measured are

considerably larger than those of ri. Then the tiz coeffi-

cient in (5) is dominated by the term Tt/CD, thus reducing

the NF~i~ value due to its negative sign. Quantitatively,

this contribution of the tiz term is relatively large, so that

it remains remarkable even at the lower frequency end of

Fig. 6.

On the other hand, the capacitances Cg~, Cd,i, and Cg,

needs special consideration in the case of submicron-gate

FET’s. Reducing the gate length, the depletion-layer ca-

pacitance CD decreases whereas Cg~, C~$i, and the stray

capacitances increase depending on the reduced dimen-

IV. CONCLUSIONS

Extrapolating the MESFET characteristics from fre-

quencies below 20 GHz to the millimeter-wave range, one

concludes with regard to small-signal noise modeling:

*

●

A

For state-of-the-art LN devices, no distributed de-

scription is required. Unit gate width, on the other

hand, has to be kept small enough to maintain the

desired LN properties (for data, see Fig. 5).

The FET equivalent circuit approximations used pre-

viously (e.g. [5]) give only poor accuracy in the

high-frequency range. Additional elements should be

included, in particular the gn drift time ~, and, if
necessary, the capacitances Cg~ and C~$i (see Fig. 7).

FET model extended in this way gives theoretically

accurate NF~i~ values even at frequencies above 60 GHz.

The second-order expansion in u provides reliable results

in the lower range up to about 50 GHz. Equations (Al),

(5), and (6) contain the corresponding mathematics. Any

first-order approximation leads to noticeable deviations.

The investigations point out the significance of the dif-

ferent time constants and higher order frequency terms

such as ~t and C~l on high-frequency FET characteristics.

Unfortunately, the theoretical approaches to a submicro-

meter FET description that are available are based on
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quasi-static assumptions and, hence, cannot provide these

values. Therefore, a nonstatic small-signal analysis of such

FET’s that includes not only relaxation effects [[5]-[8] but

also time harmonic steady-state conditions is to be encour-

aged.

APPENDIX

The minimum noise figure of the complete model shown

in Fig. 7 may be written as follows (note that, in general,

the noise parameters P, R and CCO,,given by Fig. 2, are

frequency dependent and CCO,is a complex number):

I i \

NFm,n=I+2~.(GK+(G,++j (A1)

with

– 2~ Re { CCO,gh*}

1 R
N22= l?~lclz + ~ld12 + ~2C~le12— + gmolf12p

s g?rzo

+ 2tiCD@ Im { e*~CCO,}

N12 = R~ac* + ~gd” + CC~,@hf* – g.oPgf*
s

[

R
+ juCD ge” CCO,~ – —he*

grno 1
1

a=Y1 +
1+ jco~,

c“: c“ (Y, + Y2)
D

b= R~{(Y1+Y2)Y3+Y1Y, }

c = gmY1 – jo[Cd,1y2+ C.d(y,+ Y2)]

d= R~(gMY, + j@[C.~i(Ye+ Y,)+ C,,, Y,] ]

e=(– RG){gm(Y1+Y3)

+ jQ[Cd.1y3 - c,d(yI+ gin)])

{
f=RG ~(ye+y3)+ye

s (*+J@cJ
1

‘=l+ju~,

h= Y1+g.

Y2=Ye+gM

Y3=++ju(cg. +cgd)
G

1
Y,= jtiCD

1+ jto~,

R ~, G~, GK, Nil, and N22 are real numbers; the remain-

ing quantities in (Al) are complex. For the circuit ele-

ments, please refer to Fig. 7.
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