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Semidistributed Model of Millimeter-Wave
FET for S-Parameter and Noise

Figure Predictions

LAURENT ESCOTTE AND JEAN-CLAUDE MOLLIER

Abstract —Besides sophisticated fully distributed FET models for pre-

dicting small-signal performance up to millimeter-wave frequencies, it

may be convenient to make use of a simpler electrical model which

avoids the need of solving coupled differential equations while taking

account of propagation effects along device electrodes. We present a new

electrical FET model derived from a partition of the actual transistor

along its gate width into N identical sections. This so-called sliced

model has two main advantages in comparison with distributed models:

first, the derivation of its element valnes is obtained by a direct applica-

tion of Kirchhoff’s laws and, second, insertion of the noise sources is

easy and makes it possible to predict the FET noise parameters. An

example is given that shows good agreement between minimum noise

figures derived from the “sliced” model and from the Fnkui formula in

the range 18–40 GHz.

I. INTRODUCT1ON

w

ITH THE movement to millimeter-wave frequen-

cies and the good performances of FET’s up to 60

GHz, sophisticated electrical models have been proposed

which include propagation effects along device electrodes

considered to be coupled transmission lines [1], [3]. It is

true that the transistor dimensions become of the same

order of magnitude as the wavelength if the “frequency of

operation reaches the millimeter-wave range. The FET

electrodes are then equivalent to active transmission lines

terminated at the end with an open. Decreasing the gate

width and increasing the transconductance and the cutoff

frequency of the device are nearly opposite objectives.

Therefore, with MESFET’S operating at several tens of

gigahertz, the gate width to wavelength ratio is higher

than 10’% or 20% and the validity of the common lumped-

element modeling is questionable [4], [5].

This paper presents a new electrical FET model de-

rived from a partition of the actual transistor along its

gate width into N identical sections. This so-called sliced

model presents two main advantages with regard to fully

distributed models. First, small-signal performance is de-

rived from a direct application of Kirchhoff’s laws and

does not require solving coupled differential equations.

Second, the insertion of noise sources is easy and makes it

possible to predict the FET noise parameters.
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After a short presentation of this model in Section H,

noise modeling and noise measurement are exhaustively

presented in Sections 111 and IV respectively. The proce-

dure of FET noise parameter extraction is explained in

Section V. Results are then given for minimum noise

figure derived either from the “sliced” model or from the

Fukui formula in the range 18–40 GHz.

II. THE “SLICED” FET MODEL

As shown in Fig. 1, the transistor model k composed of

N identical sections sliced along the actual FET gate

width W. Each section (two-port Q with .Z~ and Zd

impedances) represents a standard lumped-element model

of a common-source MESFET with gate width W/N.

Note that the equivalent model neglects any mutual in-

ductances between the gate and drain electrodes.

With the help of matrix relations between the different

sections, the admittance matrix (Y~) of the transistor is

established from a direct application of Kirchhoff’s laws:

(1)

where the vectors (lgO, ldO) and (VgO, VdO) represent the

currents and voltages at the FET ports. For more details,

see [6].

The integer N is chosen so that the ratio W/N” As,

where Ag is the propagation wavelength on the device

electrodes, is smaller than a few percent. Thus, each

section of the actual FET can be represented by the

common lumped-element model.

III. NOISE MODELING

The “sliced” model is extended to include the two

types

1)

2)

of noise sources, shown in Fig. 2 for the ith section:

intrinsic FET noise sources i. ~, ind with correla-

tion coefficient C;

extrinsic noise sources i,., i,,,, and i,, related to

FET parasitic resistances: ‘“ ‘“

The sources are assumed to be uncorrelated from one

section to the other and are characterized by their mean-
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Fig. 1. “Sliced” transistor model.
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Fig. 2. The ith section of the “sliced” model with noise sources,

squares values [7]:

io2C:, R
/ing12= 4ktoAf ~mo (2)

Iindlz= 4ktoAfgmoP (3)

lit112= 4ktoAfl[1 with l=g, d,or s. (4)

The coefficients P, R, and C, which are dependent on

FET topology and bias conditions, need to be determined
from noise measurements. For that, a relation between

Zin

e j“
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Fig. 3. Noiseless two-port with noisy input termination impedance Z,n.

the noise factor, F, the noise sources, and the termination

impedance, Zi~ (admittance Yin), at the FET input is

derived from a method similar to that used in Section II.

Starting with the FET output conjugate matched, the

circuit analysis can be greatly simplified by adding the

contribution of different noise sources to the overall avail-

able power.

1)

2)

3)

The PET is assumed quiet and the contribution of

the noisy input termination impedance Zi, (admit-

tance Y,.) to the iavailable power at the actual drain

port is calculated as I’l.

The intrinsic FET noise sources ing and ind pro-

vide the output power P2.

The extrinsic FEr noise sources if,, and it,, i,d give

the respective contributions P~ an-d P4. ““ “-”

The FET noise factor, F, according to its definition,

can be expressed as

F=(P1+- P2+P3+Pd)\P1. (5)

For clarity, the derivation of these noise powers is given

in the Appendix, except for PI, which can be found with a

straightforward manipulation. As shown in Fig. 3, the

FET is considered a noiseless two-port terminated at its

input by the noise generator ei., defined by the Nyquist

formula

lein12=4ktoAf Re(zi.) (Re = real part of).

Application of Kirchhoff’s laws gives

VgO= ei. – ZinlgO (6)

v~o = – zLz~o (7)

where the load impedamce, Z~, is the conjugate of the

FET outtmt im~edance,L L
After substituting

output noise current

with

(6) and (7) into relation (l), the

[d,, is obtained as

Yzl~e,~
1,,0 = —

A
(8)

A = ( 1 + Zi~Yll~)(l + z~yzz~) – y12Ty21Tz~zin. (9)

The coefficients ~.,~ are admittance matrix elements de-
fined in (1). From (8). an exrrression for the available.—, ——-———.. . . . .. . ..,-
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noise power, PI, is then obtained as

PI =~Re(ZL)lIdo12= ~Re(ZL)lYzlT121 ei,12/lA12. (10)

The contributions of the FET noise sources to the

available output power are expressed as follows (see the

Appendix for definitions of coefficients KI throughK5):

P2 = ~ Re(Z~){lKllzli~g12+ lKzlzli~,tlz

+2Re(KlK:i.gi~d ‘~)/14
2 (11)

P3=~Re(Z~)lK31zlitslz/lA12 (12)

P4=~Re(ZL)(lK4121 i,g12+l~s121~td12)/lA12. (13)

Using relationships (5), (11), (12), and (13), the FET

noise factor, F, is finally obtained as

(
F= 1+ \K1121i.g12+ lK2121i.d\z +2 Re(KlK~i.gi;d)

+ lK3121its12+ lK4121itg12+ lK5121itd12)

/ ly21T121e1n12. (14)

F is seen to depend on

“ “sliced” model elements through coefficients K,;

● termination impedance Z,n (admittance Yin);

o coefficients P, R, and C through noise currents.

These coefficients need to be determined by fitting the

noise factor expressed by (14) with experimental values

measured for different impedances Z,.. The coefficients

K, are obtained from the (~) matrix elements determined

by fitting S-parameter measurements up to 26.5 GHz.

IV. NOISE MEASUREMENT TECHNIQUE

The experimental setup is schematically represented in

parts (a) and’ (b) of Fig. 4. Two isolators provide 50 0

matching to noise source and mixer input. The DUT

consists of three parts: the FET chip inserted between

two half-test fixtures. The available power is obtained

through a proper adjustment of the output tuner. The

different input impedances Z,n (or reflection coefficients

17,m)are obtained from the input half-test fixture, com-
posed of different stub lengths.

After eliminating the mixer noise by autocalibration,

the automatic nois~ figure meter provides the

tor, Fm, of the two-port cascade shown in

According to the notation used in this figure,
Fm, given by the Frus formula, is expressed as

F–1 Fz–l
Fm=Fl+— —

GI + GG1

from which the FET noise factor is derived:

F2–1
F = GIF,,, – —

G-

noise fac-

Fig. 4(b).

the factor

(15)
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Fig. 4. (a) Experimental setup of noise figure measurement. (b) Sim-
plified block diagram illustrating the measurement principle.

Here G, is the available gain of the input stage, com-

posed of the input isolator, bias tee, and half-test fixture,

and is given by

(17)

where S~l and S~2 = 17i, are the S parameters for the

input stage, measured with an HP 8510 network analyzer.

– F2 is the noise figure of the output stage, composed of

the output half-test fixture, bias tee, and tuner. Since the

output matching two-port is a passive network, F2 = 1/ Gz.

F2 is then determined by measuring the output stage

losses Gz. The FET available gain, G, can be expressed

as

Is2,12 (1-lrin12)
(18)G = II– s,,rin12 (1– IW212

where

s12s21rin
S;2 = S22+

1 – sllrin”
(19)

The coefficients S,, are the S parameters of the FET,

measured with the TRL technique [8].

Finally, the FET noise figure, F, is determined for

several input impedances Zi~.

Extraction of FET Noise Parameters

It is well known that the noise figure, F, of a linear

two-port depends on the source admittance (Yin= G,. +

@in) connected at its input port, according to the follow-
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Fig. 5. Minimum noise figure versus frequency from 18 to 40 GHz (bias conditions: Vd, =3 V, Id, =Id,,,): +++++
experimental values; —“sliced’ model (N= 5); ––––– Fukui formula.

ing equation:

with

F

Rn

FO

F= FO+:[(Gin -GO)2+(Bin-BO)2] (20)
m

noise figure,

equivalent noise resistance,

minimum noise figure,

YO= GO + @O: optimum termination admittance that

gives minimum noise figure.

In order to estimate the noise parameters, it is neces-

sary to measure the noise figure of the device for more

than four values of its input termination admittance (in

fact seven values seem to be sufficient [9]). The noise

parameters are determined by a least-square fit of expres-

sion (20) according to the method described by Mitama

and Katoh [10]. This method takes into account the errors

in both the noise figure and the input termination admit-

tance’ measurements.

V. DETERMINATION OF FET NOISE PARAMETERS

In the first step, the coefficients P, R, and C given by

(2) and (3) are determined by fitting the noise factor
derived from the “sliced” model (eq. (14)) with experi-

mental values. It will be noted that the P, R, and C

values are obtained from an averaging process on the

noise measurements. Determination of these three coeffi-

cients allows us to evaluate the noise factor, F, and derive

FET noise parameters.

An alternative form of (20) gives the noise factor, F, as

a function of its input termination impedance Zi~:

F=F ~ R. [( Rin-Ro)2+ (xin-xo)2] ~21)

0 Rin (R; + X:)

with Zi. = Rin + jXin.

Determination of these noise parameters obeys the

following steps:

1) Derivation of (14)1 with respect to Rin and Xi=.

Then cancellation of the two expressions dF/i?Rin

and 8F/6’Yin gives RO and XO.

2) Substitution of RO and XO for Rin and Xi. in (14)

yields the minimunm noise factor, FO.

3) Computation of ~jO with Zi. =50 Q and identifi-

cation with (21) gives the noise resistance, Rn.

Results are presented in Fig. 5 for minimum noise

figure FO versus frequency ranging from 18 to 40 GHz.

Experimental values of FO have been extracted from

noise measurements up to 26 GHz according to the

method described in Section IV. Theoretical curves are

plotted for the “slic~d” model (solid line) and a model

derived from the Fukui formula [11] (dashed line):

‘O=l+K’H+K’H2’22)
with

,fT . L
2Tcg, “

The lumped model elements of a GaAs Thomson FET

(64 pmXO.3 pm) at ~[, = 3 V and J&= O V are as

follows: g~ = 18.5 mS, R, = 3.37 Cl, and C8, = 0.074 PF.

The coefficients KI and Kz are determined by fitting

(22) with minimum noise figure measurements. Equation

(22) is then expressed as -

(

f
FO=l+l.9 ~

with f in GHz.

f’

()
+0.2 ~
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Fig. 5 shows good agreement between experimental

data and theoretical curves. Propagation effects are negli-

gible up to about 36 GHz, where the deviation between

the “sliced” model and the one derived from the Fukui

formula is 2.570. Above 40 GHz, the discrepancy becomes

greater than 10% but the FET is then working above its

cutoff frequency ~~ and perhaps an additional term could

be required in (22) for taking the resulting noise increase

into account [12].

VI. CONCLUSION

A new distributed FET model, a so-called sliced FET

model, has been presented. It allows the prediction of S

parameters up to millimeter-wave frequencies from mi-

crowave measurements. In contrast to other recently pub-

lished electrical models [3], [5], coupled differential equa-

ticms are replaced by a system of linear equations which

are solved by direct application of Kirchhoff’s laws. In

addition, insertion of noise sources in the small-signal

FET model makes it possible to predict the four noise

parameters up to 40 GHz from noise figure measure-

ments. The deviation from the Fukui formula in the high

part of the 18-40 GHz band represents an interesting

feature. This theoretical prediction could be confirmed

with further experimental investigation.

APPENDIX

Derivation of the Available Power P2, Pj and Pd

According to Figs. 1 and 2, gate and drain currents at

the FET ports are expressed as follows:

(Al)

N

k=l

where the vector (ig~, id~) represents the currents for the

kth two-port Q.

Let us consider Fig. 2 with only irzg and ind noise

sources. Application of Kirchhoff’s laws leads to the fol-

lowing matrix relation:

($i)=(y)(%)+(Ha)(3‘A3)
where (Y) is the admittance matrix of the two-port Q.

Applying recurrent relations between the different sec-

tions, a matrix relation is derived between voltage and

current vectors of the first and the ith section:

(z)=(Ai)(a+(Bi)(::)+(caJ(a‘A’)
where (Ai), (l?i), and (Cal) are obtained from recurrent

relations and are related to the FET model elements.

Substitution of (A3) into (Al) and (A2) gives the follow-

ing relation:

(a=(y)(vg1+vg2+”””+ v--N

vdl+I’’’d2+”””+vdN )+N(Ha)(
(A5)

Substitution of (A4) for i ranging from 1 to N into (M)

yields

(k)=(yT)(a+(Na)
where (Y~) is the noiseless admittance matrix

transistor and (Na) is a “noisy” matrix related to

and ind noise sources:

(A6)

of the

the ing

(Na)=(Y)l((Ca,) +( Ca2)+ ““” +(caN)l+~(~a).

Ohm’s law applied to (Al) gives

~.= – ZlnI~O (A7)

Vdo= – zLIdo . (A8)

The output noise current, 1~0, is then derived by substitut-

ing (A7) and (A8) into (A6):

(A9)

where A is expressed in (9):

K1 = (1+ Z,~YllT)Nazl – YzlT.Z,nNa]l

Kz = (1+ Zi~YllT)Nazz – YzlTZi~Nalz.

Finally, the output available power PQ is found as

,:,w”m+lwm
P2=~Re(Z~)—

+ 2Re (KIK~ingirzd*)]. (A1O)

Contribution of Rs Thermal Noise

Considering only the noise source it,, the available

power Pj is now derived. Taking advantage of the circuit

symmetry, relations (Al) to (A8) are valid if index a is

replaced by index b and the vector (i .~, i.~) by the vector

(its, its) throughout.
The following relation can be written:

(All)

where

Kq = (1 + Zi~Y1lr)(Nb,l + Nb22) – Y21,Zin(Nbll + Nbl,)

Nb=(Y)[(Cbl)+ “.. +( CbN)]+N(Hb).

Then the available power P~ is obtained as

lK312n
P3=~Re(ZL)—

IA12 ‘Zts’ “
(A12)
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Thermal Noise Due to R~ and R~ — Derivation of P4

Equation (A3) is rewritten as

(A13)

with

Vgi = J&l – ZgIgi_l – l?~it~

From the method set forth at the beginning of the Ap-

pendix, a matrix relation can be derived between voltage

and current vectors of the first and ith sections:

(a=(Ai)(2)+(Bi)(t’)+(cci)(ao‘A14)
After straightforward manipulation, a relationship is

derived for the output current 1~0:

with

(A15)

Kd = (1+ Zi~Yll~)NC21 – Yzl~Zi~Ncll

K5 =(1+ ZinYllT)NC2z – YzlTZinNc12.

If we assume that the two noise sources are uncorre-

lated, the available power Pd is finally obtained as

,;,2 {lKd@12+ lM2m} (A16)P4=~Re(ZJ -
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