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A New Calculation Approach of
Transistor Noise Parameters as a
Function of Gatewidth and Bias Current

Ahmed Gasmi, Bernard Huyamjember, IEEE Eric Bergeault, and Louis P. Jallet

Abstract—In this paper a new method to calculate the noise model with two noise sources, i.e., a voltage omg) (at
parameters of transistors7; (MESFET or HEMT) as a function  the input and a current one,) at the output. The noise
of gatewidth and drain-bias current is presented. This method 3 meters are then calculated taking into account that these

needs the knowledge of the&?, P, and C coefficients. It is based on . ind dent 161, Th | f
the measurement of the noise parameters of a reference transistor noise sources are independent [6]. The mean square values o

T, at two bias points (l4s; and I,..), and the equivalent circuit the noise sources, andq; are, respectively, proportional to
elements’ values of all transistorsT;. Using this method, the noise the two equivalent temperaturés and?}; of the gate—source
parameters (Fuin, Topi, ) for two MESFET's T, biased at and drain-source resistances.(and r4.) of the transistor.
another current /s.; are obtained. Good agreement between the 1 e6yer, experience shows that the temperatiyris weakly
predicted and measured noise parameters’ values is obtained for . . o

a broad frequency range (4-20 GHz). sensitive to the bias curredf; and is virtually equal to the
room temperature [7], [8]. On the other harifj; is a very
strong function of the drain—bias curredty). Indeed, [7] and
[8] have shown that the product of conductange (1/r4s)

|. INTRODUCTION and temperaturd’; is proportional to the drain—bias current.

ACTIVE circulator design has been enhanced consideilérefore, knowledge of the temperatuiy at one bias

ably thanks to microwave monolithic integrated circuit@oint allows the determination of the proportional coefficient
(MMIC's) technology [1]. A design difficulty is to reach a

Index Terms—HEMT, MESFET, MMIC, modelization, noise.

between gy Ty and I4. Then, from the equivalent circuit

compromise between the isolation, insertion loss, and retfth the transistor, one can calculate its noise parameters at
loss of a passive circulator and the noise of an active circulatBfOther bias point taking into account that the other transistor
Thus, it is necessary to be able to evaluate the noise figlif§istances are at the physical temperatfifeof the chip.
of a circuit constituted of different transistors sizes witflowever, this representation is only valid where the condition
different drain current values. A partial study of this problerh < 4N7To/Tmin < 2 is verified for the intrinsic transistor
has been made in [2]. In [2] semi-empirical relationship@odel; N is its noise parameter equal 0, Rop: [6], Tmin
for the noise parametersif,, R, Zop:) as a function of is its minimum noise temperatl_Jre, ang, is the standard _
the gatewidth under a zero gate-bias condition is suggesti&nperature of 290 K. But, the right-hand side (RHS) of this
These expressions cannot be used at another bias curf&mdition is not always verified depending on the technological
because it is necessary to modify the fitting factdrq, Parameters.
K2, K3, and K4 of (2)—(5) in [2]. A noise model for An analytical solution has been derived by [13] and [14].
the same problem has been done in [3]. This model Tis method permits us to determine the transistor noise pa-
similar to the one experimentally used in [4] and [5]. Ida@meters from foundry technological parameters such as carrier
the case of [3], the noise parametetB,.(, and R,) of concentration, epi-layer thickness, low field mobility, etc. The
FET transistors depending on the bias current are given. difficulty is then to know precisely these technological data.
the other hand, no result has been presented to check Mgreover, verification of the theoretical value by measurement
validity of the current dependence for the optimum sourde@s only been done for the minimum noise figliig,, for the
admittance. In this model, the noise parameters of the transid@k-noise operating conditions of the transistors [14].
has been calculated with two uncorrelated noise sources alh this paper, the authors propose a method to calculate
the gate and the drain. In this case, the used MESFEThe noise parameters of transistors of the same technology as
have a strong correlation between the two noise sources, aadynction of gatewidth and drain-bias current. This method
therefore, it is not possible to use the noise model of [8 based on the Van der Ziel model [10], [11], [15], [16].
(see Section 1V). Another solution to this problem has bed¥pise contributions of the ohmic resistanegsry, andr, are
given by [6] where a noise equivalent circuit of an intrinsicletermined by the physical temperatdfg of the chip. The
transistor (HEMT, MESFET) is represented by a noiselessithors suppose that the noise—current sources of the intrinsic
transistor are correlated. These sources are described by the

Manuscript received July 26, 1995; revised November 21, 1996. noise coefficients?, R, and(’ [9]-[11]; C’ is the correlation
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Fig. 1. Noise representation in linear two-ports: (a) involving current and voltage noise sources at the input, (b) involving current noisd swiinpsta
and output, and (c) involving voltage noise source at the input and current noise source at the output.

In Section Il, the authors describe how to determine these Cgd intrinsic chip
parameters from: e N s o BP0 Drain

e equivalent circuit element values as a function of Le g ) | 4 Ld
gatewidth and drain—bias current; \J T o !

. . . ’ . . . I £ 1 £ .

* noise Coeff|_C|entsP andQ of the_|ntr|n§|c model of & | g-53.1pH ! . Y i gal T % 370
single transistor at two different bias points and the noised=14.5 pH : : 1d=4.62 O
coefficient R at a single bias point. ﬁjgig;gfgzﬁpF 1 : 15=3.19 Q

The main originality of the authors’ method is to approx--&=01+2p" L —wT rds=462Q

. ’ . . . : cds=0.0446 pF re Ym = Emt B 0
imate theP, C’ curves given in [14] by analytical functions gm=16.5 m$ 1gs=7.53
and to calculate the coefficients of these functions from the T=289pS
measurements of noise parameters. Then, in Section lll, the Source b

authors compare the experimental results with those obtained

by this method. Fig. 2. Small signal equivalent circuit of the MESFET. The elements values
are given for a transistor df.5 x 200 um? gate dimensions and biased at
Iye = I/ and Vg, = 5 V.

IIl. DETERMINATION OF THE NOISE COEFFICIENTS R, P, C’

AS A FUNCTION OF GATEWIDTH (Z) AND BIAS CURRENT (I4.) whereY;; are the[Y] admittance matrix elements anid is

the correlation admittance betweep andi,, [see Fig. 1(a)],

A. Extraction of Noise Sources for a Noisy Two-Port Y. = é("eﬁi
€n
Fig. 1 shows the different representations of a linear noisy Foo —1
two-port, characterized by it§’] admittance matrix and its :% — Yopt- (5)

noise parameterﬂlinv Yropta Rn) Finin is the minimum noise . .
figure, Yo, is the optimum source admittance required to havi® équivalent noise conductanGe; can be expressed as

Foin, and R, is the equivalent noise resistance. It has been G - {|in — Yeen|?)
shown in(512], that the mgan square value of the noise sources " 4KTyB
11, 12, ande; are given oy Foin—1
) , = (Fmin - 1) <G0pt - W) (6)
<|ff1|2> =4KToB(Gr + }E"ml = Ye[") (1) whereK is the Boltzman constart,, is the standard reference
([é2]") =4KToBRy|Ya1| (2) temperature equal to 290 K, atflis the frequency bandwidth.
o AKTyB(Gy + Rp|Y11 — Ye|?) 3) The brackets ¢)” indicate time average and the asterisk
(lenl") = Y712 ’ denotes the complex conjugate. For the intrinsic zone of the

transistor, this extraction method will be used to analyze the
The noise current sourcésandi, are not independent. ThesePehavior of the noise sources and noise coefficiefts &,
sources are linked by the correlation coefficiéitdefined by andC"’) versus frequency for a given bias point.

the relation:
B. Determination of the Noise CoefficieRt

C = (i113) For the intrinsic model of the transistor (Fig. 2), the mean
(|#112){|é2]%) square value of the noise currentin the gate—source path is
_ Y5 (Y - Y.) related to a noise coefficied® [9]-[11] as follows:
N G, . 4KTyBC2W*R
Yarly [ 52+ i - Ve () = L 2 )
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Fig. 3. DC current-voltage characteristidg;{ = 5 V) of the MESFET's 0.5 x 200 um? MESFET biased afy. = l4../5 andVis = 5 V.

employed in this paper.

15
whereCy, is the gate—source capacitangs, is the transcon-
ductance of the transistor, ands the signal angular frequency o
at which will be calculated the transistor noise parameters. The Tt
mean square value of the noise voltaggis related to the //-/"‘"'*
noise temperaturd;, for the resistance,, by the following 5
7], 18l L O T I G
2y _y - B. I , —=—1Im(C")

(len|”) = 4K Tyre: B 8 ——
In this case, the authors haven’t made any hypothesis on the » T
value of the correlation factor of sourcegs and i, because I ]
rgs varies with the bias currenfy,. The authors have then PSP S O O O O O O O
defined the equivalent noise sourde;,|?) for eachrys which T2 4 6 8 10 12 14 16 18 20
is always carried to a constant temperatiife This is proven Frequency (GHz)

in Section Ill. By combining (1), (3), (7), and (8) and defining . 4o ¢ . Jof th ol
_ g . intringi i~ Fig. 5. Noise coefficient® an versus frequency) of the intrinsic mode

Y11 = jwCs/1 + jwCysrys for the intrinsic model shown in o5 & % 0 o UESFET biased afy. = Ly /5 andVy. = 5 V.

Fig. 2, the noise coefficienk can be simply expressed as a

function of the noise temperatuifg and the equivalent circuit (10) becomes

elements

io|?) = AKTyB 9™ L _(aZ + BI). 11
T, Gl - (lé2|%) 0B o(aZ + Blas) (11)

=7 . 2
To 1+ (rgswCis) Following [10] and [11], the noise sourcéi,|?) can be

The value of7}, is determined by identifying the noise voltageexpressed as
(len|?) given by (8) with the value obtained from (3) for an

intrinsic chip. (liz|*) = 4KToBgmP. (12)
Identification of (11) and (12) shows that the noise coefficient
C. Determination of the Noise Coefficiefit P is afunction of the geometrical siz&, Z), the capacitance
Following the theory developed in [13], the mean squafegs, and biasing conditions of the transistor
value of the noise current (noise source between drain and Ly(a+f'1y)
source) depends simply on the small signal elements of the P = 907 (13)
intrinsic transistor model, gatewidthi, gate lengthl,, and dc %

drain currently:

2 4 202 with 3 = Blass/Z and Iy = lys/14ss, Where Iy is the

{|i2]?) :4KTOBgdegd gm Ly(aZ + plys). (10) saturated drain current. On the other hand, the theoretical
9ds Cls result given in [14, Fig. 6] shows that for a biasing current

C,a is the gate—drain capacitance. The two fitting parametes betweenlysop: (in the order of 0.1y to 0.2ys) and
the noise coefficienP is linear with V,, i.e.,

« and 3 are fairly constant because they are independent%‘ﬁS* gs

the active layer geometry (gate length and epi-layer thickness) P =k+mV, (14)
and material properties (low field mobility and carrier concen- &

tration). For the simplified intrinsic model shown in Fig. 2where & and m are constants.
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15 ey, ; \ _C Source
/ | Fig. 7. Noise equivalent circuit of a transistor using the Van der Ziel model
. (Called FETNL1 in LIBRA).

[ I | IS B

02 03 04 05 06 07 08 09 1

Id=Ids/ldss TABLE | N
Noise PARAMETERS OF A 0.5 x 200 um* MESFET
@) BIASED AT Iqs = Iqss/5 AND Vg = 5 V
1T T Frequency (GHz)| Fmin (dB) Mag( Topt ) Ang(Topt) Rn/50
2 0.40 0.93 8.35 1.57
4 0.62 0.90 16.69 1.55
\ o Measured 6 0.89 0.86 25.01 1.52
0.8 N < = 8 1.17 0.82 33.27 1.47
N e N Modeled | 10 1.45 0.79 4144 142
F e . 4 12 1.73 0.76 49.50 1.36
\;\‘ 4 14 2.1 0.73 57.42 1.30
O 0.6 o < 16 2.28 0.70 65.18 1.23
\&.\ | 18 2.54 0.68 7271 L16
.\_:\ 20 2.80 0.66 80.17 1.09
0.4
I lation coefficientC’ is imaginary and frequency-independent
9.
0.2\ww:\\\\\v\‘»\\\n‘\vn\||||vw1|w<w\ ’ .
02 03 04 05 06 07 08 09 1 ¢ =4C (16)

ld=lds/ldss According to [13] and [14], this coefficient essentially depends

() on the gate length over epi-layer thickness ratio and is inde-
Fig. 6. (a) Comparison of measured and modeled coeffidient) Com-  pendent of the gatewidt#. Similarly, it has been shown that
parison of measured and modeled coefficieht in the saturated region, the noise coeffici€htdecreases as
the drain—bias current increases. The correlation coefficient
By using the static characteristic of the authors’ MESFETIs approximated by an analytical expression derived from the
(Fig. 3), it can be seen that the percentage bias cudignttheoretical curve given in [14, Fig. 6] which will be verified
(0.2 < I; < 1) is a quasi-linear function of the gate voltagexperimentally in the next section
Ves. Therefore, (14) becomes C = AeBli (17)
P=A+Bl. (15) For transistors of the same technology, the constaftits
In conclusion, (13) and (15) are consistenfifis independent and B’ will only be determined by one transistor whose
of the gatewidthZ. This result was expected because theoise parameters and equivalent circuit elements are already
capacitance’, is proportional toZ. Moreover, the authors known at two bias points. This calculation is described in the
consider thatC,, is weakly dependent of; betweenl,,; following section.
and I4,. Equation (15) is verified experimentally in Section
[ll. The constantsA and B are determined from the knowledge [Il. APPLICATION
of the noise coefficienP at two bias points. It should be noted Fig. 2 shows the small signal equivalent circuit for a MES-

o . dET of a MMIC foundry. This transistor has x200.m?
by substitution between (2) and (12). In this case, the meagte dimensions and is biased fat = Iy./5 and Vi = 5

squgre_va_lue of the hoise curre@tgwe_n by (2)is a_pplled for V. The small signal equivalent circuit parameters are extracted
the intrinsic transistor mod_el shown in Fig. 2. This method i8, 1, “hot—cold” on waferS-parameters’ measurements [17].
more precisely described in Section lil. The noise parameters of this transistor in the 2—-20 GHz
frequency range are given in Table I. The noise parameters
measurements are done on wafer with tuners. The authors have
From the intrinsic transistor model of Fig. 2 and for frequerstudied the influence of the transistor extrinsic elements (
cies such that the/f noise is negligible, the complex corre-Ly, L,, Ry, Ra, Rs, Cag, Cqs) [12] on the noise parameters

D. Determination of the Noise Coefficiefit
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Fig. 8. Comparisons of measured and predicted noise parameters versus frequency for two MESFET's of different dimensions/ hiase®.6&f .,
and Iy, = 0.4514, with Vg = 5V.

of the actual transistor using a commercial simulator (LIBRAYith the above method has shown that these coefficients have
[15]. Taking into account these influences, the noise parathe same variation as before. In the 4-20-GHz frequency band,
eters of the intrinsic transistor (Fig. 2) can be obtained hiiese coefficients are equal to 2.93 and §.48spectively.
de-embedding. The following is shown. The coefficientsd, B, A’, B’ of (15) and (17) are evaluated
« In the 6-20-GHz frequency range, the noise voltadéom the results obtained at./5 and I4ss; Therefore, the

source(|ey, [2) (3) of the intrinsic transistor model (Fig. 4) function of the noise coefficient8 andC’ versus bias current

is nearly constant and equal to 0.104 (RA¥jz. This IS known and is simply given by

cor_responds to a tempere_xtui‘g equal Fo_ 250 K for the_ P =0.73+2.201, (18)

resistancer,s. This result is not surprising because this ;. _0.881,

depends on the precision with which the resistange ¢'=jl0ze : (19)

is determined. Usually, noise parameters depend on therpese equations are verified (see Fig. 6) because a good
productrg T, then, one can decrease the resistange agreement is obtained between measured and predicted pa-
to haveT, = 300 K. However, this is not useful for the rameters. It is necessary to remember that the transistor noise
noise parameters calculation [6, Sec. IV]. The substitutigftoperties can be determined from the noise coefficights
of this temperature value in (9), and the knowledge gt and ¢ of the intrinsic model and the knowledge of its
the transistor equivalent circuit element values give th&yuivalent circuit elements. The authors can determine by
noise coefficient?. One notices that this coefficient maysimulation the noise parametes,(i,, I'ops, andR,) of other
be determined at any operating bias since the temperatighsistors of the same technology at any drain—bias current
T, is virtually independent of the bias current [7] and [8]petweenT, .., and I,., by substituting the noise coefficients

* The noise coefficienf” of the intrinsic transistor model g p, and ¢’ given by (9), (18), and (19) in the noise-
[see (2) and (12)] is invariant with the frequency (segquivalent circuit of an intrinsic transistor (Van der Ziel model)
Fig. 5) and equal to 1.17. available in LIBRA, and by adding extrinsic elements (see

* The correlation coefficientC’ [see (4)] between the Fig. 7) at room temperaturg,.
noise current SOUrC@S andig of the intrinsic transistor F|g 8 shows the Comparison between noise parameters ob-
model can be considered as imaginary (the real pagined by our method and by measurement for two MESFET's
decreases with frequency and is very small comparggl a3 MMIC foundry. These transistors have 0x5200um?
to the imaginary part) and slightly frequency dependeghd 0.5x 350:m? gate dimensions, and are biased/at=
between 4-20 GHz (see Fig. 5). This result is in goaglgr,,.. and I, = 0.451,. with Vi, = 5 V. Good agreement
agreement with [12]. Therefore, the authors have tak@gtween the predicted and measured values is obtained over
¢’ = 0.85j. the whole frequency range. The deviations observed are lower

Knowing the noise parameters and equivalent circuit eldran 0.26 dB for the minimum noise figure value, 0.04 for the

ment values of the same transistor biased gt= 14 and magnitude and 2%5for the phase of the optimum reflection
Vas = 5 V, the extraction of the noise coefficientsand C* coefficient, and finally 22 for the equivalent resistance value.
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In addition, it can be concluded that all the approximations 5‘\.._\
described in the preceding section are verified. ! T~

A simple study of the noise parameters sensitivity according o\ \\
to the extraction of the small signal equivalent circuit has \
been carried out for the 0.% 200;m? MESFET's gate __ 60 I
dimension and biased dt; = 0.6 I4,. Supposing that the % — - \
transconductance,, is determined with an accuracy of 10% | T~ N
for the same MESFET afy, = 0.2[4, and atl,.. The o ™~
authors have obtained a noise coefficiéhtthat varies from Measured T~ - ]
1.06 to 1.3 atl; = 0.2 and a noise coefficienP, that varies a0 || ------- Our model =
from 2.67 to 3.26 atl, = 1. By taking into account these [ | T T Poskleszalski's
variations, the accuracy of the MESFET noise parameters ol T T T T ‘
biased atl;; = 0.6 I, is equal to &2 for the noise resistance 4 6 8 10 12 14 16 18 20
R, (see Fig. 9), 0.35 dB for the minimum noise figurg;, at Frequency (GHz)
20 GHz, 0.04 dB for the magnitude, antfar the phase of the (b)

optimum reflection coefficient. G_e,n?ra”y’ itis very difficult toFig. 10. (a) The minimum noise figure and (b) the noise resistance of a
make a better study of the sensitivity because the MESFE'$x200 um?> MESFET biased af4. = I4es/5 andVy. = 5 V.

elements are correlated. Therefore, the above example shows

that the noise parameters obtained by the authors’ method

§icrepancy is due to the strong correlatiafi) [12, Eq.
not very sensitive to the elements of the equivalent circuit. pancy g g 112, Eq

(13)] between noise sources, and iy (Fig. 11) that has
been ignored in the Pospieszalski model. The same correlation
IV. COMPARISON WITH OTHER METHODS phenomenon has been found by [18]. This correlation is due

The authors demonstrate if it is possible to describe tﬁ%the pta}r?s(;tllcc gat(tah— sgLJtrpe papacnaﬁﬂgg) whltirécandno;ge
transistors’ noise parameters with the Pospieszalski modelqweren lated from the intrinsic capacitancg,; [18] and [19]

[6] and [7]. Indeed by using (3) and [12, Eq. 12] for thé’y S-parameter measurement. In Fig. 2, the capacitarige

intrinsic transistor, whose geometry is 0x5 200 ;m?2 and IS e_qual tO_CgSi + Cgsp- .
biased atly = Lusw/5 andng _ gv The autﬁors have Finally, since the Podell model [3] has been developed in

obtained that(|cp|2) = 0.104 (nV)2/Hz and (|in|2) = 184 the case where the noise sources are uncorrelated and is similar

(pA)2/Hz in the 4-20-GHz frequency band. These correspoﬁ%that of the Pospieszalski and Gupta models, then this model
to temperaturdl’y = 1540 K for rq, and7,, = 250 K for r cannot give with precision the noise parameters of the used
- s 9 — gs*

By taking into account this result and knowing that resistancMsESFET s as a function of the gatewidth and bias current.

r¢, T4, andr, are at a temperature of 300 K, the authors have

determined, thanks to the circuit shown in Fig. 2, the noise V. CONCLUSION

parameters of the MESFET according to the PospieszalskiThis paper presents a method that can be used to determine
model. Fig. 10 compareB,,,;, and i,, of the MESFET using the noise parameters of transistors of the same technology with
our model and the Pospieszalski model. The authors camy dimension and any bias point. This method is based on the
see that the noise parameters obtained with the Pospieszatglise parameter measurement of a reference trandstait
model are in discrepancy with the measurements. The ertao bias points. The authors have demonstrated it is possible
on the noise resistanck,, is 20 €} at 4 GHz (Fig. 10) and to derive the noise parameters of any transigfpfrom two

0.75 dB on the minimum noise figutg,,;, at 20 GHz. This noise measurements @f. and from the equivalent circuit of
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