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Abstract. A new physically based thermal noise model for MESFET's has been
proposed, which is compatible with small signal equivalent circuit and large signal
current-voltage characteristics. Specifically, the static feedback effect is taken into
account to model noise characteristics correctly especially in low current regime. The
gate and drain bias dependence of the gate noise voltage, the drain noise current, and
the correlation coefficient between them has been investigated thoroughly, showing
good agreement with experimental results from 0.5um gate length MESFET. As a
result, our formulation is successfully used to model bias dependence of the four noise
parameters with reasonably good accuracy. Our model is simple and physical enough fer
device design and circuit simulation especially for MMIC application.

1. Introduction

The high frequency noise model of MESFET has been widely studied since 1970's[1].
Though Statz's model is physically solid, its formulation was not extensively compared
with experimental results and the relationship with large signal current-voltage model is
obscure. Moreover, the static feedback effect which is appreciable in modern short
channel MESFET was not considered. Though Fukui's model[2] is a good first order
estimation for minimum noise figure, the other noise parameters were not investigated.
Pospieszalski's[3] model proposed a simple noise equivalent circuit where two noise
sources are used at the gate and drain ports. Although this model is simple enough to
give physical insight into circuit design, the accuracy is strongly dependent on the noise
sources whose values are not physically explained. And the correlation between the
noise sources is neglected.

In this paper, we propose a new physically based noise model of MESFET's,
which is compatible not only with small signal equivalent circuit, but also with large
signal I-V as well as C-V models.

2. Current-voltage and capacitance-voltage relation of MESFET

Our I-V model is derived based on the following assumptions. Firstly, we divide the
channel into two regions. One is the so called gradual channel approximation region and
the other is the so called velocity saturation region. Secondly, we assume that the
channel capacitance per unit area, C;;, is constant along the channel for a given gate-
source voltage, Vg. Thirdly, the two-piece velocity-electric field relation is assumed,
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i.e., the electron velocity is proportional to electric field below critical field, F it and
saturated at vg,, above F_;.

The saturation voltage, Vp,,, is calculated as Vst VL-(Vgst?+ V1 2)0-5 [4]. 777
Here, Vi, is F L. As Vp increases over Vi, the potential in the velocity saturation
region increases exponentially and the effective channel length decreases. As a first

order approximation, the potential profile in the velocity saturation region can be 7—):
written as [5]
V(x) = Vpgas +V;{(exp(x/ A) —1), (1)

where A is the characteristic length of velocity saturation region, and Vi = Fith
Inverting Eq.(1), the length of velocity saturation region, AL can be calculated. To take
into account the current increase in saturation regime due to the channel length

modulation, we use the following expression for the saturation regime drain current[5] <5l
Vv _ _
Ips = I | 1+ ‘_Al“[l + YD ~ VDsat ) : (2) | The
Vi - V2 - refe
Here I, is the drain current at Vpg=Vpg, The static feedback effect can be | Wl'_li
considered by taking threshold voltage as a function of Vps- We adopt the following | (Fig
dependence[6] | the
Vst =Vasto + 0 Vps. (3) | are
where Vgt is Vgt at Vpg=0V, o is the static feedback effect coefficient. Lastly the | Sutf
following expression is used to take o dependence on Vg into account[7], | ?ll
g = Vﬂ- 0 v : (4) tl;e
Vo trai
The gate-source capacitance, Cgs, and the gate-drain capacitance Cgq can be wri
defined by partial derivative of gate charge with respective to source voltage, Vg, and
drain voltage, respectively. We assume that the sum of the gate charge and the channel
charge is conserved. Based on the gradual channel approximation, the channel current |
can be written as MG \W(Ver-V(%)) dV(x)/dx. Using this relation, the potential | wh
distribution in the region 1 can easily be found as following _ b:kj
3 ;- t
V(x)=Vor -Vgst? ~2IpsR Vi » (5)
where V, is F jx and R, is the inverse of vg,C;,W. The total channel charge can be |
obtained from the following integration, |
On_ _ § Wosr? V. - AL(Vgr = Vpsar) (6) '
- dx VGST _ZIDSRH X GT Dsat ) -
CEHW 0 : :
x=L 1s the point where the potential is equal to Vpsat- Using Eqs.(5)~(6), Cgs and |
Cgq can be calculated. Then, C, can be written as | }
Cl "\ Vasr =3Vps  2IpsReolVasr —1Vps) ) Wasr? +7,2
where the‘ inverse of Ry is defined by -dIpg/dVg with constant Vot and Vp. And Ced Tk
can be written as
ng _ L| (VGST . VD:aI)(VGST - %Vﬂml) _AL Vst — Vﬂmr (8)
CisW 2Ips Rao\Vast ~ 3 VDsar) IpsRy0

where the inverse of R 5 is defined by dIpg/dVp with constant Vg and Vg
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Fig.1. (a) Division of MESFET into two parts. (b) Small signal equivalent circuit of (a).

3. Noise modeling

The infinitesimal thermal noise voltage source, dv,y, 1s distributed along the region 1. In
reference to dvg,, we divide MESFET into two parts, i.e., sub-transistors A and B
which are located toward the source and drain side of the MESFET, respectively
(Fig.1). Ra, Rp, C, and Cg are the small signal resistance's and capacitance's seen from
the drain and source side of the sub-transistors A and B. The values of these parameters
are position dependent. R 5(x) and Rg(x)can be derived from partial derivative of Ing of
sub-transistors A and B. And C,(x) and Cg(x) are ng and Cy of sub-transistors A and
B. The infinitesimal noise voltage is thermally generated one at some point of the region
1. Its quantity is proportional to the infinitesimal resistance dR. In addition, we find that
the consideration of the mobility degradation by the transverse electric field[8], gives
better fit with the experimental results. We introduce the factor, y, to take the

transverse field induced mobility degradation into account. Then, <&v 2> can be
written as

(51;,:,;,2) = AKTAS rdv,
H CI‘HW‘JVGTZ - ZIDS RHV.I:
where k is the Boltzmann constant, T the absolute temperature, and Af is the
bandwidth. y should be equal to 1 at zero drain bias and increase with drain bias. This is
taken into account as following equation.

2
y = Yo . (10)

Vos® =3V Dsar
;Vﬂ'i'l—(}'o-l) D33 Dsat3
VDS i BVDSHI
The infinitesimal drain noise current in Y-representation induced by dvy, is

- Jvch . (1 1)
RA + RB

The infinitesimal gate noise current is also calculated from equivalent circuit in Fig.2 as
jo (-RpCp + R,C,)

(9)

Olgnly

ol = OV : 12)
lgnl,y ch RA + RB (
The noise sources in H-representation can be easily derived from Eqs.(11)~(12) as
-RzCp + R ,C
§vgrrl,H = 0 Vel = = , and (13)

(R4 + Rp)Cly
5 th [l . gﬂI(RBCB - RACA)]

Si = (14)
‘dnl,H RA + RB Cgs
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Fig.2. DC I-V characteristics. Fig.3. Measured drain noise current vs. Vpys.
It is obvious from Eqs.(13)~(14) that the correlation between vgn; i and gy g is not
zZero.
To calculate the drain noise, we firstly neglect the displacement current to the
gate terminal, meaning current continuity along the channel. Under this assumption, we

can use the impedance field method to calculate the open circuit drain noise voltage as
below[9]

RYY:
(Vd:ﬂz) = .[ 4‘?25)'DJ:|deS(,x )| nWdx'. (15)
Region II ‘ ‘

Here, Dy, is high field diffusion constant. R44(x) has two parallel components. One is the
resistance due to the channel length modulation, and the other is to the static feedback
effect, og,. Using the relation Ing=qnWv,,, and qVT—kT <Vgn22> can be written as

(UdH22> _ 4kTAf Insth -1 1+ 3IIEXP(I / A ) (16)
sat VT 60 °8,"A (1+ae>{p(x /}l)) 1o
Ven2 H and 14,5 y are easily expressed by vg,, as
(
tn2,H = Zdn2 1+ gl?l‘RdSng , and (17)
! Rd.: \ Cgs
Ced

Ven2,H ~ Vin2 Cg (18)
o S— - —
%5 T | | Table. Measured small signal parameters.
~ 8 [ — "7 and CRgn are measured and calculated
E.. 7} 45=0.0V s 1 “Vgn y2> normalized by 4kTAf, respectively.
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4. Measurement and comparison with theory

Both S-parameters and noise characteristics are measured from ion-implanted MESFET
whose geometry is 0.5x300 umZ. The drain saturation current at Vg = 0.0V is 45 mA
and the external unit current gain frequency is 22 GHz. The ry, 1 and ry values are
measured using the conventional method[10]. Since it is not easy to separate Cgs from
Cgs by s-parameter measurement, we adopt the approximate estimation of
Cesp=0.18pF/mm[11].

Fig.2 compares the DC Ipg-Vpg characteristics between measurement and
theory. The overall accuracy is good. The four noise parameters are measured with
ATN solid tuner and HP noise figure meter. The intrinsic noise characteristics are
Extracted from the measured noise parameters by eliminating the effect of parasitic
elements such as Tg, Iss Tgs ng and Cg Sp in Fig.1 using the method in [12].

‘Fig.3 shows the measured <iy, ;y*> and {Idmyl} versus the drain voltage at
several gate bias points. There are several interesting features in Fig.3. Firstly, in linear
regime, <ign HZ:" 1s almost the same as *ildn y2> for all the gate bias studied in this
work. Secondly, in the deep saturation regime, <ign, Hz'? becomes smaller than <ij, y2>
and the difference between them increases with increasing Vg. One remarkable feature
1s that ":ldn 2> decreases drastically ]ust after the saturation point and becomes
constant in the deep saturation regime, while <ig,y2?> stays almost constant
independently of Vg in saturation regime. Thirdly, near the saturation point, there are
bumps both in {ldn_yl? and in {'dn Hb-
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Moreover, as shown in Table, measured <vg,y?> is almost constant
independently of Vg as well as Vgg in the deep saturation regime. The result of
independence on Vgg is quite in contrast with the previous results. Both
Pospieszalski[3] and Ladbrooke[8] claimed that it is proportional to r; as a first order
approximation. Therefore it is hard to explain why, in our device, {vgn_H2> is almost
constant while the value of r; changes twice(see Table) as the gate bias varies.

To fit the experimental data, v, Dy, yo(see Eq.(10))and A are chosen as 1.2x
107cm/sec, 11cm?/sec, 2.3, and 0.055um, respectively. The values of Dy, and A agree
fairly well with the conventionally accepted value of 20 cm?2/sec for Dy[13], 0.1~0.2 of

the gate length for A[S]. The value of y=2.3 in deep saturation agrees also fairly well
with 3 suggested in Ref.[8]. The calculation result of the drain noise current in H- and
Y-representation shows good agreement with the measurement as can be seen in Fig.4.
The theoretical explanation of the bias dependence of the drain noise current 1s as
follows. The drain noise current from region 2, <iy,, 2> begins to be generated after
Vps becomes larger than Vp,,. This appears as the increase of the total drain noise
current. C,4/Cos is not small near Vpg,, so that <ig,y?> is larger than
{im,YZ}(qu.(lgl)) This 1s why total drain noise current in H-representation is larger
than in Y-representation near Vg, at VGg=0 and -0.4V. Since Cgq over Cgq decreases
as MESFET operation goes into the deep saturation regime, ‘:idnl,Hz} also decreases.
Meanwhile, the drain noise current from region 1, <ig,; y?> also increases with
increasing Vg, because total channel conductance becomes higher. As can be seen
from the comparison between measured (Fig.3) and calculated(Fig.4) drain noise, our
model explains well the trends of <iy, y?> and <ig, y?> as Vgg, Vpg change. Our
model shows somewhat faster saturation of the drain noise current source in the
saturation regime compared with the measurement.

5. Conclusion

Drain and gate noise sources and their correlation coefficient for MESFET are
formulated based on the large signal I-V and C-V models. The static feedback effect is
taken into account, which gives better accuracy in low current regime. The comparison
of noise sources and four noise parameters shows reasonably good agreement between

measurement and theory in wide range of Vg and Vg for 0.5pum MESFET.
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