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Abstract — A novel theory based on dual-feedback circuit
methodology is proposed to explain the kink phenomenon of
scattering parameter S,, in deep submicrometer MOSFETs.
Our results show that the output impedance of MOSFETSs
intrinsically shows a series RC circuit (for low substrate
resistance) or a “shifted” series RC circuit (for very high
substrate resistance) at low frequencies, and a parallel RC
circuit at high frequencies. It is this inherent triple
characteristic of the output impedance that causes the
appearance of double kinks phenomenon of S,, in a Smith
chart. Our model can not only predict the behavior of S,,;
but also calculate all S-parameters accurately. Experimental
data of 0.25-um-gate MOSFETs are used to verify our
theory. Excellent agreement between theoretical values and
experimental data was found.

I. INTRODUCTION

Transistor scattering parameters (S-parameters) have
been used extensively in active microwave circuit design.
However, some behaviors of transistor S-parameters are
still not fully understood, for example, the kink
phenomenon of the scattering parameter S,, of deep
submicrometer MOSFETSs with high substrate resistance
[1]. This is because it was thought that S,, should roughly
follow a constant conductance circle in the Smith chart.
Furthermore, it is strange that this kink phenomenon is
invisible when the substrate resistance of a MOSFET is
small, but only becomes apparent when the substrate
resistance of a MOSFET is large. Traditionally, transistor
S-parameters are mostly understood in terms of Y- or
Z-parameters. These Y- or Z-parameters, though very
useful in calculating S-parameters, cannot provide insight

into the behavior or physical meaning of the S-parameters.

In this paper, we present a novel theory to explain these
mysterious characteristics by deriving the output
impedance (or admittance) of a MOSFET under the
measurement conditions of S-parameters.

II Theory

The setup for the measurement of transistor
S-parameter is shown in Fig. 1, where Z, (= 1/Yg) =50 O
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is connected to the input and output ports of the
device-under-test. If the expression for the output
impedance Z, of this circuit has been found, then S,, is
given by

S22 - Zaur ZO s
Zout +Z o
The circuit configuration, in general, is too complicated to
find its output impedance. Nevertheless, if this circuit is
viewed as a dual feedback circuit in which R; is the local
series-series feedback element and C, is the local
shunt-shunt feedback element, then the problem becomes
much more tractable. For simplicity, all the inductors in
Fig. 1 are temporarily neglected. We will refer to them in
later discussions in Section III. From local series-series
feedback theory [2], [3], the circuit of Fig. 1 can be
transformed into that of Fig. 2 with some necessary
circuit element modifications as follows: C;’ = Cgs Q1+

g.R), R, =R +R,, C;; =C,/(1+g,R), R, =R,(l
gnR:) C;d =ng’ g;n =g,/(1+g,R,), g;nb =g /(1
g.R), Cpy =Cyy (1+g,R,), Cy,, =C,, /(1+g,R,), R,
=Rb(1+ng:)'

Note the circuit in Fig. 2 is much easier to handle.
We can define an “intrinsic output impedance” Z,,, ; as

Z,,.=Z VA @

M

out, i out, il out, i2

where the symbol " represents parallel combination.

The expression of impedances Z,, ; and Z,, , can
easily be obtained from local shunt-shunt theory [3] and
is given by

Lyt
Z, sCyy

(s C;s +
V4

out, il = . . 1
l+g (sC.. +—)"
8n(sCy 201)

~ 1+5(C,, +C,)Z,,
(1+8,Z0)sCyy +5°C,,.CouZy,

(3)
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1
sCyy

(sCy, + —1,-)'l +
Rb
Zoul, i2 = , s 1 \
1+ sC, . +—)"
gmb( bs Rb )
_ 1+5(C,, + C,,)R,
(1+ 8, R,)sCyy + szcbs CuR,
where C_ =C,, /(1+sRC,,),

and Z, =Z,+R . The normal output impedance is
C;‘S and R(;S

“)

g, =8, /(1+sRC,),

the parallel combination of Z

out, i °

followed by a series combination with R, as follows:

- 1 ®)

out

Z,=(Z Ri)*Ry.

out, i

ds
From (5), S,, can be determined according to (1). We

now turn our attention to S;;. According to local
shunt-shunt feedback theory [3], it can be easily proven
that the input impedance Z, , seen to the right-hand

sideof C, and R; (or C,, and R,)is given by

—“1-,— + ZL
M 1+gnZ,  s(+g,Z,)C l+g.Z,
(6)

where Z, is the parallel combination of Z, +R,,
Ry, Cy, and Z_, . From (6), S, can be determined
by

_Zl‘n—ZO _Rg+Zin,i—Zo %)

n- -
Z,+Z2, R +Z,.,+Z,

where Z, =R +Z,, ad Z  =[Z, M"(Ri'

+1/sC,,)] is the input impedance seen to the right-hand
side of R . As for S,, the physical meaning of it is
twice the voltage gain ¥, /¥,. Hence, it can easily be

expressed in terms of Z, , g;, C;,d, R,, R,,
Z,, and Z, as follows:
Z, - 1,
S Zin,i ( . C' ) scgd
nT e o \g, S gd/’
Zo+R, +2Z, Z, +—
sC,y
Z
. R 8)
Z,+R,

316

The physical meaning of S;,, on the other hand, is
twice the reverse voltage gain V,, /V,. It is given as
follows by inspecting Fig. 2:

Zou/,i R:i_r l C.
fs N
Slz =2 ds . gd 1
o1 : "
Zoul,i Rds —::-FRd +ZO chd +SC83+ZO+Rg
Zy 9)
Zo+R,

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

To verify our theory, we have applied (1)-(9) to
0.25-um-gate MOSFETs in the calculations of their
S-parameters. The effect of the inductors in Fig. 1, which
we neglected previously in Section II, can be easily
included by replacing R,, R, Ry and R, with R, + joL,, R,
+ joL,, R4+ joLy and R, + joL, respectively. Excellent
agreement between the calculated values and
experimental results is found, as shown in Fig. 3 and 4. If
we extend the calculated data to 40 GHz, as the dash lines
shown in Fig. 3, we can clearly see the kink phenomenon
appears at about 20 GHz. The reason that the kink
phenomenon appears at frequency high to about 20 GHz
is because both the substrate resistance (270.2 Q) and the
gate width (80 pm) of the MOSFET are too small. The
kink effect will gradually become visible when the device
size is increased, as was demonstrated experimentally and
theoretically in Ref. [2]. In addition, the kink effect will
also become more and more visible at lower frequency
when the substrate resistance is increased, as was
demonstrated experimentally by our experimental results
in Fig. 4. The reason for the enhancement will become
clear after the following discussion.

In order to explore the origin of the kink
phenomenon observed in Fig. 3 and 4 for MOSFETs, (2)
for the intrinsic output impedance has to be reexamined
more closely. To get more insight into (2), let us assume

that R, is negligibly small, which is usually the case.

After some simple mathematical manipulation, we find
that, at high frequencies, Z ,, ; approaches a parallel RC

network, while at low frequencies and R, <<1/| ij;sI

(which is usually the case), it can be approximated by a
series RC network. In addition, at low frequencies and

R, >> 1/| j(aC,;s|, it can be approximated by a series RC

network parallel to a resistance rz,. That is, at high
frequencies



Youl i= l = 1 + !
Zout, i Zoul, 1 Zout, 2i
' 2
( gd J g ng
[4)] . m
Cp+Cy Cp +Cy

. 2 ,
+ Yb(——l"—-] rg, —CH
Cyp +Cyy Cp +Cyy
+ Ja) CSS ng C;s Cba'
C,+C, C,+Cy
while at low frequencies and R, << 1/| jaC,,

Z =2 Z

out, i out, li

ng+sC,, (10

out, 2i

~ Z?‘ + Em — x_i
1+ngOl (YOl +gm) ng
' . 2
. (1+ngOI)ng
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In addition, at low frequencies and R, >> 1/! jaC,, ',
Zoul, i = Zout, il Zour, i2
~ Zo, + g, .&X_
1+8,Z5 (Yo +gm)2 Cu
. . 2
. (1 + ngOl )ng
(l + gr.nZOI )C:gd + Cl;dC;s /(Cl;d + CI‘Js)

1
+ ; : — ; ;
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(Co +Co)Ryy _ 1 .
(=) =(nh +—)|(n) (@2
8msCaa JjaCy " 12

The trends predicted by (10)-(12) have been verified
in Fig. 5-7, where the data points have been calculated

from (2) and (10)-(12). As can be seen from Fig. 5, for
low substrate resistance, the intrinsic output impedance
indeed follows a constant resistance (r) circle at low
frequencies and then a constant conductance (g) circle at
high frequencies. For median substrate resistance, the
intrinsic output impedance first follows a constant r circle
then a “shifted” constant r circle at low frequencies, and
then a constant g circle at high frequencies, as shown in
Fig. 6(b). It is this inherent triple characteristic of the
intrinsic output impedance (or admittance) that causes the
appearance of the kink phenomenon of S,; in a Smith
chart. As for very high substrate resistance, the intrinsic
output impedance follows a “shifted” constant r circle at
low frequencies and then a constant g circle at high
frequencies, as shown in Fig. 7. The trends predicted by
Fig. 5 and 6 are very consistent with the experimental
results shown in Fig. 3 and 4.
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Fig. 1 Setup for the measurement of MOSFET’s
S-parameters: a complete circuit
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Fig. 2 Setup for the measurement of MOSFET’s
S-parameters: a simplified circuit with the local
series-series feedback element (R,) absorbed.
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Fig. 3 Comparison between the experimental and
calculated S-parameters of a 0.25-pum-gate Si
MOSFET with gate length 80 um and substrate
resistance 270.2 Q.
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Fig. 4 Comparison between the experimental and
calculated S-parameters of a 0.25-um-gate Si
MOSFET with gate length 80 um and substrate
resistance about 2000 Q.
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Fig. 5 When R, is small, the intrinsic output
impedance approaches a parallel RC circuit and a
series RC circuit at high frequencies and low
frequencies respectively.
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Fig. 6 When R, is median, the intrinsic output
impedance approaches a parallel RC circuit, a
“shifted” series RC circuit (and a series RC circuit)
at high and low frequencies respectively.
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Fig. 7 When R, is large, the intrinsic output impedance
approaches a parallel RC circuit and a “shifted” series
RC circuit at high and low frequencies respectively.
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