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Abstract — In this paper, distributed model of MOS
transistor is presented that is based on active multi-
conductor transmission line model. The analysis is
done in frequency domain by considering frequency
dependence of primary parameters such as series
resistance caused by skin effect. The analysis is
performed based on matrix function that is calculated
by eigenvalue approach in the frequency domain.
The scattering parameters are computed by using
transmission matrix and applying boundary conditions.
To investigate the analysis, the scattering parameters of
a0.13 pm transistor are calculated by proposed approach
over the 1-100 GHz frequency band. They compared
with the results obtained from the available lumped and
distributed models and a commercial simulator that have
a good agreement with each other.

Index Terms — Active multi transmission lines,
distributed analysis, matrix function, MOS transistor,
skin effect.

L. INTRODUCTION

Nowadays, the demand for low cost implementation
of monolithic microwave integrated circuits leads to
considerable progress in CMOS technology [1, 2].
Modern CMOS technologies have been matured enough
for using in mm-wave applications. An accurate
modeling of high frequency effect in millimeter wave is
required for successful design of integrated CMOS
circuits [3, 4]. By increasing the operating frequency of
MOSFET to mm-wave band, the width of transistor
becomes comparable to the wavelength. In such cases,
the wave propagation through transistor's electrodes and
distributed transmission line effects need to be studied
accurately, in device modeling.

In [5], [6] and [7] the distributed transmission line
effect along the gate width has been investigated. In
these models, the gate electrode is divided into finite
number of segments that are connected together by using
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of series of scaled gate resistor. In [8], the distributed
transmission line signal and noise modeling of millimeter
wave CMOS transistor is studied. The MOSFET
transistor is considered as coupled active transmission
lines structure, exciting by the noise equivalent sources
distributed on its conductors.

In [9], distributed modeling of field effect transistors
in the case of GaAs MESFET is studied. The transistor
is considered as a multi-conductor active transmission
line and the equations are solved by the Finite-Difference
Time-Domain (FDTD) technique. According to this
approach, the fully distributed analysis of CMOS
transistor in the time domain has been studied in [10],
based on the active multi-conductor transmission lines
model.

In this paper, distributed model of MOS transistor
based on active multi-conductor transmission line is
presented. The analysis is performed in the frequency
domain by considering frequency dependence of primary
parameters such as series resistance that caused by skin
effect. Based on matrix function calculated by eigenvalue
approach, the analysis is done in the frequency domain.
The scattering parameters are computed by using
transmission matrix and applying boundary conditions.
To verify the analysis, the scattering parameters of a
0.13 pm transistor are calculated by proposed approach
over the 1-100 GHz frequency band and compared with
the results obtained from the available lumped and
distributed models and Cadence SpectreRF simulator
that shown a good agreement with each other.

II. DISTRIBUTED MODEL OF
TRANSISTOR

The schematic of MOSFET, is shown in Fig. 1. At
high frequencies, the wavelength becomes comparable
to the width of transistor and wave propagation through
transistor’s electrodes must be assumed. To consider this
distributed effect, MOSFET can be modeled as three
coupled transmission lines.
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Fig. 1. The schematic of MOSFET as three coupled
transmission lines on silicon substrate.

A. Transmission line model and equations

By considering the differential width of Az (Az <<
Ae(fmax)), the partial equivalent model of MOSFET is
obtained as shown in Fig. 2. The equivalent model of
MOSFET is combination of active and passive parts.
Active part explains the behavior of intrinsic device
while the passive part shows electromagnetic interaction
between electrodes.

Ry Lq

) Drain
Gl L 1
M Cap ==,
R, My, \fd L T B I ® Gate
M/; Cd537 Jggsp Icgp
\ TT Source
R L

Passive Part

[Ca Guys

Active Part

Fig. 2. The equivalent model of MOSFET.

By using of Kirchhoff’s circuit laws, the matrix
equations are achieved in the phasor domain as [11]:

YLD 7 (2.0 n
z
d I(dzz’ @) _ Y, (0)V(2,0). )
The voltage and current matrices are defined as:
T
Vizo)=[V, V, V.| (z.0) 3)
T
Izo)=[1, I, L] @ao) )

The series impedance and parallel admittance
matrices are defined as:

Z =R+ joL, (5)

Y, =Y, + Yigr = JOC+ Yy (6)

Based on equivalent model, the primary matrices
(R,L,C) and Y,,, are obtained as shown in equations

(7-10):
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R=/0 R, 0] )
0 0 R
Ld M gd Mds
LM, L M, | ®)
Mds M gs LS
Cdp + ngp + Cdsp —ngp _Cdsp
C= ~Coop Cgo +Coip + Cop ~Cop ’
—Cyp —Cyo Cyp +Cop +Cye
9)
Y Yio Yis
Yegr = Y21 Yzz Y23 >
Ys, Yo Yis
. . 1
Yll :Gds + Jw(ng +Cds)’Y12 :—chgd +Gm 1+ ja)Rngs '
. 1 :
Y13 = _Gds — Jdes — Gm W,Yﬂ = _Ja)cgd 5
. Ja)c S JCOC S
Yy, =joCy +— =Yy =,
1+ JCORngs 1+ JwRngs
VoG e Y = G, + jaCy
31 o ) ds> '32 — 1+ jWRngs ’

G, + ja)Cgs .
y=—————+G, + jaCy.
1+ joRC

gs
(10)
By considering the skin effect, the series resistance
is proportional to the square of frequency and can be
represented as:

R=zJf i=gd.s. (11)

In Fig. 3, the schematic of simulated MOSFET is

shown. Based on chain matrix, the V and I matrices at

Z =0 are calculated from the V and I matricesat z=1.
This is expressed with matrix-functions as [11]:

V)| cosh(«/ZsYl,I) sinh(«}ZsY],I)ZC V()

L(O)}LC‘ sinh(\Z,Y,1) Y, cosh(, /ZSYPI)Y,,'H }

(12)

The characteristic impedance matrix (Z.) can be
written as [11]:

Z.=Y, W2, =1,(%Z, )4.

(13)

O
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Fig. 3. The schematic of simulated MOSFET.

B. Intrinsic parameters of MOSFET
The intrinsic parameters of MOS transistor including

G, Cgs , Cys » ng , R, and G (active part parameters)
are calculated based on the accurate physical model of
the MOSFET, BSIM3v3. The drain-source current by
using a complete single equation for both linear and
saturation regions is expressed as:

| = Idso (Vdseff ) 1
@ + Rds I ds0 (Vdseff )

1
\Y/
V. -V,
[1+ ds dseff j
VASCBE

dseff
The transistor conductance G, can be obtained as:

G, = e L .
aVgs ds=Const.

Also, all capacitances are derived from the charges
to ensure charge conservation as:

Q.
C-»:_I; I, )= ,d,S,b )
ij aVJ 1=9

where the terminal charges Qg , Q,, Q,,and Q, are the

Vds _Vdseff
VA

(14)

(15)

(16)

charges associated with the gate, bulk, source, and
drain terminals, respectively. The details of this model
containing other equations and the parameters description
are given in [12].

C. Solving equations

As shown in Fig. 3, the chain matrix can be assumed
as a six-port network that ports 1, 2 and 3 are inputs
(z2=0) and ports 4, 5 and 6 are outputs ( Z=1). The six-
port matrix (T ) equation is shown as:

ACES JOURNAL, Vol. 31, No.11, November 2016

Based on Fig. 3, the boundary conditions are applied
to matrix equation that is shown as:

Vv, - A

V2 Tll TIZ T13 T14 T15 Tlﬁ \/5

0 T2 1 T22 T23 T24 T25 T26 0

0 — T}l T}Z T33 T34 T35 T36 V4 -V Jl- (18)
ng —V2 T41 T42 T43 T44 T45 T46 Zd :

Zg TS] T52 T53 T54 T55 T56 O

| \ _TGI T62 T63 T64 T65 T66 i I ]
In Equation (18), V,, V,, V,, V,, |, and |, are

unknowns while the elements of T (T;), Z, and Z, are
knowns; A and V,, are input voltages for calculating

scattering parameters. The unknowns (X) and input
voltages (Vg ) are considered as:

(19)
v,=[0 v, 0V, o0 0]. (20)

By arranging Equation (18) based on unknowns
(X) and input voltages (Vg ), the matrix equation with

X=[V, V, vV, v, I, IJ,

coefficient matrices (A and B) is obtained as:
AX=BY,, 21
X= A’IBVg. (22)

For example, by sorting the first row of Equation
(18), the first row of A and B are achieved as:

16 "6°
‘ (23)
T]—“V ==V, +[T” +%jv4 +T,V,+T, |

Z g4 16 "6°
d d
By arranging the other rows of Equation (18), the
coefficient matrices ( A and B) are obtained as:

VSTV, +T,V, 4T, Ve g
=Vt 5+14Z—+

Vl T] 1 T12 T13 T14 Tl 5 T] 6 V4
V2 T2 1 T22 T23 T24 T25 T26 VS
3 T}l T32 T33 T34 T35 T36 V6 (1 7)
I 1 T4] T42 T43 T44 T45 T46 I 4
I 2 TSI TSZ T53 T54 T55 T56 I 5
L |3 i T61 T62 T63 T64 T65 T66 L I 6]

-1 0 T“+;—4 T, 0 T,
d
T24
0 -1 T+ T, 0 Ty
d
T34
0 0 T+ T, 0 T
A= T" . (29)
0 0 T41+% T, 0 T,
d
1 T
0 — T5]+Zi‘ T, 0 T,
g d
T64
0 0 T+t Ty -1 T
d .
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D. Computing scattering parameters

Based on scattering matrix definition, by assuming
port 2 as input port and port 4 as output port, the
scattering parameters are obtained as:

Si»S 3 (26)
e Lgi =V, =V, &V, =V, =0
T

V,=[0 V, 0 0 0 0]. (27)

By considering V, as was defined in (27), the
unknown matrix (X) is computed from (22) and input
and output voltages are extracted as:

V. =V,=X(2), V,=V,=X(@3). (28)

The forward and backward voltage wave at input

and output ports are defined as:

I =Vg2_V2
2 Zg >
Pyl v 29
Vo=V, =5(v2+zg|2)=%2, 29)
- o1
Vo=V, :E(vz—zglz)—v2 2
I :V4_Vg4
4 Zd >
I V,
V, =V, =5(v4+zd|4)= 4—%“.
The S,, and S,, are calculated as:
V-
S, =1 31
11 Vi }\/94:0’ ( )
V-
S, =% 32
21 Vi }vg‘tzo. ( )

0 0 calculations
V, 0
0 0
V =
0* |V Y
0 0
0 0 Solving the equations by applying
) U_ " | boundary conditions and computing
scattering parameters
X
U
SZl SIZ & S22

S =

v-
S, =%
2 V;kw=0-

(33)

(34)

The step by step procedure of fully distributed analysis
in the frequency domain is shown in Fig. 4.

CMOS layout technology
(cross section of active transmission lines),
gate width and number of fingers

Extraction of
the per unit length parameters of passive
transmission lines
and active part of single finger

frequency
sweep

Calculating the
secondary parameter matrices

(r,Z)

Computing the 6-port transmission
matrix based on matrix function

Similarly when V; =V, =0 and V, =V, =V, the Fig. 4. The step by step flowchart of the proposed fully

S,, and S,, are computed as: distributed method.

1333



III. REULTS AND DISCUSSION

In order to analyze the MOS transistor with the
proposed method, a single finger MOSFET with gate
dimension of 0.13x10 pum is studied as shown in Fig. 3.
In this example, both R, and Rq4 are assumed to be 50 Q.
The end of gate electrode and the beginning of drain
electrode are open, while both sides of the source
electrode are grounded.

The per-unit-length parameters of the intrinsic
MOSFET (active parameters) are achieved by using the
BSIM3v3 model at the V=12 V and Vg¢=1.2 V bias
point, with applying scaling technique. The per-unit-
length capacitance and inductance matrixes of the
passive part of the transistor are numerically specified by
solving the two-dimensional electrostatic field problem
in the cross section of each transmission lines. The per-
unit-length resistances of the passive part of the
MOSFET are obtained by considering the skin effect of
the transistor electrodes. The achieved parameters are
shown in Table 1 [10].

Table 1: The parameters of the passive part of distributed

model [10]
Parameter Value
Lq 1.919 pH/m
Ls 1.919 pH/m
L, 1.95 uH/m
Mgq 1.54 utH/m
Mg 1.54 pH/m
Mags 1.407 pH/m
Yd 3.2255 Q. Hz */m
s 3.9781 Q. Hz **/m
Yo 3.2255 Q. Hz *5/m
Co 136.75 pF/m
Cop 110.5 pF/m
Cyp 110.5 pF/m
Cadp 63.07 pF/m
Casp 63.07 pF/m
Casp 29.65 pF/m

The scattering parameters of the transistor are
obtained by the proposed approach at 1-100 GHz and
compared with those of achieved by lumped model of the
MOS transistor, distributed gate model [7], distributed
time domain analysis [10] and also Cadence simulator.
The scattering parameters are shown in Fig. 5. It seems
that the results of all methods are in good agreement at
low frequencies. But, the difference between the results
becomes larger by increasing the frequency. Especially
at higher frequencies, the results of proposed distributed
approach are closer to the Cadence SpectreRF simulator
results. At high frequencies the transistor width become
order of the wavelength and this justified difference

ACES JOURNAL, Vol. 31, No.11, November 2016

between various modeling approaches obviously. In
such cases, the distributed analysis of the transistor based
on multi conductor transmission lines can explain the
behavior of the device at high frequencies more precise
than others. Also, the frequency dependence of series
resistance that caused by skin effect is considered
by using the frequency domain approach based on
transmission matrix equation.
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Fig. 5. The scattering parameters of the MOSFET: (a)
S11, (b) Sz1, and (C) Szz.

The Gmax versus frequency is one of the behavioral
parameters of transistor that defined based on scattering
parameters as [13]:



MAG:(K—\/KZ—I)M K>1
S:a|

(33)

Guax = >

MSG = M K<l

Szl
where K (Rollet stability factor) is defined as:
K:1_|Sn|2_|522|2+|A|2’ (36)
2|821812|

A=58,5,-5,5,. (37

In Fig. 6, maximum gain versus frequency is shown
for the 8-finger 0.13um>x50um MOSFET. The behavior
of transistor is analyzed with different methods (lumped
model, semi distributed (5 and 50 slices) and fully
distributed methods). Results of semi distributed model
with the large number of sections have a good agreement
with that of fully distributed model. Based on this graph,
the fmax Of transistor was extracted around 60 GHz.
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Fig. 6. Gmax (Maximum Available Gain (MAG) and
Maximum Stable Gain (MSG)) versus frequency with
lumped, semi and fully distributed analysis.

IV. CONCLUSION

The fully distributed analysis for high frequency
MOSFETs based on three coupled transmission lines
structure has been proposed. The matrix-based equations
of that structure are extracted and solved using the
frequency domain matrix function with applying
boundary conditions and considering the frequency
dependence of series resistance. By using the proposed
method for a 0.13 pm MOS transistor, the small signal
parameters have been obtained at 1-100 GHz and
compared with the conventional models. Results of the
proposed method present a good agreement with other
models at low frequencies. But for the higher frequencies
the differences become considerable and the calculated
result of proposed approach is closer to the commercial
simulator. Thus, the three-conductor transmission line
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modeling of MOS transistors in the frequency domain is
more accurate than other conventional methods.

APPENDIX A. FUNCTIONS OF MATRICES
Computing a function f(A)of an n-by-n matrix A
is a popular problem in many application domains. If

A eC™ is diagonalizable, then it is particularly easy
to specify f(A) in terms of A's eigenvalues and
eigenvectors [14].
If AcC™, A=X.diag(4,,....4,). X", and f(A) is
defined, then
f(A)=X.diag(f(4),... f(4).X" . (A-])
By using of matrix relations, the matrix function can
be represented easily as:
f(A)=X.f(X".A.X).X" . (A-2)
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