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Abstract— In this paper, we propose an efficient method for the
harmonic balance analysis of the short channel MOSFET includ-
ing the non-quasistatic effect. Our method is based on the charge-
sheet model in the linear region and assumes that the saturation
region is modulated by the external voltage instantaneously.
By comparing with the current responses under large signal
conditions obtained from the time-dependent two-dimensional
simulator (MEDICI), it is confirmed that the proposed method is
efficient and accurate for the frequency-domain analysis of the
short channel MOSFET in the 0.1 µm regime.

I. INTRODUCTION

It becomes more important to obtain an accurate distortion
model of the MOSFET devices operating under large signal
conditions as the CMOS technology plays a key role in the
recent RF applications [1]. The distortion of the signal mainly
arises from the nonlinear characteristics of the MOSFET
device. In order to derive an accurate model describing the
nonlinear effects, the short channel effects should be properly
considered such as the lateral field effect on the mobility, the
channel length modulation, and the velocity saturation effect.
Also, the non-quasistatic (NQS) effect in the carrier transport
should be included as the operating frequency is increased.

The short channel effects have been taken into account
in the device- and circuit-level simulators. The time-domain
device simulation method may be the first choice to this
end. But when there exist multi-tone inputs to the device
with large common period, too many integration steps are
needed to follow the input signal. The harmonic balance (HB)
technique for the semiconductor device was first implemented
in PISCES-HB [2], the two-dimensional device simulator, in
order to overcome this demerit [3]. However, this approach
requires to solve the system equation with 3N(2H + 1)
unknowns, where ‘3’ comes from potential, electron and
hole concentrations, N is the total number of internal nodes
and H is the harmonic truncation number, which still may
result in tremendous computational time as N increases in
the two-dimensional simulation. The models for the circuit-
level simulation such as SPICE may be used [4], [5], but the
harmonic distortion phenomenon due to the non-quasistatic
effect cannot be easily considered since they are mainly based
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Fig. 1. Notations: Vij = Vi − Vj (i, j = b, g, s, d)

on the time-domain and quasistatic (QS) simulations.
In this viewpoint, we proposed a frequency-domain simula-

tion method for the analysis of the long channel MOSFET [6]
employing the one-dimensional charge-sheet approximation
(CSA), the frequency-domain simulation via the harmonic
balance technique, and the NQS model proposed in [7]. The
applicability and efficiency were tested and confirmed to show
that our method is not only computationally efficient but also
physically reasonable.

As an extension of our previous work, we have developed
a short channel MOSFET model including the modulation of
the effective channel length according to the external biases.
We will show that the method achieves an accurate frequency-
domain analysis for the short channel MOSFET with minimum
numerical burden.

II. SHORT CHANNEL MOSFET MODEL

Fig. 1 shows the notations used in our nMOSFET model.
Most of the notations follow the conventional definitions
except for Leff , the effective channel length, which is defined
as the length of the linear region in the channel and is
instantaneously modulated by the external biases.

A. Quasistatic Part

The normalized charge density per unit area at some point
in the channel, which is obtained from the integration of
the electron concentration in the vertical direction, can be
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simplified as [7], [8]

qe = − q

Cox

∫ Xd

0
n(x)dx = Vgb − VFB − φs + η

√
φs

let= −α (φs + β + Vt) ,

(1)

where Cox is the oxide capacitance per unit area, Xd is the
depletion width in the channel region given as

√
2εsiφs/qNA,

VFB is the flat-band voltage, η = γ
(
AεsiVds/qNAL2 − 1

)
, Vt

is the thermal voltage, γ is the body factor, NA is the substrate
doping concentration, and A is the linearization factor for
the lateral field gradient term (usually 0.7 ≤ A ≤ 1) [9].
In the derivation of (1), the contribution of the bulk charges
and the lateral field non-uniformity are simplified by some
mathematical treatments of the Poisson equation. Also, we
divide the physical channel region into two parts: the linear
and the saturation regions. The boundary condition at channel
ends determines the linearization coefficients α and β in (1),
which are regarded as quasistatic quantities.

The electron current under the CSA considering both drift
and diffusion components in the linear region can be expressed
as [7]

I(y)
WCox

=
(
Vt

∂qe

∂y
− qe

∂φs

∂y

)
=

µnα

2
· ∂

∂y

[
(φs + β)2

]
, (2)

where µn includes the velocity saturation effect as

µn = µeff

/√
1 +

(
Ē/Ec

)2
, (3)

where Ec is the critical field intensity given as vsat/µeff , Ē
is the averaged lateral field given as (φs(Leff) − φs(0)) /Leff ,
vsat is the electron saturation velocity, and φs(Leff) and
φs(0) are the surface potentials at the drain-side and the
source-side ends of the effective channel, respectively. The
effective mobility, µeff , is a function of the substrate doping
concentration and the vertical field, thus Vgb.

Based on the CSA in the linear region, an analytic equation
for the quasistatic surface potential in the channel, φQS

s , can
be obtained by letting the time-independent current continuity
equation, WCox∂qe/∂t = ∂I/∂y, be zero with (2):

φQS
s (y) + β = −

√
(m2 − n2) y/Leff + n2, (4)

where m = φs(Leff) + β and n = φs(0) + β. The surface
potential at the source-side end of the channel is calculated
iteratively from the well-known MOSFET charge equation
considering the lateral field gradient term by the same way
as in (1). The quasistatic (QS) current, I0, can then be written
as

I0 = WCoxµn
(
m2 − n2) /2Leff . (5)

The saturation surface potential (φsat) for the start of the
current saturation can be obtained by letting φsat = φs(Leff),
∂I0/∂φs(Leff) = 0 and Leff = L in (5) and the saturation
channel potential (Vds,sat) can be calculated from Vds,sat =
φsat−φs(0). It is generally accepted that the channel potential
at the end of the effective channel is Vds when the device is
operating in the linear region and is pinned at Vds,sat in the

saturation region. This simple approach evokes a discontinuity
problem in the time derivative of the channel potential at the
end of the channel, which degrades the stability of numerical
approach. To avoid this problem, a smoothing function [5] is
used to guarantee the smooth transition of physical quantities
between the linear and saturation regions while maintaining
the pinch-off characteristic of the channel potential at the end
of the effective channel when there exists the timing change in
the drain bias. The channel potential at the effective channel
end using the smoothing function is then written as

Vcb,eff(Vds) = Vds

/
2κ

√
1 + (Vds/Vds,sat)

2κ + Vsb, (6)

where κ is an arbitrarily chosen integer number (2 in this
work), which does not give a sensitive result. Then the surface
potential at the drain-side end of the channel can also be
determined from the MOSFET charge equation by changing
φs(0) to φs(Leff) and Vsb to Vcb,eff .

The surface potential has been reported to have the follow-
ing form in the saturation region (Leff ≤ y ≤ L) [9], [10]:

φs(y) = a+b sinh
(
(y − Leff)

/
l
)
+c sinh

(
(L − y)

/
l
)
, (7)

where the characteristic length l (=
√

3toxXj, Xj: junction
depth) approximates the spreading effect of the mobile charges
into the bulk direction [11]. The effective channel length
(hence a, b, and c also) can be determined from both the
continuity conditions of the potential, field (first derivative),
and charge density (second derivative) at y = Leff and the
properly-chosen boundary condition on y = 0 and y = L.

In the current saturation region, we assume that the effective
channel length responds instantaneously to the timing change
of the external biases, i.e.,

Leff(t) = Leff (Vext(t), dVext(t)/dt, · · ·) � Leff (Vext) . (8)

B. Non-Quasistatic Part

Now, let us consider the NQS component of the surface
potential. The carrier transport in the saturation region can
be regarded as quasistatic since the carriers have very high
velocity there. Thus the non-quasistatic component for 0 ≤
y ≤ Leff can be expressed as

φNQS
s (y, t) =

M∑

m=1

φm(t) sin
(
mπy

/
Leff(t)

)
, (9)

where M is the truncation number of the spatial sine expan-
sion.

The time-dependent current continuity equation with (1)
yields our master equation including both the QS and NQS
components as follows:

∂

∂t
[α (φs + β + Vt)] +

µnα

2
· ∂2

∂y2

[
(φs + β)2

]
= 0, (10)

where φs(y, t) = φQS
s (y, t) + φNQS

s (y, t). Our solution vector
for the above master equation consists of the Fourier coeffi-
cients of φm(t) represented as [3]

φm(t) = φR
m,0 +

H∑

h=1

(
φR

m,h cosωht − φI
m,h sinωht

)
, (11)
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TABLE I

DEVICE PARAMETERS FOR 0.18µm MOSFET SIMULATION

parameter W/L NA tox Xj vsat

value 1.8/0.18 5 × 1017 39 0.25 1.035 × 107

unit [µm] [cm−3] [Ȧ] [µm] [cm/sec]

where H is the number of considered harmonic components
truncated from infinite harmonics. Our goal is to satisfy the
master equation by adjusting the coefficients in (11) through
the Newton-Raphson method [12]. The frequency-domain for-
mulation is the same as in the long channel case except for the
normalized space-sampling points (nodes in the linear region;
0 ≤ y ≤ Leff ) varying with time. As we are to solve the master
equation only in the channel region with the saturation point
modulated by the external biases, we consider equally-spaced
internal nodes at each time-sampling point.

For the calculation of the source and drain terminal currents,
the displacement current is also included for the charging
current by the junction capacitance.

III. SIMULATION RESULTS AND DISCUSSION

Table I shows the device parameters used in the simulations.
These parameters are from the SPICE model parameters of
0.18 µm nMOSFET device produced by Dongbu Electronics
Company.

Comparisons of results are made with MEDICI [13], the
well-tuned two-dimensional analysis tool. Our method needs
no more than six Newton steps for the following simulations
to an acceptable convergence criterion, which shows the effi-
ciency of our method for all cases.

A. DC analysis

We checked dc I–V characteristics in order to validate the
QS part of our model. First, from Fig. 2(a), it can be noticed
that the new model predicts precise Id–Vg characteristics from
the subthreshold to the strong inversion conditions. Second,
comparisons of Id–Vd characteristics drawn in Fig. 2(b) show
that our model is accurate and continuous in the whole
operating condition of the MOSFET, from linear to saturation
condition. Furthermore, gds shows no discontinuity around
Vds = 0 V, which has been the problem of some circuit
simulators [5] using a source-referenced model and simple
consideration of lateral field contribution to the carrier mobil-
ity.

B. AC analysis

Fig. 3 depicts the harmonic distortion components of the
drain current for Vgb = 1.5 V and a large-signal single-tone
(100 GHz) input on the drain as Vds = 1.5 + 1.5 sin(2π ×
1011t) V. The QS harmonic distortion components are gen-
erated by the nonlinear behavior of the system and the NQS
harmonic distortion components are from both the nonlinearity
and the NQS effect in the carrier transport. It can be seen
from Fig. 3 that the NQS components are important for the
distortion components.
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Fig. 2. Comparison of (a) gate transconductance gm and (b) drain-source
transconductance (output conductance) gds of a 0.18µm MOSFET

The time-varying periodic inputs on gate or drain are shown
in Fig. 4. Because our simulation is performed in the frequency
domain, Fourier coefficients of 50 harmonics of the input are
calculated to represent the input waveform which needs 101
time-sampling points. For the purpose of imposing the same
numerical burden, one period of input is sliced with 101 time
samples in MEDICI simulation.

The source and drain currents are drawn in Figs. 5(a) and
5(b) with respect to time, when ramp signals are exerted on
the gate with the input frequencies of 1 GHz and 50 GHz.
While the source and drain currents are almost identical for the
case of 1 GHz, there exists an appreciable difference between
two currents for the input of 50 GHz. When the gate voltage
is raised, the source current leads the drain current because it
takes a finite time for electrons to form the inversion layer.
The reverse action occurs for the case of ramp down of the
gate voltage. This phenomenon is a typical characteristic of
the NQS effect aroused by a high frequency input.

For a different circuit configuration, the simulation result for
a sawtooth-shaped input on the drain is shown in Fig. 6. Again
good agreement for both simulations is obtained. It should be
noticed that the charging current for the junction capacitance
is properly implemented.
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Fig. 4. Ramp and sawtooth signals for input: time scale is normalized by
period.

IV. CONCLUSION

Our new model yields not only an efficient simulation of
the short channel MOSFET but also physically accurate results
when harmonic and periodic inputs are present. Our model
may be a good basis for the HB analysis to understand the
effects of the various physical mechanisms and the device
structures on the nonlinear distortions and noises with a small
computation load and we are expecting to extend our model
to the circuit environments.
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