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Abstract
Compact thermal models for semiconductor devices

are usually constructed under the assumption of constant
material properties as well as the convection coefficient.
However, in many cases this is the cause of undesired
deviations from experimental results. In this paper, we
present an extension of model order reduction to construct
a compact thermal model for the case when a convection
coefficient is nonlinear. As an example, we use transient
thermal simulation of a semiconductor device with a
temperature-dependent convection coefficient. We
demonstrate that the model order reduction technique
introduced in this paper can treat such nonlinearity very
efficiently. At the same time, the reduced model is
accurate enough to replace the original model.

1. Introduction
Engineers often employ compact thermal models to

speed up system-level simulation. However, conventional
compact models are limited to the linear case when all
material properties are assumed to be constant [1, 2]. This
may not be enough to describe accurately measured
results. There was an attempt to generalize conventional
compact thermal modeling to include nonlinear behavior
[3]. However, because the construction of compact
models is based on data fitting, the problem to choose the
right topology for a compact model becomes even more
difficult.

Formal model reduction [4, 5] takes as input high-
dimensional system matrices of ordinary differential
equations obtained after the discretization in space of the
heat transfer equation. Then, it generates automatically an
accurate compact model [6, 7] by means of a formal
procedure based on matrix linear algebra. Unfortunately,
this is also limited to the linear case.

Recently, there were successful attempts to extend the
model reduction approach to a nonlinear system: see
review [8] and case studies related to an electrical circuit
[9] and MEMS [10]. In the present paper, we use a
thermal model for a semiconductor device [6] as a case
study to apply these methods to the problem when the
film coefficient depends on temperature.

In the following text, we first give a review of
nonlinear model order reduction [3] in section 2. The
nonlinear model of a semiconductor device and the
application of model order reduction are described in
section 3. In section 4, we show the efficiency of
nonlinear model order reduction with simulation results.
Conclusions are given in section 5.

2. Overview of nonlinear model order reduction
In this section, we overview the model order reduction

method from [9]. We describe its application in the next
section.

The nonlinear system considered in [9] is of the
following form,

 

€ 

dx /dt = f (x) + bu(t)
y(t) = cT x(t)

 
 
 

                                          (1)

where the vector nRtx ∈)(  is often referred to as a ``state

variable". The dimension n of this vector is usually called
the dimension of the system. The initial condition is
assumed to be 00 =x , u(t) is the input signal, y(t) is the

output response, a linear combination of the state vector
entries. From an engineering viewpoint, the output is
useful information that can be directly obtained from the
state vector.

Let us assume that f(x) is smooth enough so that it can
be expanded into a Taylor series about the initial
condition, for example

L++= xHxxDxf f
T

f )0()0()(                               (2)

where )0(fD  is the Jacobian matrix of f(x) at 0, )0(fH  is

the so called Hessian tensor, for detailed explanations
of )0(fH see [9].

If f(x) was approximated by the first two components
of the Taylor expansion above, then the quadratic
nonlinear system below is an approximation to the
original nonlinear system (1), provided )0(fDA = ,

)0(fHW = ,

€ 

dx /dt = Ax + xTWx + bu(t)
y = cT x(t)

 
 
 

                                    (3)

The projection matrix for model reduction is computed by

},,,{}
~
{ 21 bAbAbAcolspanVcolspan q−−−= L                 (4)

This equation is inspired by linear order reduction based
on the Krylov subspace projection technique [4]. The
terms on the right hand side of (4) are the moment vectors
of the transfer function of the linear system below, which
only contains the linear part in (3)



€ 

dx /dt = Ax + bu(t)
y = cT x(t)

 
 
 

                                              (5)

The columns in V
~  are required to be orthogonal with

each other, that is IVV T =
~~ , I being the identity matrix. In

(4), on the left hand side, colspan means the subspace
spanned by V

~ , on the right hand side, colspan means the
subspace spanned by bAbAbA q−−− ,,, 21 L .

When V
~  is applied to the quadratic system (3) by

means of the approximation zVx
~

≈ , Eq (3) becomes

€ 

˜ V dz /dt = A ˜ V z + g(z) + bu(t)
y = cT ˜ V z(t)

 
 
 

                                  (6)

where zVWzVzg T ~
)

~
()( = . After the multiplication of the

first equation in (6) by TV
~ on both sides, we obtain

€ 

˜ V T ˜ V dz /dt = ˜ V T A ˜ V z + ˜ V T g(z) + ˜ V Tbu(t)
y = cT ˜ V z(t)

 
 
 

                   (7)

With a new notation VAVA T ~~ˆ = , gVg T~ˆ = , bVb T~ˆ = , (7)

can be simplified into (8) which is the final reduced
model.

€ 

dz /dt = ˆ A z + ˆ g (z) + ˆ b u(t)
y = cT ˜ V z(t)

 
 
 

  
                                      (8)

In order to obtain the original solution x(t) in (1) from
this reduced model (8), we merely solve (8) and obtain
the solution z(t), then use zVx

~~ =  as the approximate

solution for x(t). If the approximation zVx
~~ =  is accurate

enough, the original large model in (1) can be replaced by
the small model (8) during simulation, and this can save a
lot of simulation time and memory without loss of
accuracy.

A circuit example is given in [9] to show the efficiency
of this model order reduction technique. However, this
circuit example is only of moderate dimension n=100. In
the next section, we will introduce a nonlinear model with
the dimension of n=67112 and show the applicability of
the nonlinear model order reduction technique for a high
dimensional model.

3. Case study: a large-scale thermal model of a
semiconductor device

We have made the finite element model of a
semiconductor device similar to that presented in [6] (see
Fig. 1). The temperature-dependent convection coefficient

h(t) = a + bT

was applied with the convection boundary conditions at
the surface. After the discretization, we had a system of
ordinary differential equations as follows,

€ 

Edx /dt + Ax + f (x) = B
y(t) = Cx(t)

 
 
 

                                      (9)

where y(t) is the temperature at the specific location in the
device. f(x) is a nonlinear function that contains the
temperature-dependent convection coefficient. It is
already a qudratic function of x, hence, we did not need to
make its Taylor expansion.  The model in (9) is of the
same form as in (3), i.e., it only contains the linear term
and the quadratic term.

The dimension of (9) was 67112. The system matrices
in (9) were obtained from ANSYS binary EMAT files by
means of mor4ansys [11].

The projection matrix V was be constructed from (9)
directly. According to (4) and (5), we first derived the
corresponding linear system of (9),

€ 

Edx /dt + Ax = B
y(t) = Cx(t)

 
 
 

                                                (10)

The transfer function of (10) is as follows
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The moment vector of H(s) are the terms in the series
expansion above, and the projection matrix V  is thus
constructed as follows,

})(,,)(,{
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=
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              (12)

By projecting the original system (8) onto the subspace
spanned by V  (similar to 6 and 7), we obtained the
reduced system of (8) in the next form,

€ 

ˆ E dz /dt + ˆ A z + ˆ f (Vz) = ˆ B 
ˆ y (t) = ˆ C z(t)

 
 
 

  
                                     (13)

where )()(ˆ,ˆ,ˆ VzfVzfAVVAEVVE TTT === , BVB T=ˆ ,

CVC =ˆ . The dimension of the system (13) was 300.
In the next section, we will show the efficiency of the

reduced model (13) with simulation results, when
simulation of the original large model (8) with the
dimension of 67112 is compared with simulation of (13)
with the dimension of 300.



4. Simulation results
In this section, we compare the simulation results

between the reduced model (13) and the original large
model (8) in figure 2 and figure 3 that shows the
temperatures at two locations within the device. In each
figure, the solid line is the solution y(t)=Cx(t) computed
directly from the original large model. Its simulation was
done in ANSYS. The dashed line is the approximate
solution computed from the reduced model (13) by means
of VzxCtyty ==≈ ˆˆ)(ˆ)( . Its simulation was done in

MATLAB. The agreement, and thus the accuracy of the
reduced model, is very good for different positions within
the device.

Figure 1:  Semiconductor device with temperature
distribution

Figure 2: Comparison of the temperature rise at
the location thb1.

Figure 3:  Comparison of the temperature rise at
the location tboard.

5.   Conclusions
We have introduced a nonlinear model order reduction

technique to produce fast simulation of a very large-scale
system derived from a thermal model of a semiconductor
device. The simulation results show that the reduced
small model is accurate enough to replace the original
large model so that only the small model needs to be
simulated. This saves simulation time and computer
memory. The results confirm the applicability of model
order reduction technique to a high-dimensional weakly
nonlinear system.

Acknowledgments
This research is supported partly by NSFC research

project 90307017, 60176017, 90207002 of China, partly
by Synopsys Inc., partly by Cross-Century Outstanding
Schoolar’s fund of the Ministry of Education of China,
partly by National 863 plan projects 2004AA1Z1050 of
China, Science & Technology key project of the Ministry
of Education of China 02095, partly by NSF grants CCR-
0098275 and CCR-0306298 of China and partly by a fund
of the Alfried Krupp von Bohlen und Halbach-Stiftung of
Germany.

References
[1] C. J. M. Lasance, "The influence of various common

assumptions on the boundary-condition-independence
of compact thermal models," IEEE Transactions on
Components and Packaging Technologies, vol. 27, pp.
523-529, 2004.

[2] M. N. Sabry, "Compact thermal models for electronic
systems," IEEE Transactions on Components and
Packaging Technologies, vol. 26, pp. 179-185, 2003.

[3] M. Rencz and V. Szekely, "Studies on the nonlinearity
effects in dynamic compact model generation of
packages," IEEE Transactions on Components and
Packaging Technologies, vol. 27, pp. 124-130, 2004.

Printed Circuit
Board (PCB)

Chip

Copper
Leadframe

active
transistor
hb1

Heat
convection
at surface
with film
coefficient
depend on
temperature



[4] R. W. Freund, “Reduced-order modeling techniques
based on Krylov subspaces and their use in circuit
simulation,” in Applied and Computational Control
Signals and Circuits, vol. 1, B. N. Datta, Ed.:
Birkhauser, Boston, pp. 435-498, 1999.

[5] E. B. Rudnyi, J. G. Korvink, Review: Automatic
Model Reduction for Transient Simulation of MEMS-
based Devices, Sensors Update v. 11, p. 3-33, 2002.

[6] C. Bohm, T. Hauck, E. B. Rudnyi, J. G. Korvink,
Compact Electro-thermal Models of Semiconductor
Devices with Multiple Heat Sources. Proceedings of
5th International conference on thermal and
mechanical simulation and experiments in
microelectronics and microsystems, EUROSIME2004
May 10-12, 2004, Brussels, Belgium, p. 101 - 104.

[7] T. Bechtold, E. B. Rudnyi and J. G. Korvink, Error
indicators for fully automatic extraction of heat-
transfer macromodels for MEMS. Journal of
Micromechanics and Microengineering 2005, v. 15, N
3, pp. 430-440.

[8] Lilhong Feng, “Review of Model Order Reduction
Methods for Numerical Simulation of Nonlinear
Circuits,” to be published in Applied Mathematics and
Computation, 2005.

[9] Y. Chen and J. White, “A Quadratic Method for
Nonlinear Model Order Reduction,” Technical
Proceedings of the International Conference on
Modeling and Simulation of Microsystems M S M
2000, San Diego, CA, USA March 27-29 2000.

[10] J. H. Chen, S. M. Kang, J. Zou, C. Liu, and J. E.
Schutt-Aine, "Reduced-order Modeling of weakly
Nonlinear MEMS devices with Taylor-Series
expansion and Arnoldi approach," Journal of
Microelectromechanical Systems, vol. 13, pp. 441-
451, 2004.

[11] E. B. Rudnyi and J. G. Korvink. Model Order
Reduction for Large Scale Engineering Models
Developed in ANSYS. To be published in Lecture
Notes in Computer Science, 2005.


