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ABSTRACT

In this paper, a new iterative grid selection strategy for
the Time-Mapped Harmonic Balance (TMHB) method is
presented. This strategy is referred to the adaptive grid
methods, which tracks the rapid transitions and constructs a
smooth time-map function. The theoretical analysis and
simulation results of this grid selection strategy are presented.
The results demonstrate that this new strategy improves the
numerical stability of the TMHB method and achieves
accurate results based on the improved TMHB method.
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1 INTRODUCTION

Harmonic Balance (HB) methods are the frequency-
domain simulation algorithms for circuit simulation. For
circuits where the nonlinearities are moderate, HB methods
are the preferred algorithms over the time-domain methods
such as shooting methods, because they can compute the
periodic steady-state with spectral accuracy [1-3]. The
preconditioned matrix-implicit Krylov-subspace algorithms
have made these methods more efficient for the large circuits
[4]. However, for the strongly nonlinear circuits with rapid
transitions, the HB methods need a large number of
harmonics to present the accurate circuit solution. The Time-
Mapped Harmonic Balance method (TMHB) is able to solve
this kind of problem, which uses non-uniform grids to
resolve the rapid transitions [5-6]. One significant weakness
of the method is the grid selection strategies which may not
well distribute the grid points and make the algorithm
unstable [7].

In this paper, a new iterative grid selection based on
adaptive grid methods is developed. It produces a very stable
and simple grid generation which yields a better result in the
TMHB algorithm. The next section overviews the TMHB
algorithm. In Section 3 the theoretical analysis of iterative
grid selection strategy is demonstrated and a new iterative
grid selection strategy is proposed. In Section 4 the results of

the new iterative grid selection strategy are presented.
Finally, a conclusion is given in Section 5.

2 TIME-MAPPED HARMONIC BALANCE

For time domain the circuit equations are given by

W+ f(v(t)+u(t)=0 (1)

where U(t) is the vector of input source, () is the vector of
node voltage, and f(\t)) is the vector of node currents and
q(v(t)) is the node charge (or fluxes). All these vectors are of

size N. The periodic steady-state solution of (1) satisfies
v(t+T)=v(t)

The TMHB method utilizes a non-uniform grid of M time
points to describe the solution waveforms which have rapid
transitions by mapping and solving the circuit problem in a
new pseudo-time domain. This method uses the time-map

function A to convert a uniform grid in pseudo-time i to
non-uniform grid in real time t. The time-map function
concentrates time points in the sharp regions of the solution
waveforms, making the solution waveform v(t) much

smoother when viewed in pseudo-time. Then HB methods
are used in pseudo-time where the reduction in the truncation
error of the pseudo Fourier series approximation is acquired.
The time-map function is constructed as:

t=A(E)=f+ Y gl @)

k=-13

where 2J+1=S, S is the sampled non-uniform time points
used to construct the time-map function. This construction
guarantees its derivative with spectral accuracy in the TMHB
method.

In order to describe (1) in pseudo-time t, using
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dt =4 ()df 3)

Substituting (2), (3) into (1):

1 d A A
0@ AVAD) + F (AD)) +u(AE) =0 )

The solution waveform V(1) is represented as

K "~ . ~
vty =v(a) = D Ve 5)
k=—K

where K is the number of harmonics in the truncation.

Substituting the Fourier representations of V(t) and u(t)
in (4), which is expanded in frequency-domain yielding NM
nonlinear algebraic equations as:

F(V)=TAI'Qq(r'V)+If (T V)+Tu=0 (6

where () is a diagonal matrix expressing time derivation in
frequency domain, I' represents time to frequency
translation matrix which in practice is implemented using
numerically efficient FFT, A is the diagonal matrix

1

() '

A'(t) )

The NM nonlinear algebraic equations (6) are solved by
applying Newton's method. The iteration equation is

J(\i(l))(\i(|+l) _\i(l)):_lf(\f(l)) ®

where | is the Newton iteration index. The I-th Newton
Jacobian is

JVM=rAr'Qrer +rer )

In the above equation C is a block diagonal matrix with
blocks C, = dQ(V(}”(ti)%/ and G is a block diagonal

matrix with blocks G = df (v(4 U )%/ . The iteration
equation is solved by Krylov-Subspace methods [8].

3 ITERATIVE GRID SELECTION
STRATEGY

The time-map function A, which maps the uniform grid in
pseudo-time to the non-uniform grid in the real time,
critically affects the efficiency of the TMHB method. In
order to preserve the spectral accuracy of the TMHB method,
the time-map function must be smooth enough, at least as
smooth as the functions describing the device models.
Nastov develops an iterative grid selection strategy to
determine S non-uniform real time points which are used to
construct the time-map function [6].

The initial solution is obtained by solving (1) with a loose

convergence tolerance. The time step is set as h, =t —t,

and h, needs to satisfy

Sh, =T (10)

m=

The monitor function R which describes the changes of
the initial guess solution is

S SRR LG EL ST (11)
h j F

m i

where V; is the initial guess solution of the j-th circuit

equation, and F, are the solution weights.

The time step hﬂ adapts in the following way:

R,.h, = constant (12)
form=1,2, ..., (S-1).

Solving the nonlinear system of (10) and (12) by Newton
iteration, we get the real distribution of the grid and construct
the time-map function.

This grid selection strategy presents some limits: (O the
time step changes fast during the regions with rapid
transitions which causes numerical instability. @ The
monitor function features the regions which do not have real
rapid transitions and makes h = change irregularly. This

brings error during the transform between time domain and
frequency domain.

A new iterative grid selection is developed by
constructing a new monitor function which is referred to the
adaptive grid methods based on [9-10]. Determining the
sharp features (rapid transitions) is carried out as follows: the

value of R in each grid from (11) is compared with the
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values in each of the adjacent grids. If the value of R is the

maximum of the three, and bigger than the cut-off value,
then the feature is accepted. We let

S =R} (13)

]

where j is the index of R which satisfies the requirements

above.
The smooth monitor function is defined :

S, =1+ ) (14)

m
EIN R -x))*+1

where N is the number of sharp features, X j is the

time point corresponding to the real sharp feature of S j oM

is the parameter determining the smoothness of the grid.
Replacing R with S_ in (12):

S,.h, = constant (15)
form=1,2, ..., (S-1).

Then the appropriate grid is got by solving the nonlinear
system of (10) and (15) using the Newton iteration.
Combining this non-uniform grid with its corresponding
uniform grid, a smooth time-map function A4 is obtained by
(2).

Some remarks can be made. Firstly, the predefined cut-
off value is used to determine the number of the real sharp
features. For circuits where the nonlinearities are moderate,

the value of Rn will be all smaller than the cut-off value.

There will be no sharp features and obtain a set of uniform
grids. Secondly, the parameter p is used to determine the
smoothness of the grid, which is as increased as the
nonlinearities of the circuits. Thirdly, the strategy proposed
can get a smooth monitor function, which only features the
rapid transitions and do not contain the normal changes in
the solution waveform.

4 NUMERICAL EXPERIMENT

The new iterative grid selection strategy introduced in the
previous section is implemented in our MATLAB-based
circuit simulator. Then the result is showed on the strongly
nonlinear power-supply circuit (Fig.1) which is common
used in circuit simulation [11-13]. The Nastov's iterative grid
selection strategy (TMHB-1) and the iterative grid selection
strategy we proposed (TMHB-2) are compared in Fig.2. The
number of grid points for the iterative strategy is S = 50, and
the exact solution is computed using standard HB method
with K = 500. The plots demonstrate that the new iterative
grid selection strategy (TMHB-2) is more successful than the
Nastov's iterative grid selection strategy (TMHB-1).

Fig.1 Power-supply circuit Parameters:C1=1 u F,
C2=C3=ImF,L1=0.1H,R1=5Q ,R2=1k Q.
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Fig.2 Steady-state response of VC2 in power supply
computed with K=15.

QaoD7- Q0007-
05 Q00064
Q0I5 Q00064
£ oo £ oo
<
QOB- 00003
Qaoe- Qo
Qomt T T T T T 00001- T T T T T
oo Q0B Qoo Qa5 am 000 0006 0010 0015 ss29]
td t[g

Fig.3The time-steps of iterative grid selection strategies:
(A)TMHB-1; (B) TMHB-2.

Fig.3 and 4 show the detail of time-steps, it is illustrated
that the Nastov's iterative grid selection strategy excessively
increases grids in the regions which do not have sharp
features and the ratios of neighboring time-steps are bigger
which can cause numerical instability. The strategy we
proposed solved this problem: the set of grids that our
strategy generates not only catches the sharp features, but
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also changes much smoother and more stable with smaller
ratios of neighboring time-steps.
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Fig.4 The ratios of neighboring time-steps of iterative grid
selection strategies: (A) TMHB-1; (B) TMHB-2.

5 CONCLUSION

In this paper an efficient iterative grid selection strategy

is proposed for the Time-Mapped Harmonic Balance method.

This strategy is compared with the Nastov's iterative grid
selection strategy and the results show the algorithm is more
stable and accurate. This new iterative grid selection strategy
makes the Time-Mapped Harmonic Balance method more
practical.

ACKNOWLEDGMENT

This work is supported by the Key Project of National
natural Science Funds of China (60936005) and the National
natural Science Funds of China (60876027, 60976066,
60976021, 61006071). This work is also supported by The
Shenzhen Science & Technology Foundation
(CXB201005250031A, JSA200903160146A), the
Fundamental Research Project of Shenzhen Science &
Technology Foundation (JC200903160353A,
JC201005280670A), the Research Project of Guangdong
Science & Technology Foundation (2009A011604001) and
the dean’s foundation of the Shenzhen graduate school of
Peking University (2010010).

REFERENCES

[1] O. Nastov, R. Telichevesky, K. Kundert, and J. White,
“Fundamentals of Fast Simulation Algorithms for RF

Circuits,” Proceedings of the IEEE, vol. 95, 600-621,
2007.

[2] A. Mehrotra and A. Somani, “A Robust and Efficient
Harmonic Balance (HB) Using Direct Solution of
HB Jacobian,” DAC'09, 46thACM, 370-375,2009.

[3] P. Li and L. Pileggi, “Efficient harmonic balance
simulation using multi-level frequency decompo-
sition,” Proceedings of ICCAD,677-682,2004.

[4] R. Telichevesky, K. Kundert, J. White, “Efficient
Steady-State Analysis Based on Matrix-Free Krylov-
Subspace Methods,” Design Automation Conference,
480-484, 1995.

[5] O.Nastov and J.White, “Time-Mapped Harmonic
Balance,”Design Automation Conference,641-646,
1999.

[6] O. Nastov and J. White, “Grid Selection Strategies for
Time-Mapped Harmonic Balance Simulation of
Circuits with Rapid Transitions,” Custom Integrated
Circuits Conference,13-16, 2002.

[7]1 B. Yang, J. Phillips,”A Multi-Interval Chebyshev
Collocation Method for Efficient High-Accuracy RF
Circuit Simulation,” Design Automation Conference,
178-183,2000.

[8] O. Nastov, “Spectral Methods for Circuit Analysis,”
Massachusetts Institute of Technology, 1999.

[9] K. Farrell and L. Drury, “An Explicit, Adaptive Grid
Algorithm for One-Dimensional Initial Value
Problems,” Applied Numerical Mathematics, vol. 26,
3-12, 1998.

[10] J. Blom, J. Sanz-Serna, and J. Verwer, “On simple
moving grid methods for one-dimensional
evolutionary partial differential equations,” Journal
of Computational Physics, vol. 74, 191-213, 1988.

[11] T. Aprille, Jr and T. Trick, “Steady-State Analysis of
Nonlinear  Circuits ~ with  Periodic  Inputs,”
Proceedings of the IEEE, vol. 60, 108-114, 1972.

[12] X. Li, B. Hu, X. Ling, and X. Zeng, “A Wavelet-
Balance Approach for Steady-State Analysis of
Nonlinear Circuits,” IEEE Transactions on Circuits
and Systems I: Fundamental Theory and
Applications, vol. 49, 689-694, 2002.

[13] J. Parkhurst and L. Ogborn, “Determining the
steady-state output of nonlinear oscillatory circuits
using multiple shooting,” IEEE Transactions on
Computer-Aided Design of Integrated Circuits and
Systems,vol.14,882-889,2002.

674 NSTI-Nanotech 2011, www.nsti.org, ISBN 978-1-4398-7139-3 Vol. 2, 2011





