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Why Frequency Domain?
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Harmonic Balance

« Expands state variables as a Fourier series; solves for the
Fourier coefficients

* Insensitive to widely spaced spectral components

« Excellent for dealing with complicated high-frequency
passive (linear) components

» Directly captures the large-signal quasi-periodic
steady-state

* For mildly nonlinear problems, exhibits good dynamic
range
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Harmonic Balance

Standard set of circuit equations:

g(x(1)) + 2q<x<r>> +(Y ®x)(1) = u(t)

x(t) = iX L exp(jw,t)

: 2

G(X)+QO(X)+YX =U
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The Harmonic Balance Jacobian

Direct LU factorization:
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Historical Background
» Historically, Harmonic Balance was applied primarily to
microwave circuits:
 Small nonlinear device count
« Large number of linear frequency-dependent elements
* Long time constants
» Late 80s: UC Berkeley Spectre simulator (Ken Kundert)

* In 1995, was extended to IC area by
Melville/[Feldmann/Long and by Brachtendorf

* Krylov-subspace solvers

« Matrix implicit multiplication via FFTs -- storage
becomes O(H), comp. cost becomes O(H*log(H))
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Classes of HB Problems

3 “axes of difficulty”: nonlinearity, device count, spectral
content

Microwave is ideal for HB -- low transistor count, lots of
passives. Direct methods work well

RFIC Area: Limited by degree of nonlinearity and number
of nonlinear devices

RF System Area: Limited by multi-tone FFT size
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The “RF System” Class of Problems...

Receiver Third-Order Intercept Point and
Carrier-to-Intermodulation Distortion Simulations
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Note: This is the example referred to
as "PCS rec test.dsn"

in the Agilent Advanced Design System
Circuit Simulation manual.
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Desired signals appear at the output at 6 and 6.03 MHz, and
undesired intermodulation distortion signals appear at

5.97 and 6.06 MHz.
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Multi-Tone Simulation /
Frequency Remapping
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For multi-tone simulations with M > 2, the FFT size is
generally much larger than the number of harmonics.
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Spectral Packing/Compression and
Remapping Schemes

 Different frequency remapping strategies can have a large
impact on the FFT size

* Algorithmic improvements have delivered impressive
reductions in FFT size for multi-tone problems (e.qg.,
32X in size and 100X in speed for 8-tone problems)

 The potentially increased aliasing effects need to be
studied more closely

 Implicit Jacobian storage is a key bottleneck

» “Lossless spectral packing” and “lossy spectral
packing” (i.e., “compression”) can be used to reduce
spectral storage by over 10X.

« Speed penalty tends to be roughly 2X.
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RFIC Problems

 Linear iterative solver breakdown (with standard
preconditioners) can occur when some amplifiers are
driven deep into compression

- “Digital” circuitry (e.g., frequency dividers/synthesizers,
etc.) composed of latches/flip-flops is extremely
problematic:

» Arc-length continuation typically insufficient (need
“transient assist”)

« Standard block-diagonal preconditioners typically fail
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