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Abstract
We introduce a powerful computational concept which we name the future
adjoint sensitivity technique (FAST). FAST combines the efficiency of the exact
adjoint sensitivity technique with the simplicity of the conventional perturbation
technique. The same concept carries over to a practically implementable Jacobian
for fast harmonic balance simulation. Our result promises high speed gradient
evaluation essential for yield optimization of nonlinear MMIC circuits by general

purpose software.
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SUMMARY
Introduction

Recent years have witnessed a resurgence of interest in harmonic balance
(HB) simulation methods in the microwave industry. A growing number of
microwave engineers are using HB simulators to design nonlinear circuits. Extensive
number crunching currently required by available HB simulators have inhibited fast
optimization of nonlinear circuits and its extension to yield driven design. Another
significant drawback of current implementations is due to inaccurate sensitivity and
gradient calculations.

For researchers in the HB area, improving HB efficiency and robustness has
always been a serious task. Kundert and Sangiovanni-Vincentelli [1] and Rizzoli et
al. [2, 3] have already suggested an exact Jacobian approach. Rizzoli et al. [4]
combined both optimization and solving nonlinear equations at a single level,
affording certain advantages. Its most serious disadvantage is its incompatibility with
established yield optimization formulations.

Recently Bandler, Zhang and Biernacki developed the exact adjoint
sensitivity technique (EAST) for the HB technique [5, 6]. The EAST has been
implemented in a nonlinear HB-based parameter extraction program and
demonstrated to be extremely powerful [7].

Motivated by the potential impact of the adjoint sensitivity approach on
general purpose CAD programs we have studied its implementation aspects. We have
discovered a practically implementable technique which we name FAST (future
adjoint sensitivity technique). It retains most of the efficiency and accuracy of the
EAST while accommodating the simplicity of the conventional perturbation method,
which we name PAST (perturbation approximate sensitivity technique).

FAST is directly applicable not only to the node/port formulation of the



HB equations [1, 5, 6] but also to the state variable formulation [2-4], both within
the framework of general purpose software.

The FAST concept has also been implemented in computation of Jacobians
for high speed HB simulation. By avoiding the analytical differentiation of device
equations, our approach easily accommodates complicated and piecewise device
descriptions.

The features of FAST and its Jacobian extensions are exposed by a mixer
example and a frequency doubler example, respectively.

Notation and Definitions

We follow the notation of [5]. The overall nonlinear circuit is divided into
linear and nonlinear parts. The voltage and the current waveforms at the linear-
nonlinear connection ports are represented by real vectors v(t) and i(t), respectively.
The kth harmonic of these voltage and current spectrums are represented by capital
letters V(k) or I(k), respectively. Y(k) is the port (linear-nonlinear connection ports)
admittance matrix of the linear part. A bar denotes the split real and imaginary
parts of a complex quantity. The hat distinguishes quantities of the adjoint system.
In particular, V or T are real vectors containing the real and the imaginary parts
of V(k) or I(k) for all harmonics k, k =0, 1, ..., H. Y is a real matrix containing
the real and the imaginary parts of Y(k) for all harmonics k, k =0, 1, ..., H.
Basics of the HB Technique

Let I,y and Ty represent the current into the linear and the nonlinear
parts, respectively. The harmonic balance equation is

F(V) =T+ Iy, =0. (1)
A simple Newton’s update for solving (1) is

\ ew v—old - _J‘-IF(Vold) (2)

n

where J is the Jacobian matrix.



Gradient Analysis Using FAST

Suppose the output voltage V_,, can be computed from V as

Vou = € V. 3)
The adjoint voltage % is the solution from the linear equation

TV -:. (4)

Suppose ¢ is a generic circuit design variable. For a given value of ¢, we

first solve the harmonic balance equation (1) to obtain the solution ie.,

solution®

F(¢, Veoiution) = 0. €
Then the approximate sensitivity of output voltage Vout w.r.t. variable ¢ can be
computed as
OV, /06 = - VIF($+A, V, o)/ A, (6)
This formula is much easier to implement than our previously published
EAST [5, 6]. The function F in (6) is evaluated by perturbation and can be readily
implemented. The effort for solving the linear equations (4) is small since the LU
factors of the Jacobian matrix are available from the final iteration of (2).
Comparison of FAST with PAST

Suppose there are 10 design variables in the nonlinear circuit. Using PAST
to calculate circuit sensitivities, one needs to perturb all design variables and to solve
the entire nonlinear circuit for each perturbation, i.e., 10 times. The best possible
situation for this approach is that all 10 simulations use the same Jacobian and all
converge in one iteration.

Using FAST, we also need to perturb all variables. But instead of
completely solving 10 nonlinear circuits, we only evaluate 10 error functions in the
form of (1). The solution of adjoint equation (4) is accomplished in 2
forward/backward substitutions.

A detailed comparison reveals that FAST always requires less computation



than that of the best possible situation of PAST. In our numerical experiment,
FAST is 23 times faster than PAST.

Accuracy is a particularly important feature of FAST. In our numerical
experiment, gradients from FAST are about 100 times more accurate than those from
PAST. This means that HB optimization will be more robust by using FAST.

Comparison of FAST with EAST

The generic EAST is accepted by all circuit theoreticians as the most
powerful tool. However, to implement it, we have to keep track of all arbitrary
locations of variables and to compute branch voltages at all these locations. This
requirement, in general, is so involved that microwave software engineers virtually
abandoned hope of generally implementing the EAST.

In FAST, we completely eliminate the need of track variable locations.
We only need to identify the output port which is the simplest step in adjoint
sensitivity theory.

High Performance FAST

Like any numerical techniques, the performance of the FAST can be
enhanced to deal with ill-conditioned or large scale problems. The choice of the
step length has a significant effect on accuracy. An optimal step length adjustment
scheme will be presented.

FAST Analysis of a FET Mixer

Consider the mixer example used in [5, 6, 8]. Figs. 1 and 2 show the
large-signal MESFET model and the DC characteristics of the device. The
frequencies are f; 5 = 11 GHz, frr = 12 GHz and fiz = 1 GHz. The DC bias
voltages are Vgg = -0.9 V and Vg = 3.0 V. With LO power P;o = 8 dBm and RF
power Ppp = -15 dBm, the conversion gain was 6.9 dB. 26 variables were

considered including all parameters in the linear as well as in the nonlinear part, DC



bias, LO power, RF power, IF, LO and RF terminations. We used FAST theory
to compute the sensitivities of the conversion gain w.r.t. all variables. The same
sensitivities were also evaluated by the EAST and PAST. Excellent agreement
between the three approaches is shown in Table 1.

From Table I, we notice that the FAST sensitivities are almost identical to
the exact sensitivities. But the PAST sensitivities are typically 1 to 2 percent
different from their exact values. This fact reveals that the FAST is much more
reliable than PAST.

The circuit was solved in 22 seconds on a VAX 8600. The CPU time for
the FAST, the EAST and the PAST were 10.7, 3.7 and 240 seconds, respectively.
FAST is 3 times slower than EAST but 23 times faster than PAST.

Simple and Efficient Approach to Computation of Jacobian

Kundert and Sangiovanni-Vincentelli [1] and Rizzoli et. al. [2, 3] have
investigated exact Jacobians for accelerating the HB procedure. However, as
observed by Rizzoli et. al. [3], differentiating complicated or piecewise device
equations may be very annoying from a programmer’s view point. The perturbation
(or incremental) approach is often used in practice.

Such difficulties associated with the exact Jacobians can be eliminated by
extending the concept of FAST to the Jacobian calculation. We compute the time
domain derivatives 9i(t)/dv(t) at the device level using perturbations. These
derivatives are then converted to the frequency domain by a Fourier transform. The
Jacobian matrix is then assembled from these Fourier coefficients using the formulas
in [1, 3].

Approximate Jacobian for a Frequency Doubler
We have used our Jacobian approach in solving the FET frequency doubler

example from Microwave Harmonica [9]. The circuit consists of a common source



FET with a lumped input matching network and a microstrip output matching and
filtering section. The circuit diagram is shown in Fig. 3. The input frequency is
5GHz. The output is at 10GHz. 4 harmonics are considered. We have also used
the conventional perturbation approach to compute the Jacobian. The numerical
results from the two approaches agree very well. The CPU time for our approach
and the perturbation approach is .89 and 5.3 seconds, respectively, on Micro VAX
II.
Conclusion

Our FAST is an expedient tool for gradient calculation in the HB
environment. The advantages of FAST over PAST are its unmatched speed and
accuracy, and over the EAST is its implementational simplicity. FAST is directly
compatible with established formulations of yield optimization. FAST is particularly
suitable for implementation in general purpose microwave CAD software. We feel
that FAST provides a key to the new generation of yield optimizers for MMICs.
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TABLE 1

NUMERICAL VERIFICATION OF FAST FOR THE MIXER EXAMPLE

Var. Sensitivity Sensitivity Sensitivity Difference Difference
from from from between between

FAST EAST PAST FAST and FAST and

EAST (%) PAST (%)

linear subnetwork

Cys -24.28082 -24.28081 -24.03669 0.00 1.01
Cea -32.16238 -32.16237 -32.33670 0.00 -0.54
Ce -8.8x10713 1.7x10713 0 120.21 100.00
R, 10.00754 10.00756 9.89609 -0.00 1.11
R4 11.71325 11.71327 11.71338 -0.00 -0.00
R, -4.98829 -4.98827 -4.98861 0.00 -0.01
Rye -0.07171 -0.07171 -0.07115 0.00 0.79
L, -0.30238 -0.30238 -0.30054 0.00 0.61
Ly -0.87824 -0.87824 -0.87247 0.00 0.66
L, -0.33527 -0.33527 -0.33191 0.00 1.00

nonlinear subnetwork”

Ceso -5.43110 -5.43110 -5.38265 0.00 0.89

T 1.52983 1.52984 1.56057 -0.00 -2.01
Vg -20.84224 -20.84223 -20.84308 0.00 -0.00
Vio -14.62206 -14.62206 -14.62469 0.00 -0.02
Vass 0.30209 0.30209 0.30210 -0.00 -0.00
Tasp 9.39335 9.39335 9.39338 -0.00 -0.00

bias and driving sources

Vas -4.94402 -4.94402 -4.94271 -0.00 0.03
Vps -0.67424 -0.67424 -0.67429 0.00 -0.01
Pio 2.02886 2.02885 2.02882 0.00 0.00
Prr -0.09073 -0.09072 -0.09077 0.01 -0.05




TABLE I (continued)

NUMERICAL VERIFICATION OF FAST FOR THE MIXER EXAMPLE

Var. Sensitivity Sensitivity Sensitivity Difference Difference
from from from between between
FAST EAST PAST FAST and FAST and
EAST (%) PAST (%)
terminations®
R, (f10) 8.83598 8.83596 8.76244 0.00 0.83
Xg (£f10) 2.20500 2.20496 2.16567 0.00 1.78
R, (fgp) 0.71282 0.71281 0.70568 0.00 1.00
Xy (£rp) 0.46410 0.46409 0.45702 0.00 1.53
Rg(f1p) 0.65950 0.65950 0.65272 -0.00 1.03
Xq(£1p) 0.09024 0.09024 0.09207 -0.00 -2.02
* Nonlinear elements are characterized by
Ces(Vy) = Cg0 /Y1 - vy/Vy
R;(v1)Cys(vy) = 7
and the function for i (v,, v,;) is shown in Fig. 2, whose
mathematical expression is consistent with [8]. V4, V,,, Vu
and I4, are parameters in the function i (vy, v;).
+ R and X represent the real and the imaginary parts of the

terminating impedances, respectively. Subscripts g and d
represent the gate and the drain terminations, respectively.
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Fig. 2 The DC characteristics of the MESFET model in Fig. 1.
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