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Abstract— A novel design technique for the direct synthesis
of large-signal microwave circuits is presented. It is based on
an equivalent linear representation of the nonhnear circuit di-
rectly derived from an exact nonlinear analysis method, e.g., of
the harmonic balance type. Linear, direct synthesis methods
are then applied to thk equivalent network. The drawbacks
of nonlinear optimization are so avoided, while keeping the
advantages of exact nonlinear analysis and accurate nonlinear
models,

I. INTRODUCTION

M ODERN MICROWAVE systems include several types
of nonlinear circuits, as power amplifiers, mixers, os-

cillators and frequency multipliers. The final cost and per-
formances of the system heavily depend on the availability
of efficient and accurate design techniques and procedures,
that allow the designer to perform his task in the shortest
possible time with good simulation accuracy. To this goal
nonlinear models and analysis methods are vital to accurately

simulate the behavior of the circuits prior to fabrication,
and to save costly and time-consuming production iterations.
Nowadays accurate and powerful nonlinear CAD packages
and models are commercially available, for the simulation of
microwave nonlinear circuits [1]–[4]; however, they usually

are.not specifically addressed to the design. On the other hand,
several simplified methods have been proposed for very fast
design of specific ciruits like power amplifiers or mixers [5],

[9], but they lack accuracy because of their basic simplifying
assumptions on the nonlinear device. In this paper we propose

a method that, making use of full nonlinear model and analysis

algorithm (of the harmonic balance type), defines a linear
equivalent circuit valid in large-signal conditions. On this
circuit direct synthesis techniques are applied, in the same
way as in actual linear circuits, avoiding the application of
nonlinear optimization procedures. The accuracy of the method
is that of the basic nonlinear analysis, but design conditions

(as for instance conjugate matching) can be directly applied,
with the advantages of clarity and speed; the results are
obviously valid for large-signal conditions. The basic features
of the method together with examples of applications to typical
nonlinear circuits are presented in the following.
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II. THE NONLINEARDESIGN METHOD

Following standard nonlinear analysis methods [6] the cir-

cuit can be first divided into linear and nonlinear subnetworks,
connected by a number (N + 1) . ill of electrical ports,
representing the N harmonics, plus DC, of the voltages and

currents at the M physical connecting ports. For the linear
subnetwork a matrix representation is immediately defined in

frequency domain, e.g., an admittance matrix Y~, together with

a vector of sources, representing the external excitations. The
actual sources are usually replaced by equivalent ones at the

(electrical) connecting ports, e.g., Norton equivalent current

sources. The nonlinear subnetwork is usually analysed in
time domain: a time-domain voltage waveform vector v(t) is

applied, and a current waveform vector iNL (t) is computed in
the time domain as a function of applied voltages. Connection
with the frequency-domain analysis of the linear subnetwork
is provided by Fourier transform.

Equating the linear and nonlinear currents simultaneously at

all ports, as required by KirkhhofPs law, yields the system of

the harmonic-balance equations, where the unknowns are the
voltages at the same ports

lL = ~O,L+ Y~ . V linear sub-network (1)

ZN~(t) = f[v(t)]; INL = 7{iNL (t)}

non-linear sub-network (2)

g(v) = IL + INL = O harmonic-balance system. (3)

The system is obviously nonlinear in the unknown V,

and must be solved with a zero-searching iterative method.

The Newton-Raphson algorithm is usually employed, that
requires the computation of the derivative J(V) = 8g(V)/~V

(the Jacobian matrix) of the system equations g(V) with
respect to the unknown voltages V, When the Newton-Raphson

algorithm finally reaches convergence, the voltage V is the
actual large-signal voltage present in the circuit. So f~, the

described analysis is pretty standard.
We now consider that the computation of the Jacobian re-

quires the evaluation of the derivative of the nonlinear currents

with respect to the applied voltages 131NL/dV, that can be
regarded as an equivalent admittance matrix of the nonlinear
subnetwork. In the Jacobian of the last iteration of the Newton-
Raphson algorithm, the applied voltages are the solution of the
system, i.e., the actual voltages in the nonlinear circuit, and the
equivalent admittance matrix represents the effect of an actual
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Fig. 2. The linear equivalent network of the complete circuit,
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Fig. 1. (a) Linear large-signal equivalent network of a diode at zero-
frequency (DC), (b) Linear large-signat equivalent network of a diode at
non-zero-frequency,

voltage perturbation on the nonlinear subnetwork under large-

signal drive. A linear equivalent “incremental” representation

is therefore available for the nonlinear subnetwork, at no

additional computational cost. Similar considerations have

been already used [7] and [8] for sensitivity analysis or for

optimization purposes, but no use of them has been done for

direct circuit synthesis.
To the purpose of obtaining not just a perturbation or gra-

dient, but a completely equivalent network, in fact, equivalent
current sources must be added: they are easily computed

from the available data, in the same way as for the linear

subnetwork. In Fig. 1(a) an example of this principle is shown

for a simple diode for the zero-frequency harmonic (DC);

in Fig, 1(b) the same is shown for a non-zero-frequency

harmonic. In the former case the origin of the equivalent

current source and admittance is clear: a small perturbation

of the DC bias generates an incremental current along the
differential admittance around the bias point. In the latter case
the role of the DC bias voltage is played by the large-signal
“bias” sinusoid; the small perturbation, i.e., the small variation
in amplitude or phase of the sinusoid, generates a change of

the large-signal current waveform, from which the relevant

frequency component is extracted through a Fourier analysis.

The ratio between the voltage and current variations is the

incremental admittance. Equation (2) can now be rewritten as

()81NL
INL = 10,*VL + ~ .V=IO,NL+YNLV

in analogy with (1). In this way the complete network is now

composed by the (fictitious) equivalent current generators and
by the equivalent admittances at all ports and frequencies, and
is overall equivalent to the actual nonlinear circuit (Fig. 2);
obviously, the validity of the representation is limited to a
neighborhood of the working point.

This equivalent representation is used for a direct synthesis
of the circuit with linear methods. The embedding linear
network can be synthesized to fulfill a design criteria, as for
instance conjugate match for maximum power gain. Of course,
if the synthesis leads the circuit away from the operating point,

a new nonlinear analysis is required: the linear equivalent
representation is in fact valid at a fixed drive level, bias
point, and loading. A new equivalent representation must
be therefore computed if the loading impedances are varied:
usually, however, only two or three iterations are required to
reach the final and correct circuit. It is worth reminding that
the voltages and currents present in this equivalent linearized
circuit are the actual large-signal ones, and that consequently
large-signal quantities as DC or RF power, power gain, conver-
sion gain, rectified DC current, voltage and current waveforms,
and so on, are directly computed from the linear circuit. The

proposed technique is therefore a valid alternative to nonlinear
optimization methods.

III. EXAMPLESAND APPLICATIONS

The presented general technique has been applied to several
examples. As mentioned above, the electrical ports represent
all the harmonic frequency components of all the physical
ports of the active component; any nonlinear circuit, including
strongly nonlinear ones as multipliers and harmonic-reaction

power amplifiers, can therefore be accurately designed.
A typical application is the design of power amplifiers.

Large-signal design conditions are conjugate match at the input
and resistive loading of the controlled current source of the
transistor at the output [9]–[ 11] for maximum power gain at
fundamental frequency; low and high impedance at even and
odd harmonics respectively for maximum efficiency [12], [11 ].
A high-efficiency power amplifier with harmonic loading has
been studied with the aid of the described linear representation
[1 1]. The active device is a 27 dBm, 0.5 flm power MESFET
from GMMT; the operating frequency is 5 GHz. The nonlinear
model for the transistor is a modified Materka one based on RF
and pulsed measurements for class-AB applications [13]. As
said before, the design conditions at fundamental frequency
are conjugate match at the input and resistive loading of
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Fig. 3. Load curve of anoptimized class-AB power amplifier.
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Fig. 4. Drain voltage and current waveforms of an optimized class-AB
power amplifier.

the drain-source current generator at the output, under large-

signal drive. While the nonlinear harmonic-balance analysis

includes ten harmonics, only second- and third-harmonic loads

have been considered available to the designer because of

technological limitations, while upper harmonics have been

considered as practically shorted by the intrinsic output shunt
capacitance of the transistor. The second-harmonic load has
been imposed to be a short circuit [12], while the third-

harmonic load has been left as a free parameter for maximum

efficiency design. The output curve of the designed class-
AB stage are shown in Fig. 3, corresponding to the drain
voltage and current waveforms of Fig. 4. An efficiency of

more than 609Z0is obtained, due to the optimized shape of

the output waveforms. The design has been done with our
in-house program on an 80486 PC in less than one minute.

Given the efficiency of the method, the power and efficiency

performances for varying third-harmonic loading have been
studied in a very short computer time, and are shown in Fig. 5
for class-A and AB operations: it is to note that each point

corresponds to repeated analysisloptimization procedures and

do not correspond to a single linearization of the active device.
Another example is the design of an active frequency

doubler. In this case the quantities to maximize are the
second-harmonic output power and/or the conversion gain
for a fixed input power. The schematic of the circuit is
shown in Fig. 6, where the embedding network to be designed
includes input and output first- and second-harmonic loads.
The design conditions imposed to the linear equivalent cir-
cuit for maximum power gain are conjugate input match at
fundamental frequency and resistive loading of the controlled
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Fig. 5. Output power and power-added efficiency of a class-AB power
amplifier versus thkd harmonic load.
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{

n=l
Zs,.u = .Ls,z n = 2 .ZL,.W = RL;2 +j.h”L,2 R = 2

0 n>2 o
vd.,t(~w)

n>2

and zgen, nti = ~ ?2 =1,2,,.,.

current source at second harmonic under lzrge-signal drive,
as already seen in the case of the power amplifier. Input
impedance at second harmonic Xs,2 and output impedance
at fundamental frequency XL, 1 must be reactive, in order to
minimize losses and to increase the isolation of the power

source and of the load [14], [15]. The value of the latter

reactance is determined by imposing a maximum voltage

swing at the input, under large-signal drive on the linear

equivalent circuit; the former is left as a free parameter for
maximum conversion gain. The same MESFET and nonlinear

model as in the power amplifier design have been used for
a 5–10 GHz doubler, with the transistor biased near pinch-

off. In Fig. 7 the load curve, and in Fig. 8 the corresponding
input voltage and output voltage and current waveforms for an
optimized circuit are shown. In Fig. 9 the real and imaginary

parts of the optimized input matching impedance are shown

versus input power, illustrating the effect of the nonlinearities

under large-signal drive. In Fig. 10 the conversion gain is
plotted versus the resistive load at second harmonic Rgen,z,

with input reactance at second harmonic XS,Z as a parameter,
for three different input power levels. The plots have been
obtained in a few minutes with our in-house program on an
80486 PC. As can be clearly noted, well defined conversion
gain maxima are present in the plots, corresponding to output
power maxima a strong influence of XS,Z suggests for it a
careful control. A minor influence of R gen,2 is also apparent.
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Fig. 8. Input voltage, output voltage and current waveforms of an optinuzed
frequency doubler.

lent circuit, consistently with the nonlinear analysis. Plots or

These results obviously have the same accuracy of standard charts are then very quickly generated, for the choice of design

nonlinear CAD analyses, since a complete nonlinear model and trade-offs. This is a crucial point: design trade-offs, in fact,

an exact nonlinear analysis method have been used. The design are not clearly visible after a standard nonlinear optimization,

time is however much lower, because the design conditions which leads, in the hypothesis of convergence, to a single
have been directly imposed on the large-signal linear equiva- solution. On the other hand, much like in the case of linear



COLANTONIO et al.: DIRECT-SYNTHESIS DESIGN TECHNIQUE FOR MICROWAVE CIRCUITS 2855

synthesis methods (as for instance the trade-off between noise

figure and gain), with the proposed direct synthesis technique
all possible solutions and alternatives are clearly and quickly
available to the designer.

IV. CONCLUSION

A novel design technique has been described for the direct

synthesis of nonlinear microwave circuits. The procedure is
based on the use of an exact nonlinear analysis method of the

harmonic-balance type, from which a linear equivalent repre-

sentation, valid under large-signal conditions, is extracted. The
synthesis of the embedding network is then performed with
the usual methods for linear circuits, without optimization.
This general technique has been applied to the design of a
high-efficiency power amplifier and of a frequency doubler; a
computer program has been written to this purpose, that runs
very efficiently on a PC. The resulting procedure is very fast,
and
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easily interpreted by the designer.

REFERENf3ES

User’s Manual, LIBRA, EEsof Inc., Westlake Village, CA, 1993.
User’s Manual, Microwave Design System, Hewlett-Packard Co., Palo
Alto, CA, 1993.
User’s Manual, Microwave Harmonica, Compact Software Inc., Pater-
son, NJ, 1993.
User’s Manual, 0SA90/hope, Optimization Systems Associates Inc.,
Dundas, Ontario, Canada, 1992.
G. D. Vendelin, A. M. Pavio, and U. L. Rohde, Microwave Circuit
Design Using Linear and Nonlinear Techniques. New York Wiley,
1990.
V. Rizzoli and A. Neri, “State of the art and present trends in nonlinear
microwave CAD techniques;’ IEEE Trans. Microwave Theory Tech.,
vol. 36, Pp. 343–365, 1988.
J. W. Bandler, Q. J. Zhang, J. Song, and R. M. Biernacki, “FAST
gradient based yield optimization of nonlinear circuits:’ IEEE Trans.
Microwave Theory Tech., vol. 38, no. 11, pp. 1701,-1710, Nov. 1990.
V. Rizzoli, A. Lipparini, A. Costanzo, F. Mastri, C. Cecchetti, A. Nen,
and D. Masotti, “State-of-the-art harmonic balance simulation of forced
nonlinear microwave circuits by the piecewise technique,” IEEE Trans.
Microwave Theory Tech., vol. 40, no. 1, pp. 12–28, Jan. 1992.
S. C. Cripps, “A theory for the prediction of GaAs FET load-pull
contours,” in IEEE MZT Syrrrp. Dig., New York, 1983, pp. 221–223.
M. G. Adlerstein and M. P. Zaitlin, “Cutoff operation of heterojunction
bipolar transistors; Microwave J., no. 9, pp. 114-125, Sept. 1991.
F. Girmnini, G. Leuzzi, E. Limiti, and L. Scucchia, “Harmonic-loaded
microwave power amplifiers: Non-linear design procedure,” Int. J.
Microwave and Millimeter- Wave CAE, vol. 5, no. 1, pp. 2S25, 1995.
D. M. Snider, “A theoretical analysis and experimental confirmation of
the optimally loaded and overdriven RF power amplitier~’ IEEE Trans.
Electron Devices, vol. ED-14, no. 12, pp. 851-857, Dec. 1967.
A. Mediavilla and A. Tazon, Report July 1993, ESPRIT Project 6050
MANPOWER.
C. Rauscher, “High-frequency doubler operation of GaAs field-effect
transistors,” IEEE Trans. Microwave Theory Tech., vol. MTT-31, no. 6,
pp. 462473, June 1983.

[15] R. Gilmore, “Concepts in the design of frequency multipliers;’ Mi-
crowave J., no. 3, pp. 129–139, Mar. 1987.

Paolo Colantonio was born in Rome, Italy in 1969. He received the degree
in electronic engineering from the University of Roma “Tor Vergata” in 1994.

In 1995 joined the Technical Corps of the Itatian Army as an officer.
His research interests are in design methodologies for nonlinear microwave
integrated circuits.

Franco Gkmnini was born in Galatina, Italy, in
1944. He received the degree in electronic engineer-
ing from the University of Roma “La Sapienza,”
Italy, in 1968.

He was Research Assistant at the University
of Roma “La Sapienza,” Associate Professor at
the University of Ancona, and is currently Full
Professor of Applied Electronics at the University of
Roma “Tor Vergata.” His main fields of activity are
microwave planar passive components characteri-
zation and modeling. GaAs technolo~v. and active

MMIC design, both linear and nonlinear. “’
u.

Glorgio Leuzzi received the degree in electronic
engineering from the University of Roma “La
Sapienza;’ Italy, in 1982.

In 1983 he served in the Italian Army as an
Officer in the Technical Corps. In 1984 he became
Research Assistant at the University of Roma “Tor
Vergata”; since 1991 he has taught microwave
electronics at the same University. He worked
in the field of microwave integrated transmission
lines, and is now involved in the study of nonlinear
microwave circuits; his main interests are physical

device modeling, nonlinear circuit analysis and active circuit design.

Ernesto Limiti (S’87–M’93) was born in Rome,
Italy on March 26, 1965. He received tbe degree in
electronic engineering from the University of Roma
“Tor Vergata~’ Italy, in 1989.

In 1989 he was consultant for MICREL S.p.A.
for the design of nonlinear microwave circuits. In
1990 he was enrolled in the Italian Army as an
Officer in the Technical Corps. In 1991 he joined
the Department of Electronic Engineering of the
University of Roma “Tor Vergata” as Research
Assistant. His main research areas are in the field of

nonlinear analysis methods for microwave circuits, high-frequency computer-
aided design of active subsystems, and passive structures modeling.


