Oscillator Design on Any
Harmonic-Balance Simulator
The device-line measurement technique simplifies oscillator circuit analysis
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his article describes the design of negative-resistance oscillators by means of a
numerical device-line measurement. This
approach allows oscillators to be designed on
any harmonic balance simulator without the
need to break the feedback path, use special elements, or other such artificial techniques.
In designing RF and microwave oscillators,
we often treat the transistor as a one-port, negative-resistance element, and we select feedback
and tuning elements that satisfy Kurokawa’s
oscillation conditions [1] at the single port.
These conditions are stated simply as

T

Zd + ZL = 0

(1)

where Zd is the port impedance (sometimes
called the device impedance), and ZL is the load
impedance at that port. Methods for designing
oscillators this way have been documented in
many books and papers [2-6]. Unfortunately,
because this approach is based on linear analysis, it cannot accurately predict the oscillation
frequency or output power. Frequency and
power are affected by nonlinearities in the
device, so predicting them requires some type of
nonlinear analysis. Harmonic-balance analysis
is the most common approach to nonlinear
microwave design, and at first glance, it appears
to be the logical choice for oscillator analysis.
Three problems make oscillators difficult to
design with harmonic-balance (HB) analysis.
First, HB analysis requires knowledge of the
frequency at the outset, but this is the element
we want to determine from the analysis.
Second, the circuit equations for an oscillator
always have a “zero solution,” meaning
“nonoscillating.” In theory, an oscillator is in
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equilibrium but unstable; some sort of transient
is necessary to start the oscillation. In practice,
the turn-on process provides this transient, but
in HB analysis, it must be provided in some
other way. Finally, even if oscillation were established, the phase of the oscillation is indeterminate, an unacceptable situation for HB analysis,
which can find only a unique solution. Even
with these difficulties, however, special techniques have enabled HB to be used for oscillator
design [7]. Still, these methods are numerically
intensive and are not available in every simulator. Even when such methods are available, a
more “hands-on” approach may provide better
insight. This article presents one such method.
In 1979, Wagner [8] proposed an ingenious
approach to the design of negative-resistance
oscillators. The technique is called device-line
measurement. This technique determines the
optimum impedance for maximum power of a
negative-resistance device without the need for
the linear approximation used in the conventional design process. This method can be adapted for use with modern HB simulators to determine output power and to specify the oscillation
frequency a priori.

Device-line measurements
Suppose we have a negative-resistance device
and we want to find the optimum load impedance for use at a particular frequency. Ideally,
we would like to attach a variable load impedance to the device, vary that impedance until we
obtain the desired frequency of oscillation, and
measure the resulting output power. We can
obtain the desired frequency at a number of
impedance settings, but only one will produce
the maximum output power. The practical diffi-

▲ Figure 1. The ideal 10 GHz oscillator circuit used to determine initial values of feedback inductance and tuning
stub length.

▲ Figure 2. A plot of the small-signal device impedance from
1 to 20 GHz shows the device to have a negative resistance of approx. 100 ohms over a wide frequency range.

culties in doing this are obvious: where would we get a
calibrated variable microwave impedance element, and
how would we measure the power dissipated in it?
Wagner realized that a source having a variable voltage but a constant source impedance could mimic a variable impedance. He suggested that such a source be
attached to the negative resistance device, and that its
power level be varied to vary the impedance. (Of course,
the source impedance must be selected so that oscillations do not occur.) As the impedance is varied, the effective load impedance and the power delivered to the load
can be measured with a simple reflectometer and power
meter. The resulting data apply to the frequency used
for the measurement, so the frequency of oscillation is
defined at the outset.
This method is based on one important underlying
assumption: that the power delivered by the nonoscillating negative-resistance element is the same as that delivered by the oscillating element when the voltage across it
is the same. This seems to be a reasonable assumption,
and its validity has been established experimentally.
When Wagner published his paper, there were no general-purpose harmonic-balance simulators. Now, however, we can perform a device-line measurement within the
simulator instead of having to make tedious measurements in the lab. This is a simple and practical way to
design negative-resistance oscillators.

use VoltaireXL from Applied Wave Research [9] to perform the simulation, but the method can be used with
any harmonic-balance simulator.
Although possible, the kind of optimization used in
linear-circuit analysis is difficult in harmonic-balance. A
better approach is to build the circuit from an ideal one
to the final product, replacing the ideal elements with
real ones in a step-by-step manner. This is the procedure
that we will follow:
Initial Design — Figure 1 shows an ideal 10 GHz
oscillator. It consists of a FET in a common-gate configuration, with a feedback inductor in series with the
gate. A tuning stub (an ideal transmission-line stub) is
connected to the source, and the single port is connected to the drain. (This eventually will become the oscillator’s port.) The rest of the elements are gate and
drain bias sources, ideal blocking capacitors, and ideal
RF chokes (RFCs). The FET is characterized by a
Curtice model; it is a conventional, 0.25 µm × 250 µm
K-band device. We begin with a gate bias of half the
pinch-off voltage. If the gate bias voltage is too high, a
DC gate current may be generated, and that current
could damage the device. Too low, and the gain may not
be high enough to support oscillation.
The first step is to adjust the feedback inductance and
tuning stub to obtain an appropriate negative resistance. This is the small-signal resistance, not the largesignal. VoltaireXL is well-suited to this task, because it
automatically linearizes the device at the bias point
when small-signal measurements are requested. This
gives us small-signal results that are completely consis-

Device-line design of a 10 GHz FET oscillator
Let us examine the design of an FET oscillator using
the device-line approach. In the following example, we
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tent with the large-signal; we do not need the device’s sparameters, and we can adjust the DC bias values if necessary to optimize the circuit. We wish to obtain approximately –100 ohms for the real part of the port impedance. This is just an initial value; we can “tweak” it later
in the nonlinear analysis. Most importantly, it must not
be too high or too low; otherwise, small losses in the finished circuit could prevent the oscillation conditions
from being satisfied. If you cannot obtain a resistance
value in this range, the device might not have enough
gain to oscillate reliably.
If we set the source impedance to 100 ohms, the
reflection coefficient is infinite when the real part of the
device impedance is –100 ohms. Therefore, we plot the
reflection coefficient on a Smith chart and use
VoltaireXL’s tune mode to maximize it. Note that the
DC solution is obtained only once (unless the bias voltages are changed) so the analysis is as fast as any linear
analysis, and the circuit can be tuned in real time.
Figure 2 shows the result.
Device-line measurement— To perform the deviceline measurement, we need a power-impedance sensor
at the port. We modify the port for swept power, insert
the sensor, and set up graphs of real and imaginary parts
of the impedance as a function of the excitation-source
level. We also plot the real part of the output power as a
function of the excitation level. (Important: The synthesized load impedance is complex, and thus the output
voltage and current are not in phase. The power sensor
records complex power, and the output power is the real
part of the complex power. Be sure to display the real
part of the power; do not display the magnitude of the
power, as you might if you were calculating the power
delivered to a purely real impedance.) We also insert a
resistor in series with the port to prevent oscillation conditions from being satisfied; if they were satisfied, the
harmonic-balance analysis probably would not converge.
The circuit is shown in Figure 3. Because of the large,
1000 ohm resistor in series with the port, the excitation

level must be quite high; we sweep it from 10 to 45 dBm.
This level is not, by itself, significant; we simply need
enough power at the device to drive the port impedance
to a low value, at which output power is maximized.
Initially, we keep the values of the feedback inductor,
tuning stub, and DC bias the same as in the small-signal
measurement; we can tweak these quantities later, if
necessary. However, if they require major modifications,
there is probably an error in the design.
Figure 4 shows the output power as a function of the
excitation level, and Figure 5 shows the real and imaginary parts of the device impedance. As we expect, the
magnitude of the real part of the device impedance
decreases as output power increases. At maximum output power, the device impedance is –30 –j77 ohms. So
far, so good, but there is still a lot to do.
Final Design — First, we need to convert our ideal

▲ Figure 4. Oscillator output power as a function of excitation level.

▲ Figure 5. Device output impedance as a function of excitation level.
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▲ Figure 3. To determine large-signal device impedance, a
source and a power-impedance measuring element are
introduced.

circuit to a practical one. To do this,
we replace the ideal blocking capacitors, RF chokes, and the tuning stub
with real elements. It is best to
replace one or two elements at a
time, rerun the analysis, and make
sure that everything still works. The
circuit has one more problem: the
1000 ohm resistor presents a highimpedance harmonic load to the
device; in reality, the harmonic
impedance would not be so high. We
therefore include a quarter-wave
stub to short-circuit the second harmonic. Higher harmonics are probably weak enough that we need not
worry much about their terminations. We convert the RFCs to highimpedance transmission lines and
use series-resonant chip capacitors ▲ Figure 6. Complete circuit of the oscillator.
for the DC blocks. We also convert
the tuning stub to microstrip.
When the circuit has been converted from an ideal to
a practical one, we can tweak the tuning stub, feedback
inductor, and gate bias to optimize the power. Little
adjustment is necessary; the only significant change is
a 0.1 nH increase in the feedback inductance. Although
it is possible in theory to obtain greater output power
than we have accepted, the characteristics are disturbing. For example, in some cases we can obtain a high
output level, but the device reactance changes sign as
the oscillation builds. In this case, the start-up may be
unreliable. We settle for a condition where the reactance is approximately constant throughout the startup process.
At this point, we have 13 dBm output power and a
device impedance of –54 -–j66, so we need a load impedance of 54 +j66 to satisfy the oscillation conditions at ▲ Figure 7. Output power of the complete circuit.
this frequency and power level. A simple series line and
stub are used for the matching circuit. It can be
designed quickly and easily by setting up a separate circuit and viewing the impedance on a Smith chart plot. A
few manual tweaks with the tuner, and the matching
circuit is complete. It is then copied and pasted into the
oscillator circuit.
With the matching circuit installed, the analysis can
be rerun. At this point, peak output power should be
obtained when the load impedance is 50 ohms. With the
matching circuit installed, however, the device behaves
like a shunt resonance, not the series resonance that we
had without the matching circuit. For this reason, preventing instability now requires a small shunt resistance, not the large series resistance we used before the
matching circuit was installed. Figure 6 shows the circuit, and Figures 7 and 8 show the device output power ▲ Figure 8. Device impedance after inclusion of the output
matching circuit.
and impedance, respectively. The peak power is 13 dBm,
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as expected, at a device impedance of –48 +j4 ohms.
This completes the basic design.
Final tests- It’s always a good idea to perform a
small-signal sweep of the device impedance to make
sure that there is nothing worrisome in the negativeimpedance characteristic. Ideally, the frequency range
over which the device exhibits negative resistance
should be limited and there should be no strange resonances at unwanted frequencies. A plot of this impedance shows negative resistance from approximately 6 to
12 GHz. There are no strange resonances within this
range; the only loop in the characteristic is the expected one at the oscillations frequency. As long as the load
VSWR is reasonably low (which can be guaranteed by
an isolator or buffer amplifier), this oscillator should
show no unusual behavior.
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Author information
Conclusions
A numerical device-line measurement performed on
a harmonic-balance simulator is a practical method for
designing oscillators. Although the example used a particular simulator, VoltaireXL from Applied Wave
Research, the method is applicable to any harmonicbalance simulator.
■

References
1. Applied Wave Research, Suite 530, 1960 E. Grand
Ave., El Segundo, CA 90245, USA.
2. J. Kitchen, “Octave Bandwidth Varactor-Tuned
Oscillators,” Microwave Journal, vol. 30, no.5, May,
1987; 347.
3. K. Kurokawa, “Some Basic Characteristics of
Broadband Negative Resistance Oscillator Circuits,”
Bell System Tech. J., vol. 48, 1969; 1397.
4. A. Lipparini V. and Rizzoli, “A Computer-Aided

Steve Maas is a consulting engineer specializing in low-noise and
nonlinear circuits and systems. He
has written a few books on these
subjects and can usually be spotted
lurking around technical symposia
that have sessions on nonlinear circuit analysis. He is the creator of
the nonlinear circuit analysis
engine in Microwave Office, from
Applied Wave Research. He has also
worked in the Electrical Engineering department at
UCLA, served on the MTT Adcom and has been the
editor of the IEEE MTT Transactions. Steve can be
reached via e-mail at smaas@nonlintec.com. The Web
address for Nonlinear Technologies, Inc. is www.nonlintec.com. The mailing address is P.O. Box 7284, Long
Beach, CA 90807, USA.

You can visit with the staff of Applied Microwave & Wireless at major trade shows and technical conferences. See us at the following upcoming events:
RAWCON ’99: The IEEE Radio & Wireless Conference
Denver, Colorado — August 1-4, 1999
PCS ’99: Wireless Symposium/Portable by Design pavilion
New Orleans, Louisiana — September 22-24, 1999
European MIcrowave Week
Munich, Germany — October 4-8, 1999
Stop by our exhibit booth to dicsuss any topic on your mind. Sign up for a new or renewal subscription and pick up the latest copy of Applied Microwave & Wireless!

42 · APPLIED MICROWAVE & WIRELESS

