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esigning power and low noise amplifiers, gain blocks, multipliers and oscillators for modern communication
systems requires delicate trade-offs between
various design specifications including linearity, power efficiency, crosstalk between channels and stable operation over a wide range of
input power and impedance. Most of the techniques used in amplifier designs, whether for
power amplifier linearization or to minimize
crosstalk between channels or noise figure, result in complex architectures with several nonlinear or active devices in the circuit. One of
the primary criteria for any successful amplifier, multiplier or oscillator design is the assurance of its stable operation at DC and power
on and at various input and output signal levels and terminating impedances.
CLASSICAL STABILITY ANALYSIS
AND ITS LIMITATIONS
The stability analysis of any RF and microwave circuit is the figure of merit for its
consistent operation behavior (for example, no
oscillations for an amplifier, or unconditionally
sustainable oscillations for an oscillator). Circuit stability can be determined from the S parameters of the active device, input and output matching circuits, and terminations. A
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two-port network is said to be unconditionally
stable at a given frequency if it is stable
against oscillation for all passive source and
load impedances. If a two-port network is not
unconditionally stable, it is potentially unstable and is said to be conditionally stable. In
the second case, some passive source and load
impedance combinations can cause the twoport network to oscillate.
For a two-port network, necessary and sufficient conditions for unconditional stability are
that the stability factor K (Rollet’s factor) is
greater than one and the real part of the input
immitance parameter (γ11 and γ22) is greater
than zero, with an overriding condition that the
poles of the two-port network under investigation with ideal terminations (open and short
circuit) must lie in the left half plane. These criteria are expressed in terms of K and ∆ (scattering matrix determinant), and zeros of the characteristic frequencies of the network. In particular, the network is unconditionally stable if K
> 1 and |∆| < 1, and the zeros of the characteristic frequencies lie in the left half plane.

JAKE GOLDSTEIN AND MEHDI SOLTAN
Xpedion Design Systems Inc.
Santa Clara, CA

Reprinted with permission of MICROWAVE JOURNAL® from the May 2000 issue.
©
2000 Horizon House Publications, Inc.

www.xpedion.com

In terms of reflection coefficients
and S parameters of the two-port network, the conditions for unconditional stability at a given frequency are
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In the conditionally stable case
(K < 1), the loci of Γs and Γl in the
Smith chart, shown in Figure 1
where values of Γ s and Γ l produce
|Γout| = 1 and |Γin| = 1, are called the
input and output stability circles, respectively. The radii r and centers c
of the stability circles in the Γs and Γl
planes, respectively, are given as
input stability circle:
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If |S 11 | < 1, the inner area of the
Smith chart, which is outside the output stability circle, represents the stable region. On the other hand, if |S11|
> 0, the intersection of the inner areas of the Smith chart and the output
stability circle represents the stable
region. The shaded area represents
the stable regions in the Γl plane.
However, there are serious limitations in this widely used process. The
www.xpedion.com
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For, Γs < 1 and Γl < 1, the necessary and sufficient conditions for
unconditional stability are
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The output stability circle in the Γl plane.

flaw is that stability conditions based
on the K factor are strictly valid only
for a single-transistor amplifier. When
the amplifier contains more than one
active device, the K factor test may
lead to incorrect conclusions. This
scenario is commonly encountered by
designers. The method described previously is also insufficient and inaccurate to apply to the stability analysis of
nonlinear RF and microwave circuits.
The unconditional stability analysis of
two-port RF and microwave circuits
that is generally performed by designers and proposed in many textbooks
and commercial design software packages utilizes only K and ∆ parameters.
This approach fails in many cases,
such as in the analysis of multistage
amplifiers or complex networks.
Moreover, in practical cases, the S parameters of the active devices do not
satisfy the unconditional stability criterion related to K and ∆ for all frequencies. In this situation the designer must verify the conditional stability
of the network.
In some cases, it is better to perform an analysis for instability, that is,
assume the circuit to be an oscillator.
The oscillation condition states that
the product of the reflection coefficients of the active device and passive
load must be equal to 0 (φd + φl = 0).
It is intuitively clear that in this situation a signal incidentally present on
the system is amplified until oscillations are established. Nevertheless,
this approach is not always correct
because to check the conditional stability it is necessary to know the behavior of the circuit (not only at the
resonant frequency, but also for any
frequency). Moreover, the result of
this method depends on the choice of
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PASSIVE LOAD
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▲ Fig. 2

An active RF/microwave network
representation.

the normalizing impedance of the reflection coefficient.
An accurate method for checking
the stability of a circuit is to consider
the Nyquist criterion, which overcomes the limitations of the traditional methods described previously. The
Nyquist criterion is a graphical
method that allows determination of
the stability of a closed-loop system,
starting from the system’s open-loop
transfer function. However, applying
the Nyquist criterion requires complex circuit analysis and exact knowledge of the open-loop transfer function of the system under investigation.
STABILITY ANALYSIS
USING NYQUIST
AND BIFURCATION ANALYSIS
The Nyquist theory method is applicable to small-signal circuits. In
the presence of large-signal RF drive
(such as in a power amplifier or oscillator), the device nonlinearities can
considerably modify the stability pattern, for example, by causing spurious
oscillations or generating subharmonics. This behavior cannot be detected
by the Nyquist approach since it requires more sophisticated techniques
based on bifurcation theory.
By applying the Nyquist criterion
to active RF and microwave circuits
as shown in Figure 2, if Γd is the reflection coefficient seen looking into
the active device and Γl(f) is the reflection coefficient seen looking into
3
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the passive circuit, it is possible to define a transfer function similar to that
of a closed-loop system. In fact, it is
possible to evaluate the ratio of al(f)
and ad(f), resulting in

( ) = Γd (f )
a d (f ) 1 – Γd (f )Γl (f )
al f

The Nyquist criterion is a graphical method that allows determination
of the stability of a closed-loop system from the open-loop transfer
function with the frequency varying
from zero to infinity. If Pcl (greater
than or equal to zero) is the number
of right half-plane poles of the
closed-loop transfer function, P op
(greater than or equal to zero) is the
number of right half-plane poles of
the open-loop transfer function and
Ni is the number of clockwise encirclements of the critical point (1, j0)
(negative if counterclockwise), the
closed-loop system is stable if and
only if
Pcl = Pop + Nt = 0
and if the open-loop transfer function
does not cross the critical point. If
the open-loop system is stable (Pop =
0), it is sufficient that Nt = 0 (reduced
criterion).
Linear Stability Analysis
To illustrate generalized Nyquist
stability analysis, the circuit schematic is represented in the classical form
of an amplifier with feedback, as
shown in Figure 3. For this analysis,
the circuit elements are separated
into two blocks: all active elements in
the equivalent amplifier block and all
passive elements in the feedback
block. It is well known that the circuit
is unstable if the feedback is additive.
More precisely, the circuit is unstable
if the determinant of the equilibrium
equation has a zero with a positive
real part.
= β (ρ + jω) Id + α (ρ + jω) Vg
= A Vg [1 – β(ρ + jω)A] Vg
= α(ρ + jω)Vg
δ(ω) = det [1 – β(jω)A]
In practice, it is not possible to
compute zeros of the determinant.
For diagnosis of the stability, the
GoldenGate™ simulator employed
for analyses in this article uses
Nyquist criteria, that is, the locus of

Vg
Id
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the determinant with varying frequency is plotted in the complex
plane. The circuit is unstable if the
determinant locus encircles the origin
clockwise. The amount of encircling
gives the number of instability frequencies. Intersections of the locus
with the negative real axis provide a
good estimate of instability frequency
(starting oscillation frequencies).
To further simplify interpretation
of the Nyquist stability plot, the simulator provides a projection of the natural locus into the phase plane (called
unwrapped locus), where the user
can easily check the encircling of the
origin. The frequency step along the
locus is also automatically monitored
by the simulator to adapt to the fast
or slow variation of the locus. This
analysis is extremely important for
high Q circuits.
Nonlinear AC Stability Analysis
The principle of stability analysis
using harmonic balance is a generalization of the Nyquist principle already seen in the linear analyzer (DC
bias stability). It requires introducing
a small evanescent perturbation ρ +
j(ωk + ω) on all active nodes of the
circuit and observing if the resulting
circuit output disappears with time.
The perturbation equation is obtained by linearizing the harmonic
balance equation around the steadystate equilibrium condition.
The resulting equations may be
put in the form of amplifier gain with
feedback. The open-loop gain of the
amplifier is represented by derivatives of the nonlinear sources and the
feedback gain is represented by the
immittance of the passive subcircuit,
as shown in Figure 4. The perturbation equilibrium equations are
I[ωk + (ω – jρ)] =
Y1[ωk + (ω – jρ)]V[ωk + (ω – jρ)] +
Y2[ωk + (ω – jρ)]E[ωk + (ω – jρ)]

Following the Nyquist criterion,
the circuit is considered unstable if
the locus of the determinant of the
characteristic equation encircles the
origin clockwise when the perturbation frequency is swept from zero to
infinity. In practice it is only necessary to sweep the frequency from
zero to the maximum oscillation frequency of the active devices. While
using the simulator, the user need not
determine the frequency step and
maximum frequency (except for DC);
these parameters are automatically
monitored by the simulator. The simulator also detects the encircling or
not of the origin. A stability flag, set
to one if the circuit is stable and zero
if not, is given as an output. The simulator also provides the instability frequencies when the circuit is unstable.
The weakest point of the stability
analysis using Nyquist criterion is that
it can be computationally intensive, especially when computation of stability
margins relating to design parameters
is desired. However, when it has already been verified that the bias point
is stable, the main risk of instability in
large-signal drive conditions is frequency division by two and hysterisis.
These two types of instability may be
detected with a reasonable computation cost during steady-state simulation. Bifurcation analysis is very useful
for computing the locking range of
analog frequency dividers and locked
oscillators, as shown below.
STEP-BY-STEP DC,
LINEAR AC AND NONLINEAR
AC STABILITY ANALYSIS
DC Operating Point Stability
DC stability analysis is performed to
check if the biasing point of the circuit
Fig. 3 The circuit representation
in active and passive segments. ▼
ACTIVE
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A nonlinear circuit.
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under test is stable or not. For nonautonomous circuits (such as an amplifier,
mixer or active filter), DC stability
analysis determines that the circuit
does not turn into an oscillator as the
power supply is turned on. The DC operating point must be stable. Similarly,
for autonomous circuits (such as in an
oscillator design) DC stability analysis
verifies that the circuit actually oscillates when the power supply is turned
on. Hence, the DC operating point
must be unstable in this case.
DC Stability Analysis
For nonautonomous circuits (amplifiers), DC analysis is performed to
locate the biasing point and DC stability analysis is used to determine if the
biasing point is stable. If the biasing
point is stable, the analysis determines
the resonant frequency characteristics
of the circuit (stopband or passband
frequencies); if the biasing point is unstable, it determines the potential oscillation frequencies.
For autonomous circuits (oscillators), a DC analysis is similarly performed to locate the biasing point. A
DC stability analysis is then performed
to determine if the biasing point is actually unstable so that oscillations will
build up. If the biasing point is unstable, the simulator provides the potential oscillation frequencies; if the biasing point is stable, it provides the resonant frequency characteristics of the
circuit for information (stopband or
passband frequencies).
Note that in the case of high Q circuits, if the Nyquist plot definition is
set up with too small a number, the
stability analysis may lead to incorrect
conclusions. The simulation results
must be carefully analyzed. For example, the simulation results may indicate that the biasing point is stable
when it is not. In case of any doubts,
it is safe to set the Nyquist plot definition to the highest level. In addition,
the only reliable way to determine
the startup of oscillation frequency is
through DC stability analysis. Nonlinear AC stability analysis should not be
used for this purpose.
Harmonic Balance Analysis
In the case of nonautonomous circuits (such as amplifiers), if the DC
bias point is stable, AC analysis of the
amplifier should be performed (that
is, linear AC, S parameter or harmonwww.xpedion.com

ic balance). Note that if the DC bias
is unstable and an AC analysis is performed, misleading results may occur
and most often the harmonic balance
analysis is terminated with a message
of harmonic balance overflow. In the
case of autonomous circuits (such as
oscillators), if the DC bias point is
unstable, AC analysis (that is, harmonic balance analysis) of the oscillator is performed. The stability analysis provides an accurate estimation of
the oscillation frequency.
If the circuit is unstable and the
DC stability indicates that the bias
point is unstable, even when using the
highest Nyquist plot definition, harmonic balance oscillator analysis still
can be performed with one of the resonant frequencies provided by the stability analysis. If sustainable and stable
oscillations are found, the stability of
oscillation still needs to be checked to
determine if the oscillator is not going
to start from DC but will require a
starting RF pulse. This requirement
may be confirmed by performing a
nonlinear stability analysis by analyzing the oscillator as an amplifier.
Large-signal Stability
Analysis
Large-signal operating point stability
analysis is performed to check if the
steady state obtained for an amplifier,
mixer or oscillator is maintained long
enough to be physically sustained. For
nonautonomous circuits, nonlinear stability analysis indicates whether the
amplifier continues to be an amplifier
for the given input drive and frequency.
Sometimes for certain drive levels and
input frequencies the amplifier may
turn into an oscillator (self-oscillating
mixer) or, more often, a frequency divider. For autonomous circuits, nonlinear stability analysis indicates whether
oscillations are sustained at this frequency and power. If the stability test
indicates an unstable condition, it
means that the circuit is actually oscillating at some other frequency, or possibly it has more than one simultaneous
oscillation frequency. The actual frequency of oscillation is usually listed in
the DC stability analysis results.
Note that during large-signal operating point stability analysis the maximum perturbation frequency must be
set to the fundamental frequency
tone (in the case of one-tone analysis). The Nyquist plot is nearly

periodic with a period equal to the
fundamental tone. The instability frequency provided by the analysis corresponds to an offset frequency from
one of the harmonics (DC, ±fo, ±2fo,
..., ±Nfo), so that the true frequency
of instability is actually |kfo ±fins|.
A STEP-BY-STEP AMPLIFIER
AND MULTIPLIER STABILITY
ANALYSIS EXAMPLE
A step-by-step process for stability
analysis of an amplifier, using the simulator, begins by performing a DC stability analysis to determine if the circuit is stable at the bias point. While
setting up this analysis, the stability
analysis must be run while the maximum perturbation frequency is set
large enough to cover the maximum
frequency of oscillation of the device.
The maximum frequency may depend
on the device and substrate technology or the cutoff frequency of the transistors used in the circuit design.
In the first case, if the DC stability
analysis indicates that the circuit is unstable, it also provides the instability
frequency or frequencies. The next
step is to reconsider the circuit topology or change the active device or devices used in the circuit design until
the stability analysis indicates stable
DC performance. When the circuit is
composed of several active devices, it
is interesting to know which devices
are contributing to the instability. In
the simulator, this detection is simple
and very user friendly. The simulator
allows the designer to individually turn
the target device(s) to a passive state
simply by setting the TURNOF flag to
1 and watching if the instability vanishes. If turning a device to the off state
produces stable operation, it indicates
that this particular device is contributing to unstable DC operation.
In the second case, if the DC stability analysis indicates that the circuit is
stable, the next step is to perform nonlinear harmonic balance analysis to
compute the nonlinear steady-state
condition of the circuit and perform
nonlinear stability analysis to check if
the steady-state condition is physically
sustained/stable or just an artifact of
the mathematical solution of the circuit equations. This step is one of the
most important and critical aspects of
any circuit design and is ignored by
most other commercial RF and microwave simulation tools.
5

TECHNICAL FEATURE
OUT
LINE1
5u
LINE2
100u
5u
100u

IN
PP1
IN

LINE
10u
50u

P
P

C
17
23f
1p

P1 P
LINE7
5u
15u

C
2n
0.86
33f

P
P

P
P

L3 LINE4
5u
3n
5.97 70u
67f
22f

P
P

L1
3n
5.97
67f
22f

▲ Fig. 5

L0
3n
5.97
67f
22f

P
P

C
0.12
103f
10p

C
1.04
30f
1.22p

MSTSUBSTRAT
MSTSU
100u
12.6
1.e-6
INFINITY
0
1.e36
0.1u

PP2

17
2.64
8f
1p
18f

C7
5p
LINE 0.1
5u 103f
50u

P
P
P
P

C
2.7
19f
0.4p
LINE8
10u
5u

C4
0.4
49f
3p
P
P

P
P

L8
2n
4.2
7f
17f
C
0.1
103f
10p

1

OUT

+ VD
− 3

2

L6
7.5
6f
4.2n
27f

TAJIMA1

GRID
GRI

A 6 GHz amplifier design.

If none of the nonlinear regions of
operation is sustainable (that is, unstable), the simulator provides the instability frequency (offset frequency).
If finst is the simulated offset instability frequency, the real frequency of instability is one of the frequencies fk
±f inst, where f k is the DC and harmonic (or intermodulation) products
of the steady-state region of operation. Usually, it is DC ±finst or fundamental tone ±finst.
The critical information from the
nonlinear stability analysis is to determine if the circuit is stable or not (for
a given biasing and input drive) or, in
other words, if the waveform and
power given by the harmonic balance
simulator are a real representation of
a physical situation. The actual value(s) of the instability frequency(ies)
is only secondary information and
mostly for informational purposes.
A 6 GHz, GaAs MESFET-based
MMIC amplifier design, shown in
Figure 5, is designed to operate as a
frequency divide by two. When biased at –1.8 V gate voltage, this circuit behaves as a times-two frequency
multiplier at low and medium input
6
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levels. However, when biased at a
–1.8 V gate voltage and the input signal is driven higher than 10 dBm, the
amplifier becomes unstable and starts
to function as a frequency divide-bytwo circuit. This particular behavior
can be predicted by nonlinear stability analysis.
DC Stability Analysis
As shown in Figure 6, the DC stability analysis is performed with a
maximum frequency of 20 GHz
(since the circuit is using a GaAs
MESFET with a cutoff frequency of
20 GHz), step size of 100 and accuracy level of 3. Figure 7 shows a
Nyquist plot from the DC stability
analysis of the amplifier using the
simulator. The analysis indicates that
the DC bias point of this circuit is
stable, which means that this circuit
will behave as well as an amplifier under small-signal operation.

single-tone input frequency with input power levels of 4 and 8 dBm, and
considering five harmonics.
As shown in Figure 9, the nonlinear
stability analysis indicates that the circuit is stable at a 4 dBm input drive,
and the waveform and power output
indicate that the circuit performs as a

▲ Fig. 6

The DC stability analysis setup.

Fig. 7 Nyquist plots from the DC stability
analysis results. ▼

Nonlinear Stability Analysis
Nonlinear stability analysis using
the simulator’s nonlinear harmonic
balance is set up as shown in Figure
8. The analysis is performed using a
www.xpedion.com

multiplier at this input drive level. Figure 10 shows the harmonic balance results obtained when the nonlinear stability analysis is performed with 8 dBm
input drive. The waveform and output
power results indicate that the circuit
still works as a 2× multiplier with 8
dBm input power. However, when a
nonlinear stability analysis of this circuit
is performed at 8 dBm input power level, as shown in Figure 11, the analysis
indicates that the circuit is unstable.
Thus, the results from harmonic balance simulation indicate a steady-state

region of nonlinear circuit operation
that is not physically sustained; that is,
the circuit is nonlinear unstable. Figure 12 shows the simulator setup
screen for nonlinear stability analysis.
The results produced by harmonic
balance analysis are only a mathematical solution (or artifact) and not
physically realizable. The nonlinear
stability analysis shows an instability
offset frequency of 3 GHz. As explained previously, the actual instability frequency is fo ±3 GHz, or DC ±3
GHz, which means it is 3 GHz in this
case. Thus, at this input drive level
the circuit is operating as a frequency
divide-by-two circuit.

(a)

▲ Fig. 8 The nonlinear stability
analysis setup.

It is important to note that the
waveform and spectrum produced by
harmonic balance analysis at an input
drive level of 8 dBm look normal for
multiplier operation just as for the 4
dBm input. Hence, only looking simply at the output waveform or output
power spectrum is quite misleading. It
may be impossible to determine, without accurate and extensive nonlinear
stability analysis, whether the nonlinear harmonic balance results are just a
mathematical artifact of analysis or a
physically realizable effect. Accurate
nonlinear stability analysis is the only
way to determine this fact.
As determined from the above
analysis, when the circuit is operating
as an oscillator, frequency divide by
two, the accurate simulation method
is to analyze the circuit in an oscillator mode using nonlinear harmonic
balance analysis (since the circuit is
unstable, as shown from nonlinear
stability analysis). Figure 13 shows
the simulation output plot, which displays the frequency division that
starts at approximately 5 dBm (1.2 V)
and vanishes at approximately 17
dBm (4.4 V) input power level for a 6
GHz input frequency. A similar
analysis is performed, except in this
case the input power is fixed at 15

(b)

(a)

(b)

▲ Fig. 10 Nonlinear analysis results with
8 dBm input drive; the (a) output voltage
waveform and (b) output power spectrum.

(a)

▲ Fig. 12 The nonlinear stability
analysis setup.

(c)

▲ Fig. 9

Nonlinear analysis results with
4 dBm input drive; the (a) Nyquist plot,
(b) output power spectrum and
(c) output voltage waveform.
www.xpedion.com

(b)

▲ Fig. 11 The nonlinear stability analysis
(a) report and (b) Nyquist plot for 8 dBm
input drive.

▲ Fig. 13 A locked oscillator power output
plot formed by sweeping the input voltage.
7
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dBm (3.5 V) and the input frequency
is swept from 5 to 8 GHz. The results, shown in Figure 14, indicate
that at a fixed input power of 15 dBm
(3.5 V) the circuit performs as a frequency divider starting at 2 × 2.91 =
5.82 GHz and ending at 2 × 3.259 =
6.518 GHz.
A STEP-BY-STEP OSCILLATOR
STABILITY ANALYSIS EXAMPLE
A step-by-step process for stability
analysis of an oscillator using the simulator begins by performing a DC stability analysis to determine the starting frequency(ies) of oscillation(s), if
any. These are called instability frequencies (or also, mistakenly, oscillaFig. 14 A locked oscillator power output plot
formed by sweeping frequency with a fixed
input voltage. ▼

two-tone or chaotic regime, in which
case the harmonic balance method
cannot determine the proper solution. In practice, this condition means
that the designer must modify the
circuit to have proper oscillation(s). A
0.87 GHz, GaAs MESFET-based
MMIC oscillator design example is
shown in Figure 15.

tion frequencies). The stability analysis must be run while the maximum
perturbation frequency is set large
enough to cover the maximum frequency of oscillation of the device.
The maximum frequency may depend
on the device and substrate technology or the cutoff frequency of the transistors used in the circuit design.
Next, an oscillator analysis is performed to compute the real oscillation frequency and power. This analysis is required only if the DC stability
analysis indicates that the circuit is
unstable. If the stability analysis results in more than one frequency of
instability, an oscillator analysis must
be performed for each instability frequency. Therefore, an oscillator
analysis with an estimated oscillation
frequency equal to every frequency
of instability must be run. Only one
of these oscillation regimes will be
physically sustained.
A nonlinear stability analysis is
then performed for each oscillation
regime to check if the oscillation
regime is physically sustained. If
none of the regime is sustained (that
is, stable), this means that there is another regime to be found, probably a

DC Stability Analysis
The DC stability analysis is performed with the maximum frequency
of 10 GHz, step size of 1000 Hz and
accuracy level of 3, as shown in Figure 16. (Since the circuit is using a
GaAs MESFET it was not expected to
be unstable at any frequency greater
than 10 GHz.) The stability analysis
indicates that the DC state of this circuit is unstable, which is acceptable
for a circuit designed to be an oscillator. The analysis provides two frequencies of instability (0.87 and 3 GHz), as
shown in Figure 17. In addition, it
can be seen that the Nyquist plot encircles the origin twice. An examination of the Nyquist plot is necessary to
verify whether the definition of the diagram is good enough. Good definition means a regular plot with no large
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A 0.87 GHz oscillator design.
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▲ Fig. 16

The DC stability analysis setup.

(a)

Nonlinear Stability Analysis
Two oscillation frequencies (mathematical solutions) have been identified, one at 0.88 GHz and the other
at 3 GHz. It now must be determined
which of the two is really physically
sustained, if either. It should be noted that even if only a single mathematical oscillation regime is determined, its stability must be checked
to determine if it is really sustained.
This is a specific limiting feature of
all numerical simulators. The output
of a numerical simulator is always a
mathematical solution, the physical
existence of which must be con-

firmed by a stability analysis. In contrast to time domain simulators, harmonic balance, DC and linear frequency domain simulators produce
nonphysical solutions because, in the
analysis setup, a fixed fundamental
frequency basis must be selected.
This characteristic is why stability
analysis is a very important feature
for RF and microwave designs.
For stability analysis of a periodic
signal, such as from the oscillator
regime, a maximum perturbation frequency equal to the fundamental frequency of the regime must be set.
Figure 21 shows the setup for 0.88
GHz maximum perturbation, which
is the oscillation frequency. The simulator’s stability analysis indicates that
this oscillation regime will be sus-

POWER (dBm)

Nominal Oscillator Analysis
The stability analysis indicates that
the DC state is unstable (which is expected from this circuit) with two frequencies of instability (possible starting frequencies of oscillation). Therefore, two different oscillator analyses
are required to be run, one for each
instability frequency. For this analysis
the estimated oscillation frequency is
set equal to the instability frequency.

First, the oscillation frequency is
set equal to the 0.87 GHz instability
frequency and five harmonics are
considered to account for the nonlinearity of the oscillator, as shown in
Figure 18. The simulator computes a
real oscillation frequency of 881 MHz
with the output waveform and power
spectrum shown in Figure 19. Next,
the oscillation frequency is set equal
to the 3 GHz instability frequency
and five harmonics are considered.
The simulator computes a real oscillation frequency of 3 GHz with the
output waveform and power spectrum shown in Figure 20. The output power is approximately 13 dB
lower than for the previous oscillation
frequency.
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DC stability analysis (a) report
and (b) Nyquist plot.
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▲ Fig. 17
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discontinuities of phase. If the definition is not good, the setup must be
changed to increase the accuracy parameter and the analysis rerun.

(b)
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▲ Fig. 20 Nonlinear analysis (a) output
power spectrum and (b) output voltage
waveform at 3 GHz.
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Fig. 21 Nonlinear stability analysis setup
for 0.88 GHz oscillation. ▼
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▲ Fig. 18

The nonlinear analysis setup
at 0.87 GHz.
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▲ Fig. 19 Nonlinear analysis (a) output
power spectrum and (b) output voltage
waveform at 0.87 GHz.
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▲ Fig. 22 Nonlinear stability analysis
(a) results report and (b) Nyquist plot
for 0.88 GHz oscillation.
Fig. 23 Nonlinear stability analysis
(a) results report and (b) Nyquist plot
for 3 GHz maximum perturbation. ▼

(a)

(b)

tained, as shown in Figure 22. Similarly, the maximum perturbation frequency is set equal to the fundamental frequency of 3 GHz. The resulting
stability analysis indicates that this
regime is unstable, thus it cannot be
physically sustained. The analysis also
provides the frequencies of instability, as shown in Figure 23.
Note that in the case of nonlinear
stability, instability frequencies given
by the simulator are offset frequen-

cies. If finst is the offset instability frequency given by the simulator, the
real frequency of instability is one of
the frequencies f k ±f inst , where f k
stands for DC and harmonic (or intermodulation) products of the steadystate regime. The simulator cannot
solve the indetermination. Usually the
determined frequency is DC +finst or
the fundamental tone, –finst, and design knowledge of the circuit leads
easily to the proper value.
The main information required for
nonlinear stability analysis is whether
or not the circuit is stable (for the given biasing and input drive) or, in other
words, if the waveform and power
provided by the harmonic balance
simulator are really physical. The actual value(s) of instability frequency(ies)
is only secondary information. The
simulator provides this information
with some indetermination to be resolved if necessary by the designer. In
this example, the instability frequencies (offset) given by the simulator are
0.887 and 2.13 GHz, which, in turn,
correspond to the physical oscillation
frequencies previously determined
(that is, 0.881 GHz ≅ DC + 0.887
GHz, 0.881 GHz ≅ 3 – 2.13 GHz).
CONCLUSION
Traditionally used stability parameters (K and ∆) most often are not sufficient to determine the stability or instability of a two-port active microwave network, especially for
nonlinear circuits, and even linear circuits with a feedback loop. Requiring
all active devices to be individually
unconditionally stable is most often
too stringent a demand and generally
does not permit the designer to
achieve optimum performance from a
design. Stability analysis using
Nyquist and bifurcation criteria avoids
such limitations and enables designers
to achieve better performance from
their circuit with an added level of
confidence that their circuits will be
stable as an amplifier or an oscillator.
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