Avoiding RF Oscillation
By recognizing potential RF instability, you can protect yourself from unpleasant
surprises. This article reviews RF circuit stability concepts and offers practical
ways to guarantee stable operation.
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A

t low frequencies the Nyguist criteria provides
a safe indication of stability. As frequencies
increase circuit and system designers face a
more difficult and tedious task. A thorough stability
analysis should be performed through a wide range of
frequencies, possible terminations, and power levels.
Since true broadband nonlinear models are generally not
available for the active devices, stability is evaluated at
individual frequencies, based on small-signal device
parameters.
A common mistake is to examine only the passband of
the system, unfortunately not always sufficient. When
out-of-band instability, particularly at low frequencies,
is neglected it may show up in unwanted oscillation.
Then, the first incoming signal, even noise, can turn an
intended amplifier into a comb generator.

While a complete nonlinear stability analysis is more
than we can cover here, the following discussion,
covering linear small-signal circuit applications, also
can be used as a start for large-signal analysis.
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Possible causes ojoscillation
lrSrIN

Before getting specific, let us recognize that by using
the appropriate ,feedback, an active twoport always can
be turned into an oscillator at frequencies up to fmax,the
frequency at which the matched unilateral gain of the
twoport is unity. Feedback may have been included by
the engineer in the original design scheme or it may be
completely unintentional. Oscillator designers use
positive feedback deliberately, but an unwary amplifier
designer may achieve it and find that his amplifier is
actually an oscillator, due possibly to such feedback
effects as poor grounding.
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Since there is no doubt that feedback can cause
instability, this article focuses on finding out if a twoport
may oscillate with an arbitrary set of source and load
terminations (Figure 1). In the following discussion, we'll
assume that our terminations have positive real parts.
That is, the terminations do not have reflection
coefficients whose magnitudes exceed one.

and

The above is guaranteed when the stability (K)-factor
is greater than unity,

Figure I . An active twoport, characterized by its scattering matrix
S, may oscillate veither of the loop-gain products (LC, or L C )
I
2
exceeds unity. If the source and load terminations (/r/ and /r/)
S
L
are passive, then /r / or /T / must be greater than unity to satisfi
IN
OUT
the minimum loop-gain requirement.

and the determinant of the S-matrix has a magnitude
less than one,
1A1 = Is,,s,,-s,,s,,I < 1

If the twoport s a t i s f i e s m requirements it is defined
to be unconditionally stable. Otherwise it is called
potentially unstable (sometimes referred to as potentially
An early form of twoport stability was defined by stable).
Linvill[l] as the ability to conjugate match a twoport
simultaneously with positive real terminations, without A new s t a b i l i ~definition - the pfactor
the possibility of oscillation. Later, it was shown that
Since the stability definition requires two tests, it is
simultaneous conjugate-match is not always the most
severe test of stability. An active twoport must be tested difficult to compare the relative stability of devices. A
for all possible source and load terminations of positive relatively new development[3] combined the above two
real parts, to see if one of the reflection coefficients, r,, tests into a single, more practical form. It is the p-factor,
or r,,,,,of the two port may have magnitudes greater which must be greater than one for stability.
than 1.0.[2]

Analytic definition of twoport RF stability - the
K-factor
Mathematically, unconditional twoport stability exists
when:
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The y-factor is very useful to compare the relative
stability of devices; the larger it is for a given device, the
greater that device's stability.
Since all of the tests are based on frequency dependent
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small signal s-parameters, it is easy to see that twoport
stability if a function of frequency. Generally, active
devices are stable at the very low frequencies, for which
IsI21 is very small, and also at the very high frequencies
~ off.
~ 1 Unfortunately for amplifier
at which 1 ~ rolls
designers there is a wide range of RF and microwave
frequencies for which the possibility of oscillation is a
threat to stable operation, as indicated in Figure 2.

Source stability circle
border between stable
and unstable sources

Load stability circle
border between stable
and unstable loads

Figure 3. Sing1e:frequency source and load stability circles of a
typical RF transistor, indicating potential instability. Since the
circles intersect the unity radius circle of the Smith Chart, a portion of the Chart contains terminations that could lead to oscillation.

Freq. [GHz]

Figure 2. Broadband stability characterization of a typical microwave transistor showing potential instability in the 20-4000MHz
,frequency range where p < 1.

Stability Circles
The analytical tests classify the twoport as stable or
potentially unstable, and it may also be useful to know
what type of terminations could cause problems. Since
a "picture is worth a thousand words," we turn to a Smith
Chart based graphical technique for elucidation.

Interpretation of the stability circles would be quite
straightforward if they would consistently indicate the
stable and unstable regions. However, there are cases
for which the inside of a circle refers to stable
terminations, and others when it refers to unstable
terminations. Conditions can also change from one
frequency to another. Fortunately, there is always a
simple intuitive way to select the proper region as
outlined in the following section. For simplicity, our
explanation refers only to the source (input) stability
circles plotted on a 50Q normalized Smith Chart, but
the same reasoning can also be applied to the load circles,
at the output side of the twoport.

Determining the stable side o f a source stability
A visual illustration of RF stability is available through circle

the use of stability circles[4], whose circumference is
As noted, the circumference of a source stability circle
the border between the regions of stable and unstable
terminations. For each twoport a set of two stability represents the locus of all source terminations that lead
circles can be drawn: one for the source side and one for to the borderline case between stable and potential
the load. The centers and radii ofthe circles are computed unstable output, that is Ir,,,,l = 1.0
from the twoport s parameters, and the circles can be
We need to find at least one other source termination
plotted by most of the RFIMW CAE programs. Typical
that is not on the circumference and investigate whether
single-frequency output is shown in Figure 3.
it causes (r,,,(to be less than unity (stable), or greater
Stability circles are computed from the frequency than unity (potentially unstable). An obvious choice is
dependents small-signal s-parameters of the device. As 50Q - the original source used during the initial sa consequence, stability circles also change with parameter measurements - that resulted in the basic
s,, of the device. We want to know the magnitude of the
frequency.
output reflection coefficient, when the source is equal to
50Q.
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Then,
if /s2,1 < 1.0 then the 50R source is classified as a
termination leading to stable output,
and
if Is2,1 > 1.0 then the 50Q source is classified as a
termination leading to potentially unstable output.

Is,,l > 1.0 and the source stability circle
does not enclose the center of the
Smith Chart (which is now an unstable
source). Conclusion: inside

Once this decision is made, we can label the 50R point
(center of the Smith Chart) accordingly as stable or
potentially unstable, and see if that point is inside or
outside of the stability circle. As soon as this additional
point is labeled, both sides of the stability circle can be
identified[5], (Figure 4). Note that when the
circumference of a stability circle crosses the center of
the Smith Chart, we have an undefined case, one about
which mathematicians might philosophize.

Unstable Point
Borderline source terminations

Case 4d: s,, = 1.20 @ -35"
Is,, > 1.0 and the source stability
circle encloses the center of the Smith
Chart (which is now an unstable
source). Conclusion: outside stable,
inside unstable

Is,,l < 1.O, and the source stability circle
does not enclose the center of the Smith
Chart (50 R,which is a stable source).
Conclusion: outside region stable,
inside unstable.

Unstable Point

Unstable Region
I

Borderline sc
terminations

Stable Point

1
Case 4b: s,, = .66 @ -23" IS,,^ < 1.0,
and the source stability circle
encloses the center of the Smith Chart
(which is a stable source). Conclusion:
inside stable, outside unstable

ine source
tions

Unstable Region

Figure 4. The originalls / o f the device may either be less orgreater
than unity, resulting i2,four possible classifications. Unstable
sources are indicated by the shaded regions.

Two possible graphical .forms o j unconditional
stability
The inside of each stability circle may show the unstable
(Cases 4a & 4d) or stable (Cases 4b & 4c) region. For
unconditional stability the complete Smith Chart must
be declared stable and there are two possibilities:
1) The center and circumference of the stability circle
are located outside of the unity radius Sinith Chart and
the inside of the circle unstable (Figure 5a),
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2) The stability circle completely encloses the Chart
and the outside of the stability circle shows the unstable
region (Figure 5b)
In both cases the complete Smith Chart is in the stable
region, so terminations may be chosen freely without
any risk of oscillation. Once again, we only show the
source circle here and for complete stability analysis we
must check both the source and load circles. If both
ports are stable, then the device is classified
unconditionally stable.

Caution about multi-stage systems
In the case of multistage amplifiers, the overall twoport
stability factor indicates only whether oscillation is
possible at the input or the output of the complete
amplifier. Unless every stage is unconditiollally stable,
oscillation inay develop between stages. In such a case,
stability can be determined only by examining each
interstage loop to see if the conditions for oscillation
exist[6].

Stabilizing an active twoport

C a ~ ae

Cave b

Figure 5. Two ,forms yf stability for source circles. The shaded
areas show the region of unstable sources. In both illustrations
the unity radius circle of the Smith Chart is in the stable region.
Stability circles are defined by two parameters: the radius, r,, and
the center vectou, Cv,computed,fvvm the sparameters ofthe twoport.

Graphical forms of potential instability

Potentially unstable devices can always be stabilized
by an appropriate cascade resistor, an approach that is
simple and effective. However, adding a dissipative
element throws away transducer gain; and depending
whether the resistor applied to the input or output, also
sacrifices noise performance or output power. The
minimum loss resistance refers to the resistor value that
leads to a borderline stability, at which p just tales on a
unity value. Generally speaking, a higher level of
stability can be achieved by adding more loss to the
device.
Depending on the input-output phase relationship of
the device, resistive feedbaclc could also help, and it may
be preferable to the bruteforce cascade resistive
approach. Application of lossless feedback may also
improve stability and at the same time control other
parameters, such as the optimum noise source reflection
coefficient and conjugate input match[7].

A potentially unstable situation occurs when the
stability circles intersect or are placed entirely inside the
Smith Chart. Another form of instability occurs when
the stability circle completely encloses the Smith Chart
and the inside of the circle represents the unstable region.
The three possible unstable combinations are shown in Figure 6. Threepo~sible,fomsof potentially unstable source
Figure 6. Potential instability does not mean that the terminations. All plots refer to the case for which the inside of
Clearly, in all three
twoport oscillates; rather it merely indicates the prospect the stability circles show the unstable region.
plots, the shaded parts of the Smith Charts rejcr to terminations
of negative resistance at one of the ports, which, in turn, that may lead to oscillation, the right side figure being the worst.
may lead to oscillation for some given termination.
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Unstable Region
circle

Finding the minimum loss resistor at the input of
the device
The minimum loss cascade stabilizing resistor value
can be determined easily from the Smith Chart by finding
the constant resistance or constant conductance circle
that is tangent to the appropriate stability circle. To
illustrate the process, we show the two possible choices
of stabilization for the device whose source stability
circles are previously shown in Case 4a of Figure 4. For
this device, the inside region of the source stability circle
indicates the unstable region. The constant resistance
and constant conductance circles that are tangent to the
stable side of the stability circle indicate the minimum
loss series resistance and parallel conductance, indicated
in Figure 7.

7a. Series resistive stabilization

1

Unstable Region
I

Constant-conductance
circle

In the above illustration, stabilization was applied at
the input of the device, and depending on the signal and
noise level of the amplifier, it may be better to stabilize
at the output. Sometimes splitting the loss between the
input and output leads to the best system performance.
Adding the appropriate amount of minimum loss to the
input or output stabilizes both sides of the device.
Occasionally, depending on the locations of the stability
circles, series or parallel resistive stabilization is not
available. In such case, the corresponding tangent
constant resistance or constant conductance circle cannot
be drawn at the stable side of the stability circle. For
example, Case 4d of Figure 4 illustrates a device for
which only parallel resistance (conductance) helps.
Generally speaking, if the open circuit point of the Smith
Chart is unstable then series stabilization is not available;
for unstable short circuit points, parallel resistance does
not help.

Broadband considerations

76. Parallel resistive stabilization

Figure 7. Two possible ways to stabilize a potentially unstable device by cascading a series resistor Rv > Rsm, (7a), or by cascading a
parallel resistor Rp < Rpma. (76). Increasing R,"or decreasing Rp
lead to greater stability margin, at the price ofmore loss. The minimum loss is determined by the tangent constant resistance or constant conductance circle.
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We noted that the safest way is to stabilize the device
for all frequency, even outside the passband of interest.
Adding a stabilizing resistor degrades the performance
at all frequencies, and in many cases a frequency selective
stabilizing network may be the better choice. Simple
RL or RC combinations may sacrifice performance only
where it is necessary to improve stability, without
effecting other frequencies at which the device already
may be stable.
Figure 8 shows the input and output stability circle
locations of a typical RF small-signal transistor before
and after stabilization, through a broad range of
frequencies.
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Initially the transistor was potentially unstable between
1OOMHz and 1300MHz. Unconditional stability was
achieved by cascading a
combination of a 1 1 Oohm
resistor and 4OnH inductor across the output of the
device.

References
1. J. L~nvill,J. Glbbons, "Translstors and Active C~rcuits,"McGraw
1961
'"'3

2

J M Rollct, "Stab~l~ty
and Power Gdin Invariants of Linear
Twoports," IRE Fan, Czrcult Theory, March 1962

3

M L Edwards, "A New Crrterlon for Llilcar 2-port Stability
Us~nga Slngle Geometrically Derr~vedParameter," IEEE
Trun, Vol 40 No 12 . December 1992

4. Guillermo Gonzalez, "Microwave Transistor Amplifiers,
Analysis and Design," Prentice Hall, 1984.
5 . L. Besser, "Applied RF Techniques," Besser As,sociate,s course
notes, 1995.

6 K Wang, M Jones, S Nelson, The S-Probe A New CostEffective Method for Evaluating Multi-Stage Ampl~fier
Stability, lEbE MTT International Sy~npos~um
Digest, 1992
Cons~deratlonsof Low-Noise Transistor
7 L. Besscr, "Stab~l~ty
A ~ n p l ~ f ~W
e r~st hSl~llultaneousNoise and Match," IEEE
MTT Int'l Microwave Sympos~umDigest, 1975, pp 327-329

8a. Potentially unstable device

Les Besser is a pace setter qj'the RF and
microwave industry. Currently he is the
Pt~esidentof Besser Associates oJ' Los
Allos, Cal$wnia, a company which he
jhunded to provide short courses and
videotaped continuing education to RF
and microwave prof~s.sionals. The,firm
lzas provided personal, live ft*aining to
over 9,000 engineers and technicians
worldwide.
He begun his career with Hewlett-f'ackard b Microwave Division,
in which he developed broadhand microwave c.onzponents,
receiving a patentfir the first thin-filnz amplzfier circuitry,for the
CATV industry.
Concentrating on MIC b, GaAs FET Amplifiers, and CATV systems
at the Microwave and Optoelectronics Group qfl~uirchild,he
wrote the SPEEDY CAD program containing a transistor database
with high-frequency pul-umeters.

813. Device witlt stabilizing network.

~k~~~
8

~
~
~ s t a~
b ; l i ~dc;vc.e.y
b p l~ o t ~~ ~ h
dIOOM&
m
to
20&),$,fHzindicatingpobntial instability between the frequencies
qf100-1300,$,fHz(aa). ~ , fstabilization,
t ~ ~
the
are compbtely
outside reg;ons being
outside ,,fthe chart, (8b),
indicating unconditiorzal stability.

Directing /he tnicrocircuit design and development Qfbrt at
Farinon Electric Conzpany, he authored COMPACT the industry's
,jirst commerciallj~Lsuccessfulmicrowave circuit optimization
routine and the,jirst industry CAD standurd. He,fiunded Cotnpacf
Engineering, a pioneer CAD .so_liwar*ecompany, serving without
equal the conzputer analysis and .synlhe,si,s needs qj'the industrj>,fi,r
len years.

A thorough stability analysis should always be the first
step prior to designing active circuits' However,
unconditional amplifier stability, although desirable, may
not always be practical, since resistive stabilization
always reduces performance. Nevertheless, knowledge
of the region of terminations that could lead to oscillation
is always valuable information to the designer.
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