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MotivationMotivation::

Nonlinear circuits under large-signal drive are subject to unwanted Nonlinear circuits under large-signal drive are subject to unwanted 

signals at spurious frequencies signals at spurious frequencies 

These spurious signals are not detected by standard linear techniquesThese spurious signals are not detected by standard linear techniques

A stabilisation approach is highly desirableA stabilisation approach is highly desirable

Stabilisation of nonlinear circuits under large-signal conditionsStabilisation of nonlinear circuits under large-signal conditions

**

**

**
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ExampleExample::

(increasing input power)(increasing input power)

ITSS 2014 (Lyngby) – Stability of Nonlinear CircuitsITSS 2014 (Lyngby) – Stability of Nonlinear Circuits



  

Increasing input powerIncreasing input power
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ExampleExample: power amplifier: power amplifier
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OutlineOutline::

** IntroductionIntroduction

** Detection of instabilities via nonlinear CAD simulationDetection of instabilities via nonlinear CAD simulation

** The conversion matrix: toward a design approachThe conversion matrix: toward a design approach

** Applications: frequency divider, medium-power amplifierApplications: frequency divider, medium-power amplifier

** ConclusionsConclusions
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Stability in small-signal / large-signal conditionsStability in small-signal / large-signal conditions::

IntroductionIntroduction
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(Oscillator)(Oscillator)

(Frequency divider)(Frequency divider)

Small-signal amplifierSmall-signal amplifier

Mixer / Power amplifierMixer / Power amplifier
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A large signal (DC) and a small signal in a linear amplifierA large signal (DC) and a small signal in a linear amplifier::

IntroductionIntroduction

DCDC

AmplifierAmplifier
outout

ffssffss

DCDC

+

-

S-parametersS-parameters

DDCC

inin
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IntroductionIntroduction

inin

LOLO

outout

ffss ffLOLO-f-fssffss

ffLOLO

DCDC

ffLOLO

DCDC

Conversion matrixConversion matrix

A large signal (RF LO) and a small signal in a mixerA large signal (RF LO) and a small signal in a mixer::

MixerMixer
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IntroductionIntroduction

spurious signalspurious signal

inin

outout

ffss ffOO-f-fssffss

ffOO

DCDC

ffOO

DCDC

Conversion matrixConversion matrix

A large signal (RF IN) and a small spurious signal in a power amplifierA large signal (RF IN) and a small spurious signal in a power amplifier::

Power Power 
amplifieramplifier
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Nonlinear CADNonlinear CAD

Nonlinear computer-aided analysis methodsNonlinear computer-aided analysis methods::

Direct time-domain integration:Direct time-domain integration: SPICESPICE

Shooting methodsShooting methods

Convolution approachConvolution approach

Series expansion:Series expansion: Fourier series (Harmonic balance)Fourier series (Harmonic balance)

Volterra seriesVolterra series

Transient envelopeTransient envelopeMixed time-domain / Fourier series:Mixed time-domain / Fourier series:
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Direct time-domain integrationDirect time-domain integration::

No analytical solution for the unknown function No analytical solution for the unknown function v(t)v(t)

v(t)i
s
(t) g(v) C

+

-

ig=imax⋅tanh 
g⋅v
imax



is timax⋅tanh 
g⋅v t
imax

C⋅
dv t 
dt

=0

KCL:KCL:
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Direct time-domain integrationDirect time-domain integration::

Instead of an unknown function Instead of an unknown function v(t)v(t) we look for discrete values  we look for discrete values vv
kk

v(t)i
s
(t) g(v) C

+

-

is , k t imax⋅tanh
g⋅v k

imax
C⋅

v k−vk−1

t k−t k−1

=0

v t ⇒ vk

v t 0⇒ v0

k=0,1,2. ..

t⇒ t kis t imax⋅tanh 
g⋅v t 
imax

C⋅
dv t 
dt

=0

Numerical solution of the nonlinear equation inNumerical solution of the nonlinear equation in  vv
kk
  at each time stepat each time step  tt

kk
  starting fromstarting from  vv

00
 = v(t = v(t

00
))
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Direct time-domain integrationDirect time-domain integration::

Response to a sine wave (with transient)Response to a sine wave (with transient)

v(t)i
s
(t) g(v) C

+

-

Response to a stepResponse to a step
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Direct time-domain integrationDirect time-domain integration::

Response to a two-tone Response to a two-tone 

quasi-sinusoidal signalquasi-sinusoidal signal

v(t)i
s
(t) g(v) C

+

-
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Time-domain solutionTime-domain solution:: General nonlinearities, even very strongGeneral nonlinearities, even very strong

General solutionGeneral solution

Shooting methodsShooting methods

Non efficient for steady stateNon efficient for steady state

Lumped elements onlyLumped elements only

Convolution methodConvolution method
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Time-domain solutionTime-domain solution::

Transmission linesTransmission lines

DiscontinuitiesDiscontinuities

i t =f ? [ v t ]
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Convolution methodConvolution method::

Unfortunately does not work very well in practice!Unfortunately does not work very well in practice!

I y =Y ⋅V is t imax⋅tanh 
g⋅v t 
imax

C⋅
dv t 
dt

i y t =0

i
s
(t) g(v) C v(t)

+

-

Y(ω)i
y

is , k t imax⋅tanh
g⋅v k

imax
C⋅

v k−vk−1

t k−t k−1

∑
m=0

M

ym⋅v k−m=0

y  t =
1

2
⋅∫Y ⋅e

j t
⋅d

i y t =i y  t0∫ y t−⋅v ⋅d

i y t k =∑
m=0

M

ym⋅vk−m
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Solution by series expansionSolution by series expansion::

The unknown function is expanded in a suitable series of orthogonal functions The unknown function is expanded in a suitable series of orthogonal functions vv
nn
(t)(t)::

- The series is replaced into the 'difficult' equation- The series is replaced into the 'difficult' equation

- The 'difficult' equation is splitted into infinite 'simpler' equations (using orthogonality)- The 'difficult' equation is splitted into infinite 'simpler' equations (using orthogonality)

- Only the first terms of the series (and thence the first equations) are retained- Only the first terms of the series (and thence the first equations) are retained

- The unknowns are the coefficients - The unknowns are the coefficients kk
nn
 of the series expansion of the series expansion

v t =∑
n=−∞

∞

kn⋅vn t 
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Fourier series expansion (Harmonic balance)Fourier series expansion (Harmonic balance)::

The explicit expression of the Fourier series of the nonlinear current is not availableThe explicit expression of the Fourier series of the nonlinear current is not available

v(t)i
s
(t) g(v) C

+

-

v t =∑
n=−∞

∞

V n⋅e
jn⋅t

is t imax⋅tanh 
g⋅v t 
imax

C⋅
dv t 
dt

=0

Nonlinear CADNonlinear CAD

is t =∑
n=−∞

∞

I s , n⋅e
jn⋅t

∑
n=−∞

∞

I s ,n⋅e jn⋅timax⋅tanh 
g⋅∑

n=−∞

∞

V n⋅e
jn⋅t

imax
∑

n=−∞

∞

jnC⋅V n⋅e jn⋅t=0

dv t 
dt

=∑
n=−∞

∞

jnC⋅V n⋅e
jn⋅t
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Fourier series expansion (Harmonic balance)Fourier series expansion (Harmonic balance)::

v(t)i
s
(t) g(v) C

+

-

Nonlinear CADNonlinear CAD

∑
n=−∞

∞

I s ,n⋅e jn⋅t∑
n=−∞

∞

I g , n⋅e jn⋅t∑
n=−∞

∞

jnC⋅V n⋅e jn⋅t=0

imax⋅tanh
g⋅∑

n=−∞

∞

V n⋅e jn⋅t

imax


∑
n=−∞

∞

I g ,n⋅e jn⋅t

∑
n=−∞

∞

I s ,n⋅e jn⋅timax⋅tanh 
g⋅∑

n=−∞

∞

V n⋅e
jn⋅t

imax
∑

n=−∞

∞

jnC⋅V n⋅e jn⋅t=0

Discrete Fourier Transform DFT 

I s , nI g ,n  V  jnC⋅V n=0 n=−N÷N
System of orthogonal nonlinear System of orthogonal nonlinear 

equations in the unknowns equations in the unknowns VV
nn
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Harmonic balanceHarmonic balance::

v(t)i
s
(t) g(v) C

+

-

Nonlinear CADNonlinear CAD

1 2 3 4 5 6 7 8 9 10 11
0.2

0.15

0.1

0.05

0

0.05

0.1

0.15

ITSS 2014 (Lyngby) – Stability of Nonlinear CircuitsITSS 2014 (Lyngby) – Stability of Nonlinear Circuits



  

Harmonic balanceHarmonic balance:: General nonlinearities, weak to moderately strongGeneral nonlinearities, weak to moderately strong

Frequency domain linear subcircuitsFrequency domain linear subcircuits

Envelope transientEnvelope transient

Steady state onlySteady state only

Not efficient for multi-tone or complex modulation schemesNot efficient for multi-tone or complex modulation schemes

Multi-dimensional Fourier transformMulti-dimensional Fourier transform

Nonlinear CADNonlinear CADITSS 2014 (Lyngby) – Stability of Nonlinear CircuitsITSS 2014 (Lyngby) – Stability of Nonlinear Circuits



  

Transient envelopeTransient envelope::

Nonlinear CADNonlinear CAD

∑
n=−∞

∞

I s ,nt ⋅e
jn⋅timax⋅tanh

g⋅∑
n=−∞

∞

V n t ⋅e
jn⋅t

imax
C

d  ∑
n=−∞

∞

V nt ⋅e jn⋅t


dt
=0

v t =∑
n=−∞

∞

V n t ⋅e jn⋅t

Slowly varying phasorsSlowly varying phasors

(narrowband modulation, start-up of oscillation, etc.)(narrowband modulation, start-up of oscillation, etc.)

Time-domain discretisation of the values of the slowly varying phasorsTime-domain discretisation of the values of the slowly varying phasors
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CAD detection of instabilitiesCAD detection of instabilities::

Nonlinear CADNonlinear CAD

Time-domain analysis detects spurious frequencies (instabilities)Time-domain analysis detects spurious frequencies (instabilities)
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CAD detection of instabilitiesCAD detection of instabilities::

Nonlinear CADNonlinear CAD

Harmonic balance analysis does not detect spurious frequencies:Harmonic balance analysis does not detect spurious frequencies:

v t =∑
n=−∞

∞

V n⋅e
jn⋅t

or detected by means of an auxiliary generator.or detected by means of an auxiliary generator.

unless included in the frequency list,unless included in the frequency list,
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Harmonic balance detection of instabilitiesHarmonic balance detection of instabilities::

Nonlinear CADNonlinear CAD

the auxiliary generatorthe auxiliary generator

A probing voltage is applied at the spurious frequency, and an oscillation condition is looked for:A probing voltage is applied at the spurious frequency, and an oscillation condition is looked for:

Frequency, phase and amplitude of the probing voltage Frequency, phase and amplitude of the probing voltage 

are swept until the non-perturbation condition is found.are swept until the non-perturbation condition is found.
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Linearisation around a static bias pointLinearisation around a static bias point
The conversion matrixThe conversion matrix::

The conversion matrix approachThe conversion matrix approach

Linearisation around Linearisation around 
a a dynamicdynamic bias point bias point
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Periodic switching: frequency conversionPeriodic switching: frequency conversion

The conversion matrixThe conversion matrix::

The conversion matrix approachThe conversion matrix approach

i
ss
(t) R C v(t)

+

-

L

diode

v t =I ss sinss t ⋅∑
n=−∞

∞

Gn⋅e− jnLO⋅t=∑
n=−∞

∞

[I ssGn⋅e
− jn LO−ss ⋅tI ssGn⋅e− jnLOss⋅t ]

 

tt  

gg((tt))  

USBUSBinin LSBLSBdiodediode

ffssss ffLOLO-f-fssss

ffLOLO

DCDC
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The conversion matrixThe conversion matrix::

The conversion matrix approachThe conversion matrix approach

ZZLL

LOLO

ZZLL(nf(nfL0L0))

ffLOLO

DCDC

Large-signal (LO) behaviour: fundamental frequency (and harmonics) loadsLarge-signal (LO) behaviour: fundamental frequency (and harmonics) loads  

inin

ZZLL(nf(nfLOLO±f±fss))

ffss ffLOLO-f-fss

ffLOLO

DCDC

Small-signal (in) behaviour: converted frequenciesSmall-signal (in) behaviour: converted frequencies  
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The conversion matrixThe conversion matrix::

The conversion matrix approachThe conversion matrix approach

ffss

ffLSLS

Small-signal operations:Small-signal operations:

Conversion matrixConversion matrix

Matching networksMatching networks

Conversion matrixConversion matrix

f ss f LO− f ss

2 f LO− f ss

3 f LO−f ss

...

f LO f ss

2 f LOf ss

3 f LOf ss
nonlinearnonlinear

(linearised)(linearised)

linearlinear

frequency-converting linear networkfrequency-converting linear network
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Passive matching networks provide the Passive matching networks provide the 
external loads at converted frequenciesexternal loads at converted frequencies

Active device (+ bias networks) linearised by means of the conversion matrixActive device (+ bias networks) linearised by means of the conversion matrix

The conversion matrixThe conversion matrix::

The conversion matrix approachThe conversion matrix approach

Conversion matrixConversion matrix

Matching networksMatching networks

Conversion matrixConversion matrix

f ss f LO− f ss

2 f LO−f ss

3 f LO−f ss

...

f LO f ss

2 f LOf ss

3 f LOf ss
nonlinearnonlinear

(linearised)(linearised)

linearlinear

noise at fnoise at f
ssss
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Stability (Rizzoli, 1985)Stability (Rizzoli, 1985)::

The conversion matrix approachThe conversion matrix approach

- Removal of the small-signal excitation- Removal of the small-signal excitation

- Linear, homogeneous equations system- Linear, homogeneous equations system

Non-trivial solution at small-signal frequency:   oscillation   ->   Non-trivial solution at small-signal frequency:   oscillation   ->   instabilityinstability

- Determinant of the system = 0  ?- Determinant of the system = 0  ?

Conversion matrixConversion matrix

f ss f LO− f ss

2 f LO− f ss

3 f LO−f ss

...

f LO f ss

2 f LOf ss

3 f LOf ss

(provided that the Rollett proviso is fulfilled)(provided that the Rollett proviso is fulfilled)
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 ss

ss

Stability (Rizzoli, 1985)Stability (Rizzoli, 1985)::

The conversion matrix approachThe conversion matrix approach

The zeros of the determinant in the complex plane:The zeros of the determinant in the complex plane:

The determinant is a function of the small-signal frequency The determinant is a function of the small-signal frequency ww
ssss

Onset of oscillation:Onset of oscillation:

complex frequencycomplex frequency = ss jss

x

x

x

x

x

decaydecay

stable oscillationstable oscillation

instabilityinstability
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 ss

ss

x

x

x

x

x

Stability (Rizzoli, 1985)Stability (Rizzoli, 1985)::

The conversion matrix approachThe conversion matrix approach

Calculation along the imaginary axisCalculation along the imaginary axis

Calculation of the determinant in theLaplace domainCalculation of the determinant in theLaplace domain

Not possible with currently available CAD programs!Not possible with currently available CAD programs!

= ss jss

= jss

Encirclements of the originEncirclements of the origin
  = = 

Zeros in the RHS half-planeZeros in the RHS half-plane
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Stability (Rizzoli, 1985)Stability (Rizzoli, 1985)::

The conversion matrix approachThe conversion matrix approach

The conversion matrix is periodic as a function of frequency:The conversion matrix is periodic as a function of frequency:

f LO

2 f LO

f LO

2 f LO

f LO
2

3 f LO
2

5 f LO
2

f LO
2

3 f LO
2

5 f LO
2

f ss f ss

and symmetric with respect to and symmetric with respect to Calculation in the range:Calculation in the range:f LO
2

0÷
f LO
2
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Stability (Rizzoli, 1985)Stability (Rizzoli, 1985)::

The conversion matrix approachThe conversion matrix approach

Example – frequency dividerExample – frequency divider
(Rizzoli, 1985)(Rizzoli, 1985)
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Stability (Rizzoli, 1985)Stability (Rizzoli, 1985)::

The conversion matrix approachThe conversion matrix approach

Example – frequency dividerExample – frequency divider
(Leuzzi, Pantoli, 2009)(Leuzzi, Pantoli, 2009)

Not practical: results are often confusing and unstableNot practical: results are often confusing and unstable

stablestable unstableunstable
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Stability (Collantes, 2001)Stability (Collantes, 2001)::

The conversion matrix approachThe conversion matrix approach

- Conversion gain between two ports- Conversion gain between two ports

- Frequency sweep in the range- Frequency sweep in the range

- Fit to a polynomial function of the frequency- Fit to a polynomial function of the frequency
Conversion matrixConversion matrix

f ss f LO− f ss

2 f LO− f ss

3 f LO−f ss

...

f LO f ss

2 f LOf ss

3 f LOf ss

Identification of the (complex) poles of the conversion gain functionIdentification of the (complex) poles of the conversion gain function

CG  jss =
k⋅ss−z1⋅ss−z2⋅...

ss−p1⋅ss−p2⋅...

0÷
f LO
2


ITSS 2014 (Lyngby) – Stability of Nonlinear CircuitsITSS 2014 (Lyngby) – Stability of Nonlinear Circuits



  

Stability (Collantes, 2001)Stability (Collantes, 2001)::

The conversion matrix approachThe conversion matrix approach

Increasing input powerIncreasing input power

 ss

ss

x

x

x

x

x

x

x

x

x

x
Increasing conversion gain of the nonlinear deviceIncreasing conversion gain of the nonlinear device

Increasing potential instabilityIncreasing potential instability

Poles position may change with input powerPoles position may change with input power
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Stability (Collantes, 2001)Stability (Collantes, 2001)::

The conversion matrix approachThe conversion matrix approach

- Component values can be optimised- Component values can be optimised

 ss

ss

x

x

x

x

x

x

x

x

x

x
- No explicit design condition - No explicit design condition 

Poles position may be moved by redesign of the circuit:Poles position may be moved by redesign of the circuit:
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Stability (Collantes, 2001)Stability (Collantes, 2001)::

The conversion matrix approachThe conversion matrix approach

Example – Pin-diode limiterExample – Pin-diode limiter
(Gatard, 2006; Pantoli, 2009)(Gatard, 2006; Pantoli, 2009)

Poles cross the y-axis when a Poles cross the y-axis when a 

spurious subharmonic signal appearsspurious subharmonic signal appears

Increasing input powerIncreasing input power
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Stability (Collantes, 2001)Stability (Collantes, 2001)::

The conversion matrix approachThe conversion matrix approach

Example – Pin-diode limiterExample – Pin-diode limiter
(Gatard, 2006; Pantoli, 2009)(Gatard, 2006; Pantoli, 2009)

Harmonic balance with auxiliary generatorHarmonic balance with auxiliary generator

Time-domain analysisTime-domain analysis
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Stability (Di Paolo, 2002)Stability (Di Paolo, 2002)::

The conversion matrix approachThe conversion matrix approach

- Reduction to a one-port or two-port network- Reduction to a one-port or two-port network

Conversion matrixConversion matrix

f ss f LO− f ss

2 f LO− f ss

3 f LO−f ss

...

f LO f ss

2 f LO f ss

3 f LOf ss

- Linear stability design- Linear stability design

- Removal of the small-signal excitation- Removal of the small-signal excitation

Reduced Reduced 
conversion matrixconversion matrix

f ss 2 f LO−f ss

Reduced Reduced 
conversion matrixconversion matrix

f ss
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Stability (Di Paolo, 2002)Stability (Di Paolo, 2002)::

The conversion matrix approachThe conversion matrix approach

Conversion matrixConversion matrix

f ss f LO− f ss

2 f LO− f ss

3 f LO−f ss

...

f LO f ss

2 f LO f ss

3 f LOf ss

StabilityStability

Linear stability design (one port):Linear stability design (one port):

Reduced Reduced 
conversion matrixconversion matrix

f ss

 iss  Lss

∣i ss∣1

Potential instabilityPotential instability ∣i ss∣1

OscillationOscillation  Lss⋅ iss=1

Redesign of Redesign of  Lss for stabilityfor stability
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Stability (Di Paolo, 2002)Stability (Di Paolo, 2002)::

The conversion matrix approachThe conversion matrix approach

Redesign of the linear networks:Redesign of the linear networks:

ZZLL(nf(nfLOLO±f±fss))

ffss ffLOLO-f-fss

ffLOLO

DCDC

2f2fLOLO

ZZLL(nf(nfLOLO))

Impedance adjustment Impedance adjustment 

at converted frequenciesat converted frequencies

No impedance change at large-signal No impedance change at large-signal 

fundamental and harmonic frequenciesfundamental and harmonic frequencies

Otherwise the conversion matrix must be recomputed, Otherwise the conversion matrix must be recomputed, 

and the large-signal performances changeand the large-signal performances change
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Special caseSpecial case: : 

The conversion matrix approachThe conversion matrix approach

The conversion matrix assumes a different formalismThe conversion matrix assumes a different formalism

f ss=
f 0

2

[brbi ]=[
11 12

21 22
]⋅[ar

a i] b=br j b i

a=ar j ai

ff00/2/2

ff00

ffss

ff00

ff00-f-fss
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b 
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2
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The conversion matrix approachThe conversion matrix approach

Special caseSpecial case: : f ss=
f 0

2

[brbi ]=[
11 12

21 22
]⋅[ar

a i] b=br j b i

a=ar j ai

The reflection coefficient depends on the phase of the incident waveThe reflection coefficient depends on the phase of the incident wave
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(Measurements by D.Schreurs)(Measurements by D.Schreurs)
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The conversion matrix approachThe conversion matrix approach

Special caseSpecial case: : f ss=
f 0

2

The oscillation condition becomes:The oscillation condition becomes:

The loads giving oscillation form a circleThe loads giving oscillation form a circle
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Second design: modified, unstable amplifierSecond design: modified, unstable amplifier

ApplicationsApplications

First design: stable amplifierFirst design: stable amplifier

- Same biased transistor- Same biased transistor

- Same output matching network- Same output matching network

- Modified input matching network- Modified input matching network

ApplicationsApplications: medium-power amplifier : medium-power amplifier 
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Measured S-parametersMeasured S-parameters
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ApplicationsApplications

ApplicationsApplications: medium-power amplifier : medium-power amplifier 

Harmonic balance simulationsHarmonic balance simulations
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Output powerOutput power

Output power spectrumOutput power spectrum
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The stable amplifier The stable amplifier 
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Stability check of the amplifierStability check of the amplifier
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Unstable region at fUnstable region at f
00
/2 at input/2 at input

Redesign of the amplifier for instability atRedesign of the amplifier for instability at
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Loads at fundamental frequency and harmonics are unchangedLoads at fundamental frequency and harmonics are unchanged

The conversion matrix remains the sameThe conversion matrix remains the same

ApplicationsApplications

Redesign of the amplifier for instability atRedesign of the amplifier for instability at f ss=
f 0

2
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Redesigned amplifier - Redesigned amplifier - unstableunstable

Output powerOutput power

20 15 10 5 0 5 10
60

50

40

30

20

10

0

10

20

Input P ower [dB ]

O
ut

pu
t 

P
ow

er
 [

dB
]

 

 

F undam ental  frequenc y  (Uns table)
S ubharm onic   frequenc y  (Uns table)
F undam ental  frequenc y  (S table)

 80   

 70   

 60   

 50   

 40   

 30   

 20   

 10   

0   

10   

20   

M
ag

ni
tu

de
 [

dB
m

] 

  

 

Frequency [GHz] 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 

Unstable amplifier 
Stable amplifier 

Output power spectrumOutput power spectrum

ApplicationsApplicationsITSS 2014 (Lyngby) – Stability of Nonlinear CircuitsITSS 2014 (Lyngby) – Stability of Nonlinear Circuits



  

Special case: parallel power amplifierSpecial case: parallel power amplifier
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The amplifier must be The amplifier must be 
symmetric wrt a symmetric wrt a 
longitudinal axislongitudinal axis

Single-transistor approachSingle-transistor approach:: The symmetry of the amplifier is exploitedThe symmetry of the amplifier is exploited
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Each half must in turn Each half must in turn 
be symmetric wrt its be symmetric wrt its 
longitudinal axislongitudinal axis

The symmetry of the amplifier is exploitedThe symmetry of the amplifier is exploited

The amplifier must be The amplifier must be 
symmetric wrt a symmetric wrt a 
longitudinal axislongitudinal axis

Single-transistor approachSingle-transistor approach::
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Single-transistor approachSingle-transistor approach::

...and so on....and so on.

The symmetry of the amplifier is exploitedThe symmetry of the amplifier is exploited

Each half must in turn Each half must in turn 
be symmetric wrt its be symmetric wrt its 
longitudinal axislongitudinal axis

The amplifier must be The amplifier must be 
symmetric wrt a symmetric wrt a 
longitudinal axislongitudinal axis
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Identification of the symmetry modes Identification of the symmetry modes 

Example: a 4-transistor amplifierExample: a 4-transistor amplifier

Single-transistor approachSingle-transistor approach::
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Single-transistor approachSingle-transistor approach::

Four modes are foundFour modes are found

Identification of the symmetry modes Identification of the symmetry modes 

Example: a 4-transistor amplifierExample: a 4-transistor amplifier
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Four modes are foundFour modes are found

Symmetry axes for each modeSymmetry axes for each mode

Identification of the symmetry modes Identification of the symmetry modes 

Example: a 4-transistor amplifierExample: a 4-transistor amplifier

Single-transistor approachSingle-transistor approach::
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Single-transistor approachSingle-transistor approach:: S-parameters of the matching networksS-parameters of the matching networks
a

1

b
1

b
2

a
2

a
3

b
3

a
4

b
4

The input and output The input and output 
ports are loaded with Zports are loaded with Z

00

The symmetry of the The symmetry of the 
networks is exploitednetworks is exploited
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Modes identified from S-parametersModes identified from S-parameters

Four modes:Four modes:

m1= [1,1,1,1 ]
m2=[1,−1,1,−1 ]
m3= [1,1,−1,−1 ]

m4= [1,−1,−1,1 ]

b1=SR⋅a1+ SMN⋅a2+ SMF⋅a3+ SMF⋅a4

b2=SMN⋅a1+ S R⋅a2+ SMF⋅a3+ SMF⋅a4

b3=SMF⋅a1+ SMF⋅a2+ SR⋅a3+ SMN⋅a4

b4=SMF⋅a1+ SMF⋅a2+ SMN⋅a3+ SR⋅a4

E.g. - mode 3 :E.g. - mode 3 :

S11=S22=S33=S44=SR

S12=S21=S34=S43=SMN

S13=S14=S23=S24=S31=S 32=S 41=S42=SMF

b1=b2=−b3=−b4=b

b=(SR+ SMN−2 SMF)⋅a=3⋅a

a1=a2=−a3=−a4=a

Single-transistor approachSingle-transistor approach::
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The stabilisation approachThe stabilisation approach:: Rizzoli's (Nyquist) methodRizzoli's (Nyquist) method

Example – GaN power amplifier (Selex S.I.)Example – GaN power amplifier (Selex S.I.)

Results are sometimes confusing Results are sometimes confusing 
and unstableand unstable

A high numer of harmonics and A high numer of harmonics and 
frequency points are requiredfrequency points are required

Even modeEven mode
0 dBm – 15 dBm0 dBm – 15 dBm

Example:Example: 10 harmonics of the 10 harmonics of the 
large signallarge signal

22-port conversion 22-port conversion 
matrixmatrix

47 frequency points47 frequency points
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The stabilisation approachThe stabilisation approach::

Example – GaN power amplifier (Selex S.I.)Example – GaN power amplifier (Selex S.I.)

15 dBm – 20 dBm15 dBm – 20 dBm

20 dBm – 25 dBm20 dBm – 25 dBm

Rizzoli's (Nyquist) methodRizzoli's (Nyquist) method
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The stabilisation approachThe stabilisation approach:: Collantes' (pole-zero identification) methodCollantes' (pole-zero identification) method

Rational-function identification not uniqueRational-function identification not unique

∣ ( jωss)∣

phase (( jωss))

∣ ( jωss)∣

phase (( jωss))

1010thth-order-order

33rdrd-order-order

ωss

ωss
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Collantes' (pole-zero identification) methodCollantes' (pole-zero identification) methodThe stabilisation approachThe stabilisation approach::

Pole-zero cancellationPole-zero cancellation

αss

ωss

88thth-order-order
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ExamplesExamples:: 8-FET monolithic power amplifier8-FET monolithic power amplifier

Two-stage, 9-GHz power Two-stage, 9-GHz power 
amplifier from Selex S.I.amplifier from Selex S.I.

12 mm total periphery12 mm total periphery
0.4-0.4-μμm GaAs HEMTm GaAs HEMT

34 dBm output power at 34 dBm output power at 
1dB gain compression1dB gain compression
16 dB linear gain16 dB linear gain

Divider-by-twoDivider-by-two
2-FET driver2-FET driver
Two dividers-by-fourTwo dividers-by-four
8-FET power stage8-FET power stage
Combiner-by-eightCombiner-by-eight

Driver stage linearDriver stage linear
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ExamplesExamples::

The amplifier is linear under The amplifier is linear under 
small-signal conditionssmall-signal conditions

8-FET monolithic power amplifier8-FET monolithic power amplifier
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ExamplesExamples::

A spurious signal appears A spurious signal appears 
under large-signal drive under large-signal drive 
(Pin = 15 dBm)(Pin = 15 dBm)

The spurious frequencies The spurious frequencies 
are correlatedare correlated

f s

f 0−f s

f 0+ f s

8-FET monolithic power amplifier8-FET monolithic power amplifier
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ExamplesExamples::

The load falls into the unstable areaThe load falls into the unstable area

The one-port stability criterion (Lee) The one-port stability criterion (Lee) 
shows instabilityshows instability

8-FET monolithic power amplifier8-FET monolithic power amplifier

Solution: move the load outside of the unstable areaSolution: move the load outside of the unstable area
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ExamplesExamples:: 2-device hybrid balanced power amplifier2-device hybrid balanced power amplifier

First amplifier stable under small- and First amplifier stable under small- and 
large-signal drivelarge-signal drive

Second amplifier redesigned for large-Second amplifier redesigned for large-
signal instabilitysignal instability

Two versions (600 MHz):Two versions (600 MHz):

Linear performances very close at Linear performances very close at 
large-signal frequencylarge-signal frequency

Simulated output power are very closeSimulated output power are very close
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ExamplesExamples:: 2-FET hybrid balanced power amplifier2-FET hybrid balanced power amplifier

Spectra show a spurious signal at fSpectra show a spurious signal at f
00
 / 2 / 2

Instability suppressed Instability suppressed 
with a shunt resistancewith a shunt resistance

Measured output power very differentMeasured output power very different
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ConclusionsConclusions

ConclusionsConclusions::

Stability under large-signal conditions can be addressed Stability under large-signal conditions can be addressed 

via the conversion matrixvia the conversion matrix

Poles of a conversion function can be located and moved Poles of a conversion function can be located and moved 

by optimisationby optimisation

Stability can be enforced by direct design of loads in Stability can be enforced by direct design of loads in 

stable / unstable regions of the Smith Chartstable / unstable regions of the Smith Chart

**

**

**
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