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1 - Introduction

Power amplifiers

o Stable at small signal

Output power (dBm)

K factor, stability circles

Frequency (MHz)

e As the input power P, increases:
Spurious oscillations, frequency division,
noisy spectrum of high amplitude

« These phenomena cannot be predicted with
small-signal stabilty analysis




Stable behavior
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Power amplifier Stable in small signal

From certain input power: Nonlinear capacitances

(V) =c(v) ((::ll_\t/

v

Negative resistance

Parametric oscillation

Swiching amplifiers: Gain increase




The instability is not detected in harmonic balance

Simulated spectrum: Measured spectrum:
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Key fact:

The two solutions coexist

Designer using HB finds periodic solution at f;,

Only the oscillating solution is measured
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Unstable

Simulated (unstable): Measured (stable):

Power (dBW) Power (dBW)

20

0 =

-20 =

40 e

-60 j=

-80




Coexistence of solutions

Example:
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2 - Harmonic-balance analysis
of oscillating solutions

vit)= Ve lmw
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Harmonic-balance analysis

Linear

v(t) = V. e /(M2pfi)t
m

m G network

Nonlinearities — Described in time domain i (V(t))




Harmonic-balance analysis

vit)= V_e J(m 2p i) 1 Linear

m G network V

Kirchoff's Laws:

H(\‘/)0 V- [A,k 2pf,)] T(V)- [A,k 2pf,)] G, =0

T

Inverse and Direct Fourier Transform

NO

Newton - Raphson W Generators !




Initial value for Newton-Raphson: Given by the generators

Power amplifier

NO
Generator !
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Auxiliary-generator technique

Nonlinear

Circuit




Auxiliary-generator technique

f g filter

K

m~J

Nonlinear 7

Circuit
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n Y =—(Vie,fag) =0

fac=T1, Ve

Y =0 Equivalent to oscillation condition.
Balance of negative and positive resistance and resonance




Oscillation condition

Instability of DC solution:

/

Real Y(ef,) <O

Imag Y(ef,) =0

N—

Steady-state Oscillation:

‘Real Y(V,,f,) =0

Im ag Y(Vo’fo) =0 Y=L(VAG,fAG)=O
= VAG




foo filter

Nonlinear

Circuit

/'
Two-tone HB: f; , To¢

Optimization goal:

Commercial HB

|
Y = V(VAG’fAG) =0
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Power-transfer curve of unstable amplifier
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Power-transfer curve of unstable amplifier

Default simulation fin
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3 - Local-stability analysis

Harmonic Balance H(V) =0

Coexistence This could
also be unstable !
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Unstable Stable




Stability-analysis concept

X = f(X) DC solution X

0]

Perturbed DC solution: X, + Dx(t)

-

Voltage C (v)

Time (us)




Stability-analysis concept

X = f(X)

Dx =Jf(X,) DX

Voltage C (v)

Time (us)

—_—% —

DX(t)=c, e®™ v, +c; e® M Vv + ¢, e Vv, + ...

All eigenvalues of Jf(io) on the left-hand side
of the complex plane




Stability analysis in commercial HB: only for DC solutions

Periodic solutions: Different techniques

- Nyquist analysis from explicit HB formulation

- Nyquist analysis using “return ratio” )
Open-loop transfer function
per nonlinearity and sideband Commercial

> HB

- Pole-zero identification techniques
Single-input, single-output
transfer function




Pole-zero identification

All the closed-loop transfer-functions share the same
denominator




Pole-zero identification

All the closed-loop transfer-functions share the same
denominator n —— Characteristic determinant
Roots: System poles




Pole-zero identification

All the closed-loop transfer-functions share the same
denominator n —— Characteristic determinant
Roots: System poles

V, @ Any circuit node

>
|

Nonlinear Circuit

n
f Steady-state solution at kf,
ef) (D

The circuit is linear with respect to |,




Single-input, single-output transfer function

Input: Current generator _ Vn
Output: Node voltage ZT (f) _ | (f)
n

Same denominator

Nonlinear Circuit

In
Steady-state solution at kf,
(e f) (D "
| |




Large-signal solution obtained with HB

Nonlinear Circuit

K f.,




Large-signal solution obtained with HB

Observation

. — Nonlinear Circuit

I K . +f
0
1

(e,/f') Conversion matrix




Frequency sweep in f
+

Pole-zero identification

Pole-zero identification

_ﬁ — (S' Zl) (S' Zm)
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Denominator:
the same for all the circuit nodes




Fitting of transfer function

—>—e Vn
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For a periodic solution, infinite set of poles

Frequency sweep O - ¥

St)2pt,
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Periodicity
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4 - Global stability analysis

Bifurcation: Qualitative-stability change

Versus the continuous variation of a parameter h

Real pole / complex-conjugate poles cross the imaginary axis




From a periodic solution of frequency f,:

- Hopf type bifurcation

Onset of a new autonomous fundamental f,, f_

- Flip bifurcation:

f

Frequency division by two o

- D-type bifurcation

Jumps, hysteresis




Hopf bifurcation

Onset of f,




Bifurcation diagram
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Flip-type bifurcation

Onset of




Turning point
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Singularity
of Jacobian matrix
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Auxiliary generator + Parameter switching




5. Application to power amplifiers

Caltech

Prof. Dave Rutledge

Sanggeun Jeon




5.1 — Stabilization of a Class-E/F amplifier

Amplifier at 29 MHz
Efficiency: 80 %  Output power: 1.5 KW

e Measurements:

Oscillation, hysteresis, chaos

Intermediate range of input power P;,
Gain increase vs P,




Amplifier at 29 MHz

Power
Combiner
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Two push-pull pairs — Double differential drive




Measurement results




Output power (dBm)

80 100 120 140 100 120 140

20 40 60 80 100 120

Frequency (MHz)

P.,=55W

Output power (dBm)
Output Power (dBm)

100 120

Frequency (MHz) Frequency (MHz)

100 120 140




Local-stability analysis

Solution
at f;
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Zy(f) = =2 ()
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Input-power variation for V=72 V

For each P,

HB calculation at f;,. Steady-state regime at Kk f;,

Connection of current-source | (f).
System is linear with respect to this source

Conversion-matrix analysis, sweeping f.
Calculation of Z,(f)

Pole-zero identification applied to Z;,(f). (Externally)




Evolution of critical poles at Vpp =72V
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Global-stability analysis

Solution
at f;

Conversion
matrix




Instability contour Y. (Vpp, Py =0,
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Steady-state oscillation

Solution Voo

at f;




Time (ns)

Steady-state
solution:

(A) obe1joA




Analysis of the oscillation mode
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Variation of the undesired-oscillation amplitude
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Variation of the undesired-oscillation amplitude
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It could also be unstable!
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It does not justify the chaotic regime observed
from P,, =6 W

Envelope-transient analysis along the curve:

/

_
S
O
™
-
=
=
=
©
c
O
—
©
S
%2
O

8 10
Input power (W)




Evelope-transient analysis

5 MHz oscillation
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Output power (dBm)
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Stabilization Technique
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Stabilized amplifier

VDD

I—choke

I Cac-block
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Admittance in polar representation
L

Oscillation
conditions

Double sweep in Vpp, P;,




R =100 Ohm




Measurements of drain efficiency
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5.2 — Stabilization of a Class-E amplifier

P, =360 W  Gain 16dB at 7.4 MHz
Drain Efficiency: 86%




Measurement results
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Noisy precurors:
Sideband amplification
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Parameter variation

=
o
| -
i
(&)
)
o
7))
S
)
=
O
al

Frequency Frequency Frequency




Analysis of power transfer P, -P,
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Pole-zero identification - Power sweep

Output power (W) Imag (Poles)
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Imag (Poles)
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Elimination of noisy precursors

Increases loss
at f,

Cdc-block
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Experimental verification

Power (dBW) Drain efficiency %
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6. Conclusions

- Amplifier measurements:

Very different from simulations

Instability phenomena may invalidate the designs
- Trial-and-error procedures: Inefficient or useless

- New simulation techniques: Understanding and analysis

of the different phenomena
- Pole-zero identification, auxiliary generator, bifurcation detection
- Criteria for the systematic stabilization of power amplifiers

Elimination of oscillations, chaos, hysteresis and

NOISy precursors
- Two amplifiers were stabilized with minimum degradation

of their performance




