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Motivation:
Stabilisation of nonlinear circuits under large-signal conditions

* Nonlinear circuits under large-signal drive are subject to unwanted
signals at spurious frequencies

* These spurious signals are not detected by standard linear techniques

v A stabilisation approach is highly desirable



ITSS 2014 (Lyngby) - Stability of Nonlinear Circuits

|

(increasing input power)
L0200 07 S0P 2008 N 94 B
REF A TN @ 30,40 ohe per L
S e T S T R

'wum 07 5EP 2008
REF 150 d0s ATTEN D0 &8

NP 20 msec




ITSS 2014 (Lyngby) - Stability of Nonlinear Circuits

=01

di L

*Ti18

alt

201

-1

Wi

Ayttt L g

i i i i
[ [} [iN.] [E]

i i i
13 7.3 =

-1

Mo

Ll

i i
| i

e

[i]

i i L i
2 L] i8] Li%.]

L i
1.2 L4

i)

apaprtely

i i i i
15 4 ug [I%.]

i i
1.2 L4

Increasing input power

»

l

stable

unstable

), -

it

o

i i i i
(1 8] 4 [18.] [ |

i i i i
L2 1A 18 8- |

i L L i
.2 a4 LX) [N}

i i L i
L2 14 18 LA 2

=i

41

Sal

i

W

P

e

ol

i i i i
[ ] u4 u.g ud

i i i i i
1 1.2 1.4 L ¥ -]



ITSS 2014 (Lyngby) - Stability of Nonlinear Circuits
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Outline:

* Introduction

*  Detection of instabilities via nonlinear CAD simulation

*  The conversion matrix: toward a design approach

*  Applications: frequency divider, medium-power amplifier

*  Conclusions
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ility in small-sianal / | -Sian nditions:

Small-signal amplifier
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Mixer / Power amplifier (Frequency divider)
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Power
amplifier
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Conversion matrix
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Direct time-domain integration:

Series expansion:

Mixed time-domain / Fourier series:

SPICE
Shooting methods
Convolution approach

Fourier series (Harmonic balance)
Volterra series

Transient envelope
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No analytical solution for the unknown function v(t)
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is(t)¢$ g(v) C — v(t)

)=0 t=t,

v(t)=v, k=0,1,2...

i, ()i tanh (2—%) 4+ C-(

Imax tk_tk—l V(t0)3VO

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

Numerical solution of the nonlinear equation in v, at each time step t_starting from v, = v(t )
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Time-domain solution: General nonlinearities, even very strong
General solution
Non efficient for steady state

Lumped elements only

Shooting methods

Convolution method
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Transmission lines

Discontinuities
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Convolution method:

Nonlinear CAD

.
is(t)i @ g(v) C iy Y(w) v(t)
| -
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Unfortunately does not work very well in practice!



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

V(0= Y kv (0

n=-—oo

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

- The unknowns are the coefficients k_of the series expansion
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Nonlinear CAD

The explicit expression of the Fourier series of the nonlinear current is not available
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Discrete Fourier Transform ( DFT)
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Harmonic balance: General nonlinearities, weak to moderately strong

Frequency domain linear subcircuits

Steady state only

Not efficient for multi-tone or complex modulation schemes

Envelope transient

Multi-dimensional Fourier transform
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V(t)*exp(j2rfyt) s
WModulation Carrier
Transient envelope: " 2
&
t3
Z V ]l’l w-t '
Slowly varying phasors

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

o0 o0

g 2. V,(0)e™d( 2V (t)e")

I ]nu)t t nh n=—oo +C n=-—oo :0
> anh( i ) dt
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Time-domain discretisation of the values of the slowly varying phasors
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AD ion of in ilities:

Time-domain analysis detects spurious frequencies (instabilities)
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AD ion of in ilities:

Harmonic balance analysis does not detect spurious frequencies:

unless included in the frequency list,

or detected by means of an auxiliary generator.
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Harmoni n ion of instabilities: the auxiliary generator
e
3 _ Ideal
, nonlinear BPF
A, (large signal), circuit A, Vo= € (tiny signal),
"i fac

I,
Yo =—2%=0 (Non-perturbation condition)

7

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

Frequency, phase and amplitude of the probing voltage
are swept until the non-perturbation condition is found.
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E

Linearisation around a static bias point

25
207
154

o~ Linearisation around
- a dynamic bias point
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| fio
The conversion matrix: R
fss fLO'fss
pC |
Periodic switching: frequency conversion I T T t |1 ‘
o +
diode|

iss(t)l R C L \ v(t)

L diode LSB UsB
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Small-signal (in) behaviour: converted frequencies

ZL
N
linear nonlinear fLO
in r———=———7771 r————= 1 LO
T ] T | A
fge’u.j‘j‘(” | : g -"L : : : fgeu .ES{f)
| | | | ]
| I | SZ ! @ DC |
| | I |
| | | |
| | I |
| | I !

_________ . z,(nf,,)

Large-signal (LO) behaviour: fundamental frequency (and harmonics) loads
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T Il th

linear ; nonlinear

1
Tgensslt) B I i igen,Ls5(1)
S V| & S fio=fs
| o 1] (=
. —o—71
fLo+fss§ ZfLO_fssi
; e
] 0
 2f 0t f.. Conversion matrix  3f.— fs;
Small-signal operations: H L | & H
3fiotfa (inearised)
frequency-converting linear network H%“ B H
- o —o—
linear

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

f ss f Lo~ f ss
noise at f ﬁ—'—(D* %wH ”””””””””
=B \ : | :
QL .
4(::)7
fLO+fss§ 2fLO_fSS
=] —o—
Passive matching networks provide the H H
0 O —O—
external loads at converted frequencies . .
2f 10+ ! Conversion matrix 3fo— 1«
m nonlinear m
o (linearised)
' i
g L
linear

Matching networks
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XU P

- Removal of the small-signal excitation f L% %i)_ fo
L, P

- Linear, homogeneous equations system uotles | Conversion matrix 3ot
i P
-|Determinant of the system =0 ? el | L=
L, L

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

(provided that the Rollett proviso is fulfilled)
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The determinant is a function of the small-signal frequency w_

Onset of oscillation:
stable oscillation

complex frequency 0=, +jw

decay

a0

SS

instability

\_

The zeros of the determinant in the complex plane:

SS



Calculation of the determinant in theLaplace domain ¢ =u_+jw,,

A Oss
Not possible with currently available CAD programs!
X
Calculation along the imaginary axis o =jw
Encirclements of the origin \
Zeros in the RHS half-plane f
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and symmetric with respect to fzﬂ

510

A 4

2 fﬂ ﬁ Sfi A fﬂ %
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Stability (Rizzoli, 1985): Example - frequency divider
(Rizzoli, 1985)

Im (1)} = s g.,f;?. ' im(a) |

wzl

Ae (4]

InCreasing o

Fig. 5. Nyquist plot for a stable equilibrium condition of the frequency Fig. 6. Nyquist plot for an intrinsically unstable equilibrium condition
divider (nominal operating regime). ~ of the frequency divider (hysteresis region).
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The conversion matrix approach

Example - frequency divider
(Leuzzi, Pantoli, 2009)

o determinant

_,;?
&t
Imag

stable

—>

unstable

Not practical: results are often confusing and unstable
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Stability (Collantes, 2001):
o 5 f Lo~ f ss
- Conversion gain between two ports > -~
) o U
= fLO fLO+fss Lo~ ss
- Frequency sweep in the range 0 ( 7) 00— o W—
. o U
- Fit to a polynomial function of the frequency 2ot Conversionmatrix | 3fo~fs
. o U
k ( ) ( ) 3fLO+fss
‘. —Z,)\w.—Z,)...
CcG ( _] W, ) — Ss 1 Ss 2 ﬁ %—m
(wss'(wss°°“ O ¢

> Identification of the (complex) poles of the conversion gain function
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E

Poles position may change with input power

Increasing input power

J

SS

Increasing conversion gain of the nonlinear device

J

Increasing potential instability

SS
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Poles position may be moved by redesign of the circuit: A Wss

- Component values can be optimised

- No explicit design condition
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Power transfer function
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Example - Pin-diode limiter = IS
(Gatard, 2006; Pantoli, 2009) |
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E

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

UL\ V UUL)
]
[
T

30 freq, GHz

ig— t I | Harmonic balance with auxiliary generator

> _

> 0

> —

n -10

3 ‘20__ . R, =
D FL:HJ H R=65 Ohm

"
T

- sl e A ~
40 [l | R v |
c1 L2 R5 robe L3
| o 1=0.35 nH R=0.10hm 77" R=0.1 0hm =035 niH
50 PORTL R= R=
- ] Num=L
Z=50 Ohm Todele 1ic y o
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R5=052 Xti 153
ﬂ‘eq G HZ = = N-095 Xi_Irec=6
' TT15¢11 fo} A Tau=21
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RI_1A-1 54865 A Rs15
RImax=2000 =7
RImin=0.002
- - Cj0=8.1e-013
Time-domain analysis i
Fe=05

M=0.29
BV=70
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..................................................

Stability (Di Paolo, 2002): Lo e
: r:#é} —O——
--"-glufi A?U-Elu-”
fLO+fss E ZfLO_fss
. . as @
- Removal of the small-signal excitation m ; m
L o | 4@7
2f o +f.. Conversion matrix 57 e
- Reduction to a one-port or two-port network H o - H
i 3fotfs .
- Linear stability design :
s fo 2f 10— f s
Reduced Reduced R
m conversion matrix H conversion matrix H
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E

Linear stability design (one port):

Stability IT.(w,)|<1

Potential instability IT.(w,)|>1

Oscillation I (w,)T(w,)=1
Redesignof T (w,) for stability

The conversion matrix approach

...................................................

fo fro=fs
el b
 fotfs 2f 10~
O —O——
I b
2f 0+ f s Conversion matrix 3f0—f
——O— —O—
', .
3frotfs
O —O——
L, .

Reduced
conversion matrix
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Redesign of the linear networks:

Impedance adjustment

at converted frequencies Znfu¥fJ
A fLo
A 2 fLo
No impedance change at large-signal .
P g . arg 9 Z,(nf.,) f. fof 4
fundamental and harmonic frequencies DC | 4 I I
tlt ,

Otherwise the conversion matrix must be recomputed,
and the large-signal performances change
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The conversion matrix assumes a different formalism

\ 4

a=a.,+ja,
b=b,+jb,
f)/2

\ 4
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a=a.+ja.
b. — 'y Tnl|a, e
b, I, I, a, b=b +ib.
r J 1
Ib] < |al ; :ﬁ |b] > |a|

0.2

-0.4
N x

-0.6 [¢] x x [e] 4

-0.8 e} (o}

The phase reference is the phase of the large signal at f,

The conversion matrix approach

| w
: O
ri( 7 )
w, |
2 >
(DO) 3 /)
2
1 _
(@] x (@] x
0.5 ©
(@]
0fF [e]
O
05F *
O
< O
o) o o)
0.5 0 0.5 1

1.5

(Measurements by D.Schreurs)
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N . . \
The oscillation condition becomes: a6 \ Border of the 7
\ Smith Chart
0.3+ )
1
r S: e

I 0.28 )
l 0.26 :
0.24 - .

det rS,r _rS,i + rinll rian =0
1_|S,i 1_|S,r 1_|in21 1_‘ir122 0.22 - _
0.2 )

The loads giving oscillation form a circle -

0.9 1.05



Applications: medium-power amplifier

First design: stable amplifier

Second design: modified, unstable amplifier

- Same biased transistor

- Same output matching network

- Modified input matching network
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Applications: medium-power amplifier
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¥
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-10 i 10 13
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E Harmonic balance simulations
54
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Measured S-parameters

Frequency [GHz]
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The stable amplifier

Output power spectrum

Output power

Magnitude [dB]
1 d) 1 1
)

20

10

0L, il put VPV

0 02 04 06 08 1 1.2 14 16 18 2
Frequency [GHz]

[dp] 13mog ndinp
—
(=]

o
S

20 -15 -10 5 0 5 10

Input Power [dB]
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Stability check of the amplifier

Reduced
conversion matrix

Conversion matrix

Stable amplifier
1.5 \ \
1 unit circle
—— cllipse
Reflection coefficient at f /2 5 1 T~ p
: I V4 S AN
Potential instabili / \
0 |
|
\\ //
-1 \ _/
-1.5

-1.5 -1 -0.5 0 0.5 1 1.5
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fo

Redesign of the amplifier for instability at | .= B3

Modified loads at fractional frequencies

Unstable region at f /2 at input

.
0.32} v Border of the
\ Smith Chart

Unstable
region

\ -10dBm

1.05

Only one load at input has been changed

The output matching network is unchanged
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fo

Redesign of the amplifier for instability at | .= B3

Loads at fundamental frequency and harmonics are unchanged

The conversion matrix remains the same
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Output power spectrum
20 T T T T L
0
o 1 _
H Y 10 - = = =Stable amplifier 8
Redesigned amplifier - unstable : Tustable aamplitier
0 [ | I 1
[}
10 | L [ i
[
20 | ! 1 | I
-l : | I
M ;
T 30 [ ! 4 e
20 z | !
L] L] L] L] L] E _ l * |
= 40 | | i | i
o0
g ) ]
= § ]
§
:: 2l
h h .
m -10 ! o salonalvvd AlJadle ~ wr 4F & v RN b
=} i I' 1 | | ! ! !
— I | | | | | | |
% = | 06 08 1 12 14 16 18 2
o | Frequency [GHz]
= |
£ .30 I i
2 |
4g| | —-—- Fundamental frequency (Unstable) } 1
= = = SUbharmonic frequency (Unstable) |
. Fundamental frequency (Stable) }I
|
) ——— L LT .
20 -15 -10 ] 0 5 10

Input Power [dE]
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Special case: parallel power amplifier

ge

gomb,
B
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The amplifier must be
symmetric wrt a
longitudinal axis

rg}- ITSS 2014 (Lyngby) - Stability of Nonlinear Circuits

The symmetry of the amplifier is exploited
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>

Single-transistor approach: The symmetry of the amplifier is exploited

The amplifier must be
symmetric wrt a
longitudinal axis

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

Single-transistor approach: The symmetry of the amplifier is exploited

The amplifier must be
symmetric wrt a
longitudinal axis

Each half must in turn
be symmetric wrt its
longitudinal axis

..and so on.
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ingle-t istor h:
Identification of the symmetry modes

Example: a 4-transistor amplifier
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ingle-t istor h:
Identification of the symmetry modes

Example: a 4-transistor amplifier

Four modes are found
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ingle-transistor h:
Identification of the symmetry modes

Example: a 4-transistor amplifier

Four modes are found

Symmetry axes for each mode
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ingle-t istor h: S-parameters of the matching networks
‘ a1

The input and output
ports are loaded with Z_

The symmetry of the
networks is exploited
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ingle-transistor h: Modes identified from S-parameters

S11=8,,=835=8,,=Sk

$1,=8,1=53=8,;=Sun

S13=8514,=583=8,4=53=83=5,=5,=Syr

I
)

rRa;t SMN'az"' SMF'a3'|' SMF'a4

un d;t SR'a2+ SMF'aa"' SMF'a4

ur At Syprayt Spras+ Syea,

w
[l
N i n

v d;t SMF'az"' SMN"13+ SR'a4

m,= 1,1,1’1] b,=b,=—b;=—b,=b
m,=|1,—1,1,—1 a,=a,=—a;=—a,=da

Four modes: ? | E.g. - mode 3 : e
m,=1,1,—1,—1|
m,= 1,—1,—1,1] b:(SR+ SMN_2SMF)'a:F3'a
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The stabilisation

h:
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Rizzoli's (Nyquist) method

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

A high numer of harmonics and
frequency points are required

Results are sometimes confusing
and unstable

10 harmonics of the
large signal

Example:

22-port conversion
matrix

47 frequency points

150

100 -

50

60 =

-100 =

Even mode
0dBm - 15 dBm

=100

=50

50

100

150
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The stabilisation h: Rizzoli's (Nyquist) method

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

e T T T T T

40 T T T T T T
w b

n

B

L

w

10 |-

-10 |

20 =

=T 20 dBm - 25 dBm

30 ] ] ] ] 1

A -30 -20 -10 0 10 20

15dBm - 20 dBm

-0 I 1 1 1 1 1 1

-40 =30 =20 -10 ] 10 20 a0 40

30
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The stabilisation h: Collantes' (pole-zero identification) method

lr(jmss)_l

Rational-function identification not unique

10™-order

3" -order
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The stabilisation h: Collantes' (pole-zero identification) method

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

12 mm total periphery
0.4-um GaAs HEMT

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

Divider-by-two
2-FET driver

Two dividers-by-four
8-FET power stage
Combiner-by-eight

Driver stage linear

ITSS 2014 (Lyngby) - Stability of Nonlinear Circuits

8-FET monolithic power amplifier




The amplifier is linear under
small-signal conditions

8-FET monolithic power amplifier

i Agilent 23:18:46  Jan 6, 1970

Fef B dBm Atten 16 dB

Marm
Log
14
dB /s

)
A Lf:.'.'.v:f.~aw.-.w.wﬂ{ivHm1“-'fﬁ'.'.WM\nrfﬁ'-'-'-'m.uw.','ﬁ'-\w.ﬁ"mw"’“‘“'"‘“w‘
A

#WBH 18 kHz

Marker
Select Marker
1 2 3 4

Normal

Delta

I Delta Pair
{Tracking Ref)
Fef A

Span Pair

Span Centar
Off
More
1 of 2

Copyright 2000-2010 Agilent Technologies



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

The spurious frequencies
are correlated

fs
ITO__-fs
f0+ fs

8-FET monolithic power amplifier

w5 Agilent 23:28:24  Jan 6, 1978

Ref @ dBm
Marm

Log

16

dE

Atten 18 dB

Marker

Select Marker
1 2 3 4

Normal

Delta

Delta Pair
{Tracking Ref)

Ref A

Span Pair
Span Center

Off

More
1 of 2

Copyright 2000-20108 Agilent Technologies
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Examples: 8-FET monolithic power amplifier

The load falls into the unstable area

The one-port stability criterion (Lee)
shows instability

18dBm

15dBm 17dBm

- CM_reduction

& Gamma fo+fs

= circle 15dBm
= circle 16dBm
= circle 17dBm
----- circle 18dBm
= circle 19dBm

- circle 20dBm

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

Two versions (600 MHz):

First amplifier stable under small- and
large-signal drive

Second amplifier redesigned for large-

signal instability
Linear performances very close at
S parameters large-signal frequency
20
DB(|S(1,1)])
Unstable
10 o DB( |S{2.1 }l} 20 Power transfer function
Unstable
0 _
—+DB(|S(2,2)])
Unstable 20
-10
- DB(|S(1,1)]) T
stable S 10
-20 i - i
= DB(|S(2,1)])
stable
-30 I ‘
VIR DB{ |S{ 2‘2}“ [&stable amplifier (dBm)
stable lleunstable amplifier (48 m)
-40 -10
0.04 0.54 1.04 1.54 2 -15 -5 5 15
Frequency (GHz) Pin [dBm]

Simulated output power are very close
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Examples: 2-FET hybrid balanced power amplifier

Power transfer function

30 T T T T T T T T T 25
subharmonic amplifier
oL 1ok — ——stable amplifier
10k . Al
D - el
o [N
@
e 5
= z 0
g af z;
“ ot
Aok |
40k
A0k Paut fo (stable)
Pout fo (unstable) -SDW w . : " M1:,,ﬁ,‘mf'ﬂq‘"|,’\)i'w’lll'a 1
A0 - Pout fo/2 {unstable) |4 Tn\l{"‘l"i*r“’{lwfb\r‘j uﬂ]“’ﬁ“’““"f‘”‘“‘“ﬁ - il i
_505 EI ]!' BI El;l 1ID 1|1 1|2 1'3 1'4 T -BDD DI2 DI4 DIB DIB Frequejcy - 1 I2 1 I4 1I5 1.‘8 g2
Pin [dBm] w10
Measured output power very different Spectra show a spurious signal atf /2

Instability suppressed
with a shunt resistance




o

@ ITSS 2014 (Lyngby) - Stability of Nonlinear Circuits Conclusions

Conclusions:

* Stability under large-signal conditions can be addressed
via the conversion matrix

* Poles of a conversion function can be located and moved
by optimisation

* Stability can be enforced by direct design of loads in
stable / unstable regions of the Smith Chart
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