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Stability

Unconditionally stableif |T; | <1 forall possibleT;.

Equivalently : unconditionally stableif |, ,||<1 forall possibleT.

ut

A 2 -portis unconditionally stableif the Rollet stability factor K >1, where
1'H511H2'H522H2 +[81:S5 - 812521H2

1)K =
2‘H512521H

and

2a) HsllsZZ - S12821H <l

An alternative 2" condition is that thestability measure B, be positive, where
Zb) Bl =1+ H811H2 _H522H2 + HsllsZZ - S12821H2
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Potentially Unstahle Amplifier

Source stability circle

I -plane

Y
/

ol =1

out
\ S, <1

b rd
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Load stability circle

[ -plane
N

S, <2
A

/

|G =1

Thisis a test at one specific frequency; must testat all frequencies.
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Unconditionally stable Amplifier

urce stability circle

Load stability circle

[ -plane
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Thisis a test at one specific frequency; must testat all frequencies.
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Why Might MAG Not Exist ?

two-port two-port
O device O—— device

NG [ %] 1 ™ |4
—”:_H_ —“:_J,- b

IS -
If the network s potentially unstable, Load stability circle
then by placing I', within the load stability circle, P
we force ||l | > 1. w I, -plane
[ [sul<0

Thedevice then has negative input resistance.

Appropriae choice of source impedance
will then cause oscillation.

If weadjust I, and I', toobtain
the highest possiblegain,
we will instead obtain infinite gain (oscillation).

The maximum available gain is infinite. This is * not * good.
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G — PAVA iff Pava=Poad and P =Pavc N P|08.d — G
max — 7 T

Pln I:)AVG

we now need I =T and I F

out

we must simultaneously solve
S21812
1-S

S21812 *

Fin 2811+FL :FL

=T,andl,, =S,,+I
22F|_ 1- Sllrs

and then substituteinto

1| 1|

1- SZZI“LH2

T=

[Sail"
L-LoL| |

in™s

The calculatio ns are long, and will not be shown.
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Gror =221~ 1)
12
L[Sl ISzl +[S:Sz — SwSul
where K = = 2 ——2 221 (Rolletstabilityfactor).

2 Hslzsle

Notethat G, Isonly defined for an unconditionally stable network,
l.e. K>1and B, >0.
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circle for

rd R:R,srab de ’1_'
s L’ 5
\ ‘ > Rslab E i
\ ! <«— 2-port —>!
I, -plane —‘L

Adding series resistance R,..» @ shownconstains Z . tolie within stable region.



ssssssssss , M. Rodwell, copyrighted 2009

If weinclude R, inthe2-portbeing simulated in the CAD software,
thestability cirle moves outwardsas shown..
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4 Ohvious Stabilization Methods

_I'; -plane I, -plane

Given thesestability circles, four stabilization methods are immediatel y apparent.
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I -plane

™ circle for

x R :Rstab 4 oen
7 o—A/N % | |
S :
thab ! ]
—‘L . < 2-port —>!
Z
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I -plane

Wi N circle for

by
S

Q
=1
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~ I, -plane
| circle for

J ]
S
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I -plane

circle for

Q

Gsiab :
Voo £
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Before stabilization After stabilization
5 : 6 W
E E E Rstab E
i <«— 2-port —>§ E <«——+—— 2-port —»i
*original *S - parameters : S; *changed *S - parameters : §ij
Gmax: h (K_ “Kz_l) Gmaxstable: i (IZ— “Izz_l)
S, Sz
= undefined (unstable) but K =1 (just stable)
Gmax stable — i
S12

Howdo §21 and §12 comparetoS,, and S,, ?
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stab
o AN o
O

; «— 2-port —>E

*stabilizer *S - parameters : SUR

Si) fé}
[ : ] |:82Rl 22

(Rstab + Z ) Z

Sy =83 =
" ” (Rstab + ZO) + Z0
Sle = Sle = 2%
Rstab + ZZO

Key pointis reciprocity : S5

0 :

Gs/ab i
oy Vo
: <—2port—>

*stabilizer *S - parameters : Si?

S S
[Si?]:{ll ﬂ

Sn S5

(Ggan + Yo) = Yo
(Gyp +Y,) Y,

G _ oG _
S;; =9, =

sta

2Y,
,+2Y,

G _ oG _
Sy =9, =

G

sta

=Sy and S, =S,
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SUT . transistor S - parameters Si
< 2-port >
S;; :stabilizer S - parameters . R 5
d sta '
- - _ = N :
S;; - stabilized transistor S - parameters r W—= | :
A 2
] «— 2-port —»E <« 2-port ——>
by inspection (Mason's gain rules) : SR S
ij ij
ReT ReT
g — b,  SiSy & _ b SiSy, a SR, 8§ b
21 T ReT 12 = T ReT = Q > o—>
a  1-5,5, a, 1-5,5, SR, SFy OST” S'22
b1 87?72 i Sﬁ_12 ao

R T T
— S21 . S21 — S21 11

R T T "
S12 S12 S12

§21
S12
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Any 2 cascaded blocks follow this relationship : Si
_ ] . ' < 2-port >
S21 _ S21 ) S21 :
§ o SR ST : Rstab ' | :
12 12 12 ? ,\/\’ ? |‘ 5
TRV TV e
| < 2-port —>1 <— 2-port ——>|
Passive reciprocal networksfollow this relationship : gF g
Sle 1 1
—2 =1
S12
We therefore find :
§21 S;—l
S12 SirZ

Stabilizing does not change theratio of S,, toS,,.
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Before stabilization After stabilization
: - : TV
i i i L’v Rstab E
i <«— 2-port —»i E <«——— 2-port —»i

~

*original *S-parameters : S; *changed *S - parameters : S;

J

K1 | (] R
Gmaxz%(K— Kz_l) Gmaxzi.K_ K _1
12
— undefined (unstable) but K =1(just stable)
and S,,/S,,=S,,/S,,
S
Gmax_stable — 8—21
12

Maximum stable gain = G, e = |Saa/[S0o]
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The term:" Maximum stable gain" is tooshort tobe precise.

Maximum stable gain is the maximum gain we can obtain
*if *wealso guarantee that changing Z. and Z,
will not make the amplfier oscillate.
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Design Tools: Power Gain Definitions

Transducer Gain Available Gain Insertion Gain
5 ' Z~Z,
7, 2, | AN—
v E = out* E
Vgen - - Vgen - Vgen !
GT = I:)Ioad / I:)av,gen GA = I:)av,a / I:)av,gen H821H2 = Pav,a / Pav,gen
load power power available from amplifier power delivered toZ, load
= = _ 0
power available from generator power available from generator " poweravailable from Z, generator
0]
= general - case gain = gain with outputmatched — gain in a 50 Ohm enviroment
Operating Gain Maximum Available Gain After impedance-matching:
: : ; R Sij,matched """"
Z :Zin* Z :Zin* . match w match
Vgen : ' : Vgen : ' : ¢ ' $ V
U N 22
GP = I:)Ioad/Pgen,delivered Max e gen-,dellvered L.
power available from amplifier
load power = _ S 2_ G
= - power delivered from generator H 21matched| — “Zmax,raw
power delivered from generator o
= gain with both portsmatched S\ 1 matched = S22 matched = 0

= gain with input matched _
..M AGmay not exist...

...but only if unconditionally stable...
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1) Cancel device feedback with external lossless feedback b edbuck

=Y, =5,=0 “0
2) Matchinputand output et erator L
Resulting power gain is Mason's Unilateral Gain R

: lossless lossless :
2 : matching matching :
U _ ‘YZI_Y12‘ en; network network : :
4G,G,, -G,
( 1122 21 12) JT— — J:_ Lemremcem!
feedback
1
T
M onolithicamplifiers are not easily made unilateral T

— U mostly of historical relevance to IC design

Forsimple BJT model, U rolls off at - 20 dB/decade
— U useful for extrapolation tofind f,,

Common emitter
Common base

InI11-V FETSs, U showspeak from C - R, - R, interaction
— U hard tousefor f,_, extrapolation

MSG/MAG, dB
ol

10 -

' Common Collector

For bulk CMQOS, C, is sheilded by substrate od T N 1

— Ushould be OK for f_,, extrapolation 10 100 1000
Frequency, GHz
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Design Tools: Stability Factors, Stability Circles

S;pS S1,5,
Fin—Sll+FL1_1§ 211_ Loy =S, +T5 s, 11_
227 L
So1 Soq Unconditionally stable
> > > - (stable withall (T, T) if :

Load Stability Circle

< <«

Source Stability Circle

S StabCircle1

Values of I, which make

|T;,| =1 — beyondlies negative R,

Values of I'; which make

[out

|=1— beyond lies negative R,

Negative port impedance— negative-R oscillator
Tuning for highest gain— infinite gain (oscillation)

K = Rollet stability factor

_ 1-|S,,[" = |S,,| +det?[S] .

2/S,,8,,|
and B =stability measure
=1-|S,,[ ~|S,,| —det?[S]>0




StabMeas1
StabFact1

TMEGE, dB

K10
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Design Tools: Maximum Stable Gain

M aximum stable gain = M SG circles at750 GHz
ISl _[Yal _[224
Sl Yol (24

1.4 £| 5
w -
1.2
0.8
0] stabilization
170
0.4 methOdS '/\/\/_ Sij - Sij
~50 Q
0.2
v
00159 1210 £ 5E11 Sij — Sij
freq, Hz ~75Q
B ~5-10 Q
.
=~ MSG
T results
w 35
™ n1 —— S
15 m H’.H‘ v L. FaRs o a
o okmmeme N MAG ) 50 GHz EE
N Fie ] ; e e -
T e .-"f = e [ il
’ ||:~.- 1E1D |L.'| . .*i:n 12 N i E freg=50 D0GHz \%‘
' o T T T = MAG=13.679 \

. . frea. Hr ) N -'ff:?_'.. . . \\\
Adding series/shunt resistance S~ =T . N
excludes source or load L o | 1 T1II] M

b5 F1d 1E11 aF11

from unstable regions — stabilizes " e Hz
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: ; | Sl .
M tz‘\CH g \S:;é;:\, E;wuﬁ gl E:FEC:Z_ m3
stabilize at the design frequency s L S S

. . . Pot C - i 2% os
---device is potentially unstable g Lﬁl

at 100 GHz design frequency = L

02

1E9 1E10 1E11 5E11
freq, Hz
a5
source stability circle: . ”
H H © 25
~5 Ohm on input will s
- . 9 S
overstabilize the device g 2y
| 8= S
%) ﬁ 15 m2
= req=100.0GHz
L MAG=12.845
5
0= 1 1
1E8 1E10 1E11 SET1
freq, Hz
2.0 15
I s ]
After stabilizing b foq=100.0GHzZ "
16— StabFact1=1.277 J
1.4 257
ion sace E% " B2
A= Ide=15 ma BE el < 15—
7 & m2
& 06 freq=100.0GHz
P i MAG=9.684
= o4
iim 02— 3
0.0 1 T 0- T T
1E9 1E10 1E11 SE11 1E9 1E10 1E11 S5E11

freq. Hz freq, Hz
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available gain operating gain

Second:
Determine required interface impedances

The Ga & Gp circles define the
source & load impedances
which the transistor must see

T AR ey

GAcircles
"-_____
GPcircles

\

...it is necessary to OVERSTABILIZE Zs,oﬂ |_Z:,opt
the device to move the Ga & Gp circles
towards the Smith chart center

Third: ...added to device, the amplifier is not yet
Design Input & Output Tuning Networks complete...

...to provide these impedances...

il - {——|I

L v
V_DC
1 I_DC

MLIN MLIN
TL4 L3 e SRC1 SRC2
Subst="BCB_wiring" Subst="BCB_wiring" L=1.0H MLIN Vdc=0.5V MLIN L=1.0H _
W=7.0 um W=7.0 um R= 9 TL4 T3 R= e Idec=15 mA
L=160 um L=240 um Subst="BCB_wiring" Subst="BCB_wiring"
W=7.0 um W=7.0 um C
- [ o L=160 um L=240 um Cc2
ML —— C=1F
i R2
L2 = 31 ) |
§ MLIN Subst="BCB_wiring" Rl - 7 m— LI I ol <>
LS W=20.0 um Pot C R Port
_L Subst="BCB_wiring" L=543.8 um MRSTUB P1 & MLIN R1 MLIN P2
= W=20.0 um Stubl = Num=1 C=1F 1:L5 R=5 Ohm 1:\_2 Num=2
L=290 um Subst="BCB_wiring" Subst="BCB_wiring" Subst="BCB_wiring"
Wi=20.0 um W=20.0 um W=20.0 um
L=100.0 um =290 um = L=543.8 um
Angle=90
HBT_gen5 MRSTUB
X1 Stub1
R_ex=10 Subst="BCB_wiring"
Base_cont=4.6 Wi=20.0 um

Emitter_width=0.5 L=100.0 um
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20
el 3 source & load stability circles &
Forth: "] freq=100.0GHz
6— [StabFact1=1.277

Add out-of-band stabilization -
potentially unstable
below 75 GHz

StabMeas1
StabFact1

|
1E9 1E10 1E11 5611 ndep(S_StabCircle1) (0.000 to 51.00(

freq, Hz
20
with frequency-selective 1o fre=96 00GH2
m7 dB(5(2,1))=9.542

series stabilization

...caused only slight mistuning o
&slight gaindrop @ 100 GHz - 50 0eh:

StabFact1=1.334

e e e -
50 60 70 80 90 100 110 120 130 140 150

freq, GHz

StabMeas1
StabFact1
P
|

...and is unconditionally
stable above 10 GHz

T
1E9 1E10 1E11 1E12

freq, Hz
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Design Procedure: Effect of Line Losses

20
. . 7
Finally: 15 - freq=96.00GHz
adjusting for line losses oo dB(S@ 1)=e-542
high line skin effect losses — reduced gain S8y
388 .
but line losses also increase stability factor ol
A5 |
loss in gain are partly recovered A M St o 5 U S KA
by reducing stabilization resistance & freq, GHz line |
re-tuning the design INE 10SSES
20 7 |
. m
--no analytical procedure; just component tweaking 1: mT freg-0s.000Hz
=lo| x| ===
Fle Smultion Options Help cool
NEEE] S
Component ©ee -5
’iWPE [y =D ML TLA | 10
—Substrate Parameters 5
Physical /‘\’_'7 15
D IEICEI_ermg =] W [7.000 Ium - {L
H [5.250 fim =] - WI:TA_;[ H]\H - 50‘ Iﬁn ‘ 7|n ‘ Isal ‘ ‘glo : 1(‘JDI I “MO‘I ;;0 - ‘1é0‘ : Iﬂz‘lt; ’ ‘150
Er - I I :l'
hur #ﬁ:ﬁ - J [rva = freq, GHz
Gl PR m Synthesize Analyze — Calculsted Results . .
R e | awﬂ m S I|n_e losses hgve sev_ere impact
4" G b e | ...In VLSI wiring environment
S e m— WF ...part?cularly a'[. 50 3 GHz 3
o = - — T 2 ...particularly with high-power amplifiers
A [1.0E+30 mil - /A vI
|\/alues are consistent
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Tuned Amplifier Examples

20

3-stage cascode in 180 nm CMOS  15¢

10 |

.10 f
15 }
-20

30 35 40 45 50

[1I-V HBT small-signal amplifiers 6

S21,dB
N
|

e
140 150 160 170 180 190 200 210 220

Frequency, GHz

gain, dB

a

-

30 Frr T e
140 150 160 170 180 190 200 210 220
Frequency (GHz)

Note: simple gain-tuned amplifiers — limited applications
Transmitters need power amplifiers: need output loadline-match, not gain-match
Receivers need low-noise amplifiers: need input noise-match, not gain-match



