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Chapter 11 Microwave Amplifiers Design

Two-port power gains

power gains G, G, Ga

Stability

input and output stability circles, stability criterion
Single-stage transistor amplifier design

conjugate match, constant gain circle, noise parameters, constant
noise figure circle, LNA (low noise amplifier)
Broadband transistor amplifier design

balanced amplifier, distributed amplifier

Power amplifier

nonlinear operation
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/ 11.1 Two-port power gains

ZS L L ([ > >
+ + r r
Vi1 [ST | wvasz *° ‘ .
’ ’ Lin [ out
I's Tin, Pin, Zin T'out T'L, P, ZL

power gain G = %(S,FL)

1243

available power gain G, = Fony (S,Iy)

avs

: P
transducer power gain G, = —=(S,T',,T",)

avs

Bn (Fin)’P (Fs) :Pin

avs

r,=r

B ’PL(FL)’Pavn (Fout) = PL‘F -
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V.=V, =V +V, =V (Q+T,),
Z+Z

_Zin_Zo F _Zs_Zo
"zZ.+Z, " Z.+Z,

N VS Zm VS l—FS
>V, = =
1+1, 2. +27Z, 2 1-I.T,
+12 2 2
1 2 14 2
P =———-—-(1-1T. = 1- I
in 2 Zo ( in ) 820 T, 2( n )
- + + + - + VS 1_FS
2. Vz :S21V1 "‘Sszz 'Vz :FLVZ ’Vl = 2>1-TIT
V— — Vs 21(1 F )
2 (@1-5,r)a-rr,)
1‘ 2_‘ i 21 2
P =—— ‘ ‘)_ 2(1_‘FL‘)

L2z,
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rin:F; B 820 1_‘1_,S‘2

avs in

2

2 2 2
o =Pl = v, ‘SZl‘ ‘1_fs2 -, 2) T =S, + 129211,
e 8Z, W-gs,re I'h-T.T, 1-5,,I",
L N PV S
“r8Z, 1—S111“S\2 a-|r %)
2 2
4- G(S,FL)E PL = ‘SZl‘ 2(1_‘FL‘ ) .
Eo -, )‘1_S22FL‘
2 2
GA(S,FS)EPavn _ S 51_ L) :
k. @, )‘1_ S, I
P, _ISu] @-r,Pa-|r,[)

G.(S,T.,T,)= =18,,|", ifT. =T, =0
T( K L) ‘1—FSF 2 1_S221_,L‘2 ( ‘ 21‘ L )

I)avs in
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input [S] output
matching Go matching < Zo
circuit Gs« »Circuit GL

Zo

v
A

I's Tin Tout T'L
2 1_‘FL‘2
1-5,,T,[

2

14T,

‘1 o r‘S]‘_‘ll’l

7[S

= Gs Go GL

1o ¢ toInf
2152
T, 1-8,,I,[

2

r =r.,r,=r,—>G

Tmax —

1—

2 1—‘1]2

S, =0, unilateral transducer gain G, = T ‘2
M2t

Aﬂ

11

1 1

Fs = Sll’r = S — GTUmax = 2 ‘ 21‘

1-|S 1-1S,,|°
5 B %%%&ﬁi//
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6. EX.11.1S,, =0.45£150°,S,, =0.01£-10°S,, = 2.05£10°,S,, = 0.44—])
Zs=20Q), Z1=30Q

Z.-Z, Z, -7

r, = =-0.429,', = =L "0 = _0.25
Z +7Z, Z, + 7,
. =5,+ 1250l _ 4551500
1- 22FL
=8, +owdals 0408, 1510
1 1lrs

G=594,G,=5.85G, =5.49
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/7. conjugate match using FET equivalent circuit (S,,=0, or C,=0)) \

[ Cds jB % Rds




/ 11.2 Stability (S, /) \

unconditional stable V Z ,Z, — |[,| < 1,|Toy| < !
Tl < 1

conditionalstable 3Z,Z, — |I},|< 1,

Discussion
1.8,=0|0,|< 1|l

<1 |Sy|<LIS,| <1

out

2. \Fin\ = S11+M =1— output stability circle \FL _CL‘: R,
1-S,,I",
L= (S5 —ASy;) = 812521
2 2 7 2 2
‘SZZ‘ _‘A‘ ‘Szz‘ _‘A‘
C,.1=1S, +—S12S21FS =1— input stability circle |I', - C |= R,
P11
_ (Sll _Ang)* R = 512521
s 2 2 s 2 5
‘Sll‘ _‘A‘ ‘Sll‘ _‘A‘

derivation in p.543 PV 4oy X
\ ( p.543) 1.8 J%Uﬁ»iiﬁ*éﬁ%%
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3. conditional stable \

|S11|<1 |S11>1
I'L-plane |Tin|=1 I'L-plane

_ output

stability
RL - circle
|[in|<1
|S22|<1 |Tout|=1 1S22|>1
I's-plane _ ['s-plane
input
stability
R circle
|Tout|<1

Pk T &%%y
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4. unconditional stable, stability factor K

@ @

unconditional stable |S,,|<1S,,[<1, |C.|-R -R,|>1

N

2 2 2
o |A|<LK = Lo|Sul —|Sa[ +|A) >1,A = det[S] (derivation in p.546, 547)

2‘S12S21‘
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the possible oscillations.

6. Ex.11.2 HP HFET-102 @ 2GHz, Vgs=0V

S,, =0.7814 —27.6°

[A|=0.696 <1, K =0.607 <1

Input stability circle C, =1.132.268°, R, =0.199
output stability circle C, =1.361£47°,R, = 0.5
(p.549, Fig.11.6)

K 11-11

KS. In practice, one should consider stability over a wide bandwidth for\

S,, =0.894/ —60.6°,5,, =0.02£62.4°,S, =3.122./123.6°,




/11.3 Single-stage transistor amplifier design \

e conjugate match (maximum gain)
if [A|<1, K>1

*

— input and output simultaneously conjugate match ", =" ,T’ =T,

1 1-|r,[
_>G :G = 21 K \/71
T T max 1-|T. 2‘ 21‘ ‘1 ST, ‘ S12 ( )
2
r s.eSeSale o _BoBE-4lC
1-8,,1, 2C,
B —+B>—4|C’
FZZFOMt:Szz_FM_)FS: 1 \/ 1 ‘ 1‘
1-§,,I', 2C,

B, =1+|Su| ~[S,[ —|A[" B, =148y, | —[Su|” —|Af
C, =S,—-AS,,, C,=S,,—AS,

(derivation in p. 550) .
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/ Discussion \

1. linear amplifier design procedure
If |[A|<1, K>1 then use input and output simultaneously conjugate

matches for GTmax

If K<1 then draw input and output stability circles to see if input
and output simultaneously conjugate matches possible, otherwise
select the proper I's and I'L for gain or noise figure considerations.

Sp,=0—->1T= SI*I’FL = S;}
1 2

s

3. Ex.11.3 FET @ 4GHz

S, =0.72£-116°,8,, =0.03£57°,S,, = 2.6 £76°,

S,, =0.73£ - 54°

[A|=0.488<1,K =1.195>1— I, =0.872£123°,I"| =0.876£61°

G, . =6.2+83+222=16.7dB )

2.

1

-G
-5,

S max

S, G

Lmax

GTU max




N

" =0.872/£-123°
I =0.876./—61°

1.y=1-j3.5
2.y=}3.5

0.206) r__j 0.206)\

I's* | N

~

frequency response (p.552, Fig.11.7)
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/ » constant gain circle (S12=0, unilateral assumption)

_ gLS;2 R — Vi-g; (1_‘S22‘2)
= R, =

1-(L-g,)[S, 1-(L-g,)|S,/
(derivation in p. 554)

o N
K 11-15 /fﬂ*(/}j; L®

L

1

1", ’ 1 1_‘FL‘2

GS: 2 ' Ygmax — Z’GL: 21 Tmax T T (2

1-8,T, 1-|S,| 1-5,T,]| 1-|S,,|

g, =—— — constant gain circle in I’ plane \FS -C =R,
s max

g, =—L%— — constant gain circle in ', plane \FL —CL\ =R,
L max

_ g,5n R = vi-g, (1_‘S11‘2)
S 1-Q-g,) 511‘2 S 1-(1-¢g,) Sll‘z

~




/Discussion | | \

1. Gs=0dB, G, = 0dB circles pass through the Smith chart center.

2

- 1
=0dB=1G = x «
’ 1 s l—‘Sll‘Z S]I ’Gsmax SZZ’GLmax
L:—_OdB 1GLmax_ . 2
1-5,T,[ 1-|S,,|
G 1
87 Gsr:ax ) smax =1_‘Sll‘z _)1_gS - ‘Sll‘z’
GL 1 2 2 —_ —_ )
8, = G = G =1 ‘Szz‘ —1 g ‘Szz‘ GS—OdB GL_ O »
L max L max
constant gain circles|ls—C,|=R, [T, -C,|=R
_ gSSl*l _ (1_‘511‘2)551 _ Sfl \/1 8 (1- ‘Sll‘ ) ‘Sll‘(l ‘Sll‘ ) ‘Sll‘
) 1_(1_ s Sll‘z 1_‘S11‘4 1+ ‘Sll‘ 1- (1 11 1- ‘Sll‘ l ‘Sll‘
2,55 _ (1_‘522‘2)522 Sy R, Nt 1t (1 ‘SZZ‘ ) ‘Szz‘(l ‘Szz‘ ) [y
L - - - 1
1-U-g)[S] 18,0 148y, 1-(1-g,)[S,[ =S, 14[S,[

—>|C|=R,|C,|=R,




% Centers of constant gain circles are along the lines from S;,*, S,,* \

to the Smith chart center. x e

! L max

— gsSl*l C — gLS;2
s 2 1L 2
1-(1-g,)|Sy) 1-(1-g,)|S|
g, =g =1-> Cs,l = S1*1’ CL,l = Szz
Gszl,GL=1—>CS,2= S 2,CL,2= S22 >
1+\S11 1+\S22\
Re(C , Re(C Re(C Re(C
= tan NG _ oy RE(C2) tan™ (Cha) _ iy RE(CL0)
Im(C; ,) Im(C, 2) Im(C, ,) Im(C, ,)
) 1 G, 1

Uy G, @-U)
S04/ S S|

unilaterial figure of merit

(1_‘S11‘2)(1_‘S22‘2) ) L w2
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/3. Ex.11.4 design an amplifier with G1=11dB @ 4GHz \

S, =0.75£-120°,§,=0,8,, =2.5280°,S,,=0.6£-70°
Grymax =3.6+8+1.9=13.54B
choose G,, =2+8+1=11dB

*

1.T, =0.33£120°,T"" =0.33£-120°
2.T, =0.22/70°,T, =0.22./ - 70°
=1dB  0.179% 0.0452

872G,

max

R /{

0.1n r t_jo.432x \/RL_
I's* |

f

frequency response (p.556, Fig.11.8)




/ * constant noise figure circle \

for a two-port amplifier

F= len ]; Ys Yopt = Fmin + 4§N =
s o (1-T \1 |
noise parameter Fin Y, Ry equivalent noise resistance of transistor
opt|  F—F
N = Pt min »
_‘rs‘ 4R, 17,
—> constant noise figure circle |, - C,|=R
2

T \/N(N+1 L)
CF — RF

N+1 N+1

(derivation in p. 558, 559)




/Discussion \
1. Ex.11.5 design a LNA with F=2dB and max. gain @ 4GHz

S, =0.6£—-60° S, =0.05,26°8, =1.9,81°S5,, = 0.5/ —60°
F,, =1.6dB,T,, =0.62./100° R, = 20Q
U =0.059
1 G, 1
> < <

W+U)  Gn  (A-U)
F =2dB — C, =0.56.£100° R, = 0.24

G.=1.7dB — C,=0.58,60° R =0.15—>T =0.53/75°

1

T, =S,,=05/60°>G, = ST =1.25dB — G, =1.7+|S,,| +1.25=8.534B
1-[s,,

0.89 =

>=1.13,-0.5dB < G, - G, <0.53dB

0.226\ 0.25)1

- T

0.144), |_'__‘71).136x
um 1 TCRARREE




/ 2. two approaches for multi-stage amplifier design \

(1)

F{‘W’

| |
| Zo Zo Zo “

11
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* balanced amplifier

|:Sll S12:|
S21 S22

1

2

|

SllA B S113
_j (SZlA + Szw)
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/ 11.4 Broadband transistor amplifier design

_j (Sle + 5123)}
_(SZZA B SZZB)

Jiig):8

=h
L




Discussion

-

o

3dB Lange coupler

. Suas  Sias
Soap  Snus

]
\_

o Tl Sl

I

o ﬁ‘l—\

o

Sl

Ay B

ay, B

1. derivation of S-parameters

0

0

bl_ .

v | Ay \/E
dp :

-/

2

I —j

0 0 —=

J2

1

=/ 0 0 —

J2

- 1
V2 2
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= dyp
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1
:ﬁ ha T \/’ 1B

] .
= ﬁ (Sposttig +S12404) + T (Sistip + Si2p5)

1 1
= ﬁ (Sp1, ﬁ a,

— (S = Sip)ay + _2 (Sp4 +S15)a,

+.S; a2)+

2A\/’

_ 1
= T (S21Aa1A +80404) + T (Sa15015 + Spop55)

:/*( 1A\/’a1+SzzA\/’a2)+

11-24

\/* (SllB \/’ a; + S15p \/* a,)

\/*( 13\/*“1 223\/’“2)

_ ] -1
(S, +Spp)a + 7 (Syos = Ss05)a,




w

. amplifier A=amplifier B, good i/p and o/p match, \

. high reliablity and less tuning work
. I/p and o/p matching are improved by the two 90°hybrids, and

. If one transistors fails, gain losses 6dB.

. disadvantages: larger size and lower efficiency
. Bandwidth is limited by the hybrids.

— good stability
{ 0 _].Smﬂ
~JSu 0

mismatch reflections are absorbed by two resistors.

— graceful degradation

L8 %%%&ﬁi//




/ 8. power amplifier application \

1/2W  1/4W W

1/4W | W
1

6dB

VAW 1W W
6B

9. Balanced amplifiers can be implemented in a tree structure as a
very high power amplifier in radar and communication applications.
10. Ex 11.6, two amplifiers of ex.11.4 are implemented as a balanced
amplifier to improve its i/p and o/p return loss at 4 GHz. Then, the
stub lengths are optimize to give better matching and gain flatness
from 3 to 5 GHz bandwidth.
frequency response (p.564, Fig.11.11)




1
7w\ LC

f. =

circuit

/ o distributed (traveling wave) amplifier

TEM line “extreme wide operation bandwidth” \

Y'Y 0

cut off frequency 1

FET equivalent %

YA A W

drain line

gate line
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J— L I
gm Ven % _ 0
lg p—
y\/;
+ ?
Vi .
_ T Ven
Di ' o Z \/ L
ISCUSSION ¢ &
: - C,+C, 1l
1. unit cell of gate line g Telle
= |put, (we, + 2l
_r\I:Y\ Yo = |[JWL JWL, l+ijl,CgS
g 1D
C — iG_llRllg small loss WZRiZgCgZS . ’ (C CgS)
R ‘R—i ~ + Jjw +
) —— |B=jwCgsllg WRCu<d 20, / L

N ag + ng 2 ~ ,,:]:2 2 X :r'
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/ (derivation of 1)

~

. . gwC 11
Z=jwL Y= jwC, + 22
¢ * 1+ jwRC,
7 _ \/Z smaLIoss Lg
g Y WRngs<<l Cg + Cgs /lg

JwC, 1

WR,Cy <<1

[ JwC, (1— jwRC,)

~
~

Y, =VZY =\/ijg(ijg +

1+ jwR,C,,

£) \/ijg[ijg-l— |

g

(jw)’L,RC?

g i gs

C S
(W)L, (C, + Z‘g )-

g

[

g

Jl

(a—b)E ~a

1

2-Zq

g

[

g

~
~

\/ (jw)*L,(C, +

1 (w)’L RC?

= g gs/lg

2 jwyL,(C,+C,11,)

. gzs W'RC*Z

L

C

L,(C,+ lgs)+

g

TR

g

.
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/ 2. unit cell of drain line

: h

zdz\/c
1+ Cull,

Ld
YY) . 1 . Cds
Yo = [JWL,[ + jw(C, +—=)]
Rdsld ld

1 < —

Cd _ G — _JB — smalloss Zd . Cds
URdsld jwCaslld| 1d ~ ~ 2R/ ”W\/Ld(cﬁf)

N

=a, + jBy,
3. o/p current

13 ! —(n-1)y,1 1
[, == 1, ", =g V. V., =Ve "
o dl’l ] dn m'’ cn! cn i ;
2 1+ jwRC,,
Y “Nyely Nyl
] = _gLVie—NYdld eyglg Ze—n(yglg—ydld) __ ngl e i glg
0 2 e 2 e yg g _Ydld
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/ (derivation of 2) \
1

Z=jwL, Y= + jw(C, +%)

ds”d ld
Z small loss L
Y Ruli<<t Cd +Cds/ld

1, =~Z¥ - Jijd[ ok jw(C, + )] = J(jw)?Ld (€, 42+ L2

ds“d d d ds ld

11 1
(a+b)2=a? +Ea 2p

~ jw\/Ld(Ca,+C"S)+E 1 /WL,
L 2 (WL, (C,+C, 11,) Raly
= jw Lﬁ,(Cd+%)+E L, L = jw Ld(cdﬁ-%)-i-i 1 Ly
ld 2 Rdsld \/Ld (Cd +Cds /Zd) ld 2 Rdsld Cd +Cds /ld
C 1 7
=jw |L(C,+—=2)+=—L=q +
J \/d( d ld) 2RI, ¢t JB4




/ (derivation of 3)

_ ~(N=n),! _ 1y -(nyyl 1
___Z]dn e ]dn gml/cn’l/cn_l/ie gg(l wR.C
+ ]W i gs
N
_ gm —(N-n)y l; _ gml/l -Ny,l, Yglg —n(Yglg=valy) I"(l r )
—> 1, = > Z; V.,e = —Te Z e Z
= n=1
B gml/l Nk s —(N+1) (vl —vala) _e—(“/glg—Ydld) e—ydld
o 2 € € e—(Yglg—Ydld) _1 X e—Ydld

_(N+1)(Yglg _Ydld) _(Yglg _Ydld)
_ gm_Vl e_(N+1)Ydld nglg —€

2 e_yglg _ e—Ydld

Ny ly e—NYdld

2 e_yglg _ e—Ydld
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ﬂ, For matched i/p and o/p ports

N

2
[o Zd
2 NY =Nvul,
G_Pout_ 2 . ]0 Zng ngZ £ —e
B B 2 2 1l iy
) I/l I/l 4 e 'de _ pTVdl
27,
2Z 7/ —N (ol +jB,l,) =N (oyly+jBals) 2
4 e_(aglg +JBgly) _ e—(adld +7Bals)

under synchronization condition 3,/ =f,/,(6, =90,)
g,iZng (e—NOLglg

4 (e_aglg .
4G _ o .y _In(a,Z, Ta,l,)
d

opt

. e—Nocdld )2

N,/ oo=G\0

—>G= e—adld )2

al, —a,l,

For lossless amplifier (R;=0, R, =o)andif Z, = Z,
g:aZngN

&
VR S

—> G =

:ZO




% 5. EX.11.7 Zd= Zg = Z0=50Q), Ri=10 €2, Rds=300 Q, Cgs=0.27pF, \

gm=35mS

w’RC:Z,
= zg =0.184 @16GH:z

aglg

a,l, = % = 0.083@16GH:

ds

—> N,,, =171.9, frequency response (p.569, Fig.11.15)

(dB)
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ci

FET nonlinear /g 71 S G D
- 7~ 1 1 [
equivalent . ( % )

S-parameter)

11.5 Power amplifiers \

* nonlinear operation—S(input power, f, DC, T, Zv)

rcuit (large-signal >~

Discussion

N

1. power amplifier characteristics: efficiency, gain, intermodulation
product, thermal conduction

P —P

— out in

power added efficiency ~ "Pae =7 5

DC

3 Pk T ﬁf;gf_ss%




/Z. DC bias consideration \

lds high gain Vgs:- oV
high power

Vgs =-1V
class A

Vgs - Vp Vs
high efficiency

3. design consideration: large-signal source impedance I" (source-
pull contour) and load impedance I", (load-pull contour)

Zo




/4. Ex.11.8 a transistor has small-signal S-parameters at 900MHz as \

S, =0.94/164°,S,, =0.031£59°, §,, =1.222/43°,S,, =0.57£ -165°

For class A operation at V., =24V and /. =0.54,F,,; , =3.6W,G =12dB,
Z, =12+ j3.5Q,7Z =9.0+ j14.5Q,design the input and output matching
circuits to give 3W output power.

From small-signal S-parameter, |A| = 0.546 <1, K =1.177 >1—> unconditional stable
FromZ andZ , —TI, =0.953/172° T, =0.716£-147°
From small-signal S-parameter,I' = 0.935£-164°,T", = 0.507 £174°
=TI =T, =0953/-172°.T, =T =0.712/174°
ForP,, =3W,P, =P,  —G=228dBm=189mW

P —P 3-0.189
T T T 24%05

Suggested homework (due 2 weeks): 3, 11, 13

ADS examples: Chll prj
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=23.4%




