/ Chapter 11 Microwave Amplifiers Design

11.1 Two-port power gains

power gains G, G, Ga
11.2 Stability

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

noise figure circle, LNA (low noise amplifier)
11.4 Broadband transistor amplifier design
balanced amplifier, distributed amplifier
11.5 Power amplifier
nonlinear operation
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conjugate match, constant gain circle, noise parameters, constant




// 11.1 Two-port power gains
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//6. Ex.11.1S,, =0.45.150°,S,, =0.01£-10°,S,, = 2.05210°,S,, =0.4 £ —-150°
Zs=20Q), Z1=30Q

- _Z.-2Z, Z, -Z

s = =-0.429,T, ==+——°2=-0.25
Z, +Z, Z +Z,
L =S, + Sioal L _ g 455 1500
22rL
r,=S,,+ SiSals _ g 408, 151
1-S,, T,

G =5.94,G, =5.85,G, =5.49
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//,7 . conjugate match using FET equivalent circuit (S,,=0, or C_,=0)
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//11.2 Stability (S, )

(derivation in p.543)

unconditional stablev Z_,Z, — |I;,| <1,|[,,|<1
conditional stable3 Z,Z, — |I;,|<1,|[,,|<1
Discussion
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2. |r.|=|S, pSale) g output stability circle [, —C, |=R_
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2 2 ! 2 2
|522| _|A| |322| _|A|
Ty |=S,, + 2222 s 1 5 input stability circle T, —C.| = R,
1-S,.I',
_ (Sll_AS;Z)* R — S12821
S 2 2 1°7s 2 2
|811| _|A| |Sll| _|A|

11-8




// 3. conditional stable
|S11/<1 |S11>1

I'L-plane |Tin|=1 I'L-plane

, output
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|S22|<1 [T out|=1 |S22|>1
I's-plane _ I['s-plane

input —

stability

circle

Rs

|Tout|<1

k 11-9




W unconditional stable, stability factor K \
Rs R
[S22|<1 S11|<1

‘CS‘_RS

unconditional stable |S,,| <1,/S,,| <1,

>1[C |-R [>1
1_‘811‘2_‘822‘2 +‘A‘2

> |A[<LK= >1,A = det[S] (derivation in p.546, 547) |
2 ‘ S129 ‘
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5. In practice, one should consider stability over a wide bandwidth for
the possible oscillations.

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

S,, =0.894/-60.6°,S,, =0.02£62.4°,S,, =3.122./123.6°,
S,, =0.781/—-27.6°

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

input stability circle C, =1.132.268°, R, =0.199

output stability circle C, =1.361247°, R, =0.5

(p.549, Fig.11.6)
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/,11.3 Single-stage transistor amplifier design

e conjugate match (maximum transducer power gain)
if [Al<1 K>1

— input and output simultaneously conjugate match ", =T7,,I",, =T,

1 ‘FL‘ 21
-G, =G = K — \/:
T T max 1_‘1_, ‘2‘ 21‘ ‘1 SZZFL‘ 812 ( )
2
I'. = 0 _811+M_>FL _ 82 _\/BZZ _4‘(:2‘
1-S,,I" 2C,
B, —,/B2—4[C,|
ri:routzszz+M—)rs= 1 \/ 1 ‘ 1‘
1-S,.I', 2C,

B, =1+[Sy| —[S,| —|AI", B, =1+[S,,|" —[Su| —|A[
Cl - S11 AS221C - S22 S11
(derivation in p. 550)
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Discussion
1. linear amplifier design procedure

If |A|<1, K>1 then uses input and output simultaneously conjugate
matches for GTmax

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

S,=0—>T,=S,,,T, =S,
1 2 1
TUmax — m‘su‘ m -
3.EX.11.3FET @ 4GHz
S,, =0.72/-116°,S,, =0.03/57°,S,, = 2.6./76°,
S,, =0.73£—54°
\A\ =0.488<1,K=1195>1—>1=0.872/123°1 =0.876.£61°

Grnax = 6.2+8.3+2.22=16.7dB -
11-13 Mk LR/
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I =0.872/-123°
I =0.876./—61°

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

0.206 r__j 0.206 RL

['s* I'.*

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

1. Gs=0dB and G, = 0dB circles pass through the Smith chart center.
1-|r[* 1
—— 1 _(=0dB)=1G,,, = , * .
S \1—Snrs\2( ) 1-[s,,’ 511G, S22 G max
1-|r 1
L :#‘2( OdB) 1, GLmax = - 2
1-S,, | 1-|S,,|
G 1
g, =5 = —1-S,,[F >1-g, =[s,[*,
GL 1 2 2 —_ —_ »
gLZG =G zl_‘szz‘ _)1_g|_=‘822‘ GS—OdB GL_ .l
L max L max
constant gain circles ', —-C,|=R;, T, —C,|=R
_aSy_A-lsysh sy L imgi-fsyl) | [Sul@=[suf) _ Syl
S 1_(1_95)‘811‘2 1_‘811‘4 1+‘Sll‘ S 1 (1 g)‘sll‘ 1 ‘Sll‘ 1 ‘Sll‘z
9,52 _@- \822\ ) _ S5 -9, 0-18,]) _[Sx| - S,[) IS,
L~ L
1- (1 d. )‘Szz‘ ‘Szz‘ 1+‘822‘ 1- (1 d. )‘Szz‘ 1- ‘Szz‘ 1+‘822‘
‘CS‘ZRS"CL‘: L




2. Centers of constant gain circles are distributed along the lines from
S,,* and S,,* to the Smith chart center, respectively.
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/K.EX.MA design an amplifier with Gt=11dB @ 4GHz

S,; =0.75£-120°,S,, =0, S,, =2.5480°,S,, =0.6£-70°
Gy =3.6+8+1.9=13.5dB
choose G;, =2+8+1=11dB

*

S, ,G

*

1. T, =0.33.420° T, =0.33£-120°

2.T, =0.22/70° T, =0.22./—70°
G,=1dB  0.179% 0.0452

——— |

0.1A r __<_‘0.4327L

['s* |
frequency response (p.556, Fig.11.8)
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L max

S max
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// » constant noise figure circle

for a two-port amplifier

F=F, + Ny -y [f=F, + 2 on
G, Z, (1- \r | )\1+r0pt

noise parameter:Fmln ,Yoot» Ry €quivalent noise resistance of transistor

_ opt F me 2

- —\Fs\ T4R,/z
—> constant noise figure circle |, -C.|=R
¢ Tw g \//N(N w1, [

N+1' N+1

(derivation in p. 558, 559)
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Discussion
1. Ex.11.5 design a LNA with F=2dB and max. gain @ 4GHz
S,,=0.6--60°5,,=0.05,26°S,,=1.9.,81°5S,, = 0.5/ —60°

F.., =1.6dB,T, , = 0.62.,100° R, = 200
U =0.059

1 G, 1
27 < < 2
1+U)" Gy (1-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

I, =S,,=05,60°—>G, = s =1.25dB — G, =1.7+]S,,|" +1.25=8.53dB
1- 22

0.89 = =1.13-0.5dB <G, -G, <0.53dB

0.226A 0.25M1
— |

0.1445 r __‘713.13&

oo 0 TGk TREE S/




2. Approach for single-stage linear amplifier design

Given transistor S-parameters

A 4

otherwise

Calculate Kand A
using egs. (11.28) and (11.29)

K>1, A 1

4

4

Plot stability circles
plot input stability circle in T's-plane

plot output stability circle in T'_-plane

Perform conjugate match design
using eq. (11.40a) to calculate I's
using eg. (11.40b) to calculate I'.

A

A4

Design input and output matching Design input and output matching
—  circuits by properly selecting circuits -
I's and I',_ based on constant gain
circle consideration
Verify the stability over a wide
bandwidth
N
Design DC biasing circuits
and verify the stability again
A
| Perform circuit layout |
No

No |

Verify realizability

Yes v

Circuit implementation
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%. two approaches for multi-stage amplifier design
(1)
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/11.4 Broadband transistor amplifier design

» balanced amplifier

2

\ 11-23
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Discussion

1. derivation of S-parameters
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1 .
// b1=ﬁb1’*+ﬁb18

1 o
= ﬁ (SllAalA + SlZAaZA) + TJ (8115315 T SlZBaZB)

_ -1
= 71(821A + 8215)a1 + 7 (SZZA B 8225)8‘2
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l
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~ W

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

— good stability

{ 0 —J'Sle}
_j821A O

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

mismatch reflections are absorbed by two resistors.

. If one transistors fails, gain losses 6dB.

— graceful degradation

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

1/4W I 1W

6dB

1/2W  1/4AW 1W

1/4W 1W
6dB

very high power in radar and communication applications.

from 3 to 5 GHz bandwidth.
frequency response (p.564, Fig.11.11)
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2W

9. Balanced amplifiers can be implemented in a tree structure with a

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




o distributed (traveling wave) amplifier
TEM line “extreme wide operation bandwidth”

—_—Y Y\ Y Y\ Y Y\
cut off frequency L 1 . . o L
f = 1 1
° zJLC
FET equivalent £ <l> ——
circuit —— l %
NN—T1T 1 I ]
— drain line
gate line
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- L
| ' Z, ~ 9
D|SCL_|SS|on | . \/C ST
1. unit cell of gate line g " Ve
WL (jwC jwC /1,
— N = +
L é Yo T MR e T JWRC,
g 1D
g = L0 eewRzCy T
o ~ + Jw +
) JB=jwCgs/lg WRCg<d 2| J 9\~g

=a, + JB,
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(derivation of 1) _r'[v'\
| : o
Z = jwL.Y = jwe, + WG /s 1 G=1/Rilg
g’ 9 14 jWRngs Cg - -
—— JB=jwCgs/lg
7 :\/Z smalloss\/ Lg
g
Y waCp<ay|C, +C /1,
iwC /I WR;C s <<1 iwC_(1— iwRC
Y :\/ZY = JWL (JWC + J : gs” g ) ~ JWL [JWC +J gs( J i gs)]
g g g 1+ JWRngs g g Ig
. C... (jw’L,RCZ
:\/(JW)ZLQ(Cg-i— Ig)_ Ig g
9 g
(a—b)%za%—la_%b . 3 )
C w)°’L RCZ. /1
N 2 (jW)ZLg(Cg+ gs _E - (J ) g’ Vi~gs g
l, 7 2 jw L (Cy+Cy/1y)
RiCZS - C S WZRiCZSZ .
== jw L, (C,+—=) + =9 —a, + B,
l, l, 21,
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/2. unit cell of drain line
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£ \/ C E /1
+ S
Ld d ds / 'd
— N - 1 - c.
Vo = | IWLy [+ jw(C, +—=)]
% Rdsld Id
Cd —_ G= __-JB - small loss ; _ Cds
1/Rdsld| jwCds/ld | 1d ~ 2R, + JW\/LOI (C, + ) )
=0y + JBy
3. 0o/p current
| = _lil e—(N—n)Ydld | = g V.V :V-e_(n_l)YQIQ( 1 )
0 2 v dn 1 Ydn mY¥cn? Yen i 1+ ijngs
—> |0 = —gLVie_Nled ng|g ie—”(}’dg—ydld) __ ngi e_T“:g —e_NydId
2 n=1 2 e Yol _e_Ydld




(derivation of 2)
— v
Z = jwL,,Y = I + jw(C, + (I:ds é 1
dsd d 1 _
v \/?small loss Ld Cd T G = JB =
4 ENY Rl \/Cd wC. N, 1/Rdsld[ jwCads/ld | 1d
: 1 : C : C jwl,
Yo =NZY :\/JWLd[ + Jw(C, + ds)]:\/(JW)ZLd(Cd"' ds)"‘J .
Ryl d l, Raclg
(a+b)%za%+fa ;b .
~ jW\/L (C, + OIS)+E 1 i,
i " 2 J(jw)? Ly (Cy +Cy /1) Rula
ds 1 L, 1 Ciy 1 1 L,
L +—
l 2 Rdsld \jl— (Cq +Cys /1 ) l 2 Ryly VCy +Cy /1,
C Z :
\/ Id = =0y + By
d Rdsld
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(derivation of 3)

N
0o~ _EZ Idne_(N_n)yd|0| ’ Idn = gmvcn’v Ve S g( - : )
250 1+ jwRC,

N
- o :_g7mzvcne—(N—n)Yd|d _ gm i —Nydldnggze N(Yglg—valg) Z I’(]].- r )
= I
n=1

—(N+D)(y I, =74l - —vq4l —
ngI e_NYdId eyg|g ( + )(Yg g Yd d) _e (YQ g~ Yd d) y e Ydld
o e—(Yg|g ~Yalg) 1 e—Ydld
—(N+D)(vglg—vals) —(vglg—vald)
00V (Nl ol v —€
— e d de g'g
2 e_yglg _e—Yd|d

g V. e_Nyglg _e—NYd|d
mVi
2 a7ty _ gl
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//4,, For matched i/p and o/p ports
1| 2,

2 a—
G = I:)out _ 2 . “o‘ Zdzg _ g,iZng e Nvglg _e—Nvdld
- - 2 2 — N
Pin ‘V|‘ ‘VI‘ 4 e o'y —e Yalg
27,
_ gizdzg e_N(O‘glg+ng|g) _e—N(ad|d+j[3d|d) 2

4 e_(“glgﬂﬁglg) — g (@ala+iBaly)
under synchronization condition 3 1, =,1,(6, =6,)

grizdzg (e_N%Ig — g Nel)2

—)G: "o ,N /‘OO:>G\:O
4 (e %'y _ @ %l )2

d—G=O—>N :In(ocglg/adld)

dN P ayly —agly

For lossless amplifier (R;=0, R, =x)and if Z, =2 =27,
°Z,Z N’

—)ngm d4g :(gmi()N)z,GOCNZ
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.

.Ex.11.7 Zd= Zg
gm=35mS

_WZR

= Z0=50Q, Ri=10 Q, Rds=300 Q, Cgs=0.27pF,

C2Z

ZO

ds
— Ny = 7.

(dB)

'2 2 =0.184 @16GHz

=0.083@16GHz

9, frequency response (p.569, Fig.11.15)
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// 11.5 Power amplifiers
* nonlinear operation—S(input power, f, DC, T, Z.)

FET nonlinear % ﬁf 7/ = = —

equivalent -
circuit (large-signal T
S-parameter)

Discussion
1. power amplifier characteristics: efficiency, gain, intermodulation

product, thermal conduction

power added efficiency ~ “7rae = P,
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//Z DC bias consideration
Vgs =0V

lds high gain

® high power

Vqs =-1V
e class A

\-/gf V_p - Vds
high efficiency

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

Zo




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

S;; =0.94.164°,S,, =0.031£59°,S,, =1.222.243°,S,, =0.57£-165°

For class A operation at V. =24V and I, =0.5A, P , =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 ,— T, =0.953£172°T , =0.716£-147°
From small-signal S-parameter for G; ., — I =0.9352-164°,I", =0.507 £174°

=TI = an =0.953£-172°.T| = F’;ut =0.716./147°
ForP.. =3W,P. =P -G =22.8dBm =189mW

out ' in out
P.—P.  3-0.189
— ou n = = 234(y
Teae =7y 24%0.5 ’
Suggested homework: 3, 11, 13

ADS examples: Chl1l prj

out
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