Microwave Amplifier Design
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Gain Definitions

The transducer power gain G, the power gain G, (also called the operating power gain),
and the available power gain Gy are defined as follows:

G — P,  power delivered to the load , ,
T P.ss power available from the source | Pn=75 |aif? - > |b1|
1ip2_1al2
G - Pr _ power delivered to the load PL=7 |bz|*~5 |2

P Py power input to the network Pavs = Pn| ., 1
IN=1s

_ Pavn _ power available from the network

G
AT p avs  power available from the source

Pav = PLir, = rgr



After a few manipulations, we
have:
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Source Mismatch Factor
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This factor is used to quantize what portion of Pays is delivered to the input of the transistor.

Observe thatif I'yy = rj‘ gives M, = 1 and it follows that Pix = Pays.
This fact is expressed in the form

Py = Avslrm=r:



Load Mismatch Factor
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This factor is used to quantize what portion of Pavn is delivered to the load.
For'; = oy gives My = 1and it follows that Py, = Payn.

This fact is expressed in the form P, = Pyyy|r, s,



Example#l

(a) The input and output matching networks in the following amplifier are designed to produce
[ = U.5| 120° and I'y, = {].4@“. Determine Gr, G4, and G, if the § parameters of the

transistor are §,, = 0.6|—160° S,, = 0.045]16° S,, = 2.5[30° S,, = 0.5]—90°
(b) Calculate Pavs, Py, Pavn, and Pp. in Fig. 3.2.2 if E1 = 10[0°, Z; = 50 Q, and Z, = 50 Q.
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0.045]16°(2.5/30°)0.4|90°

1 — 0.5[=90°(0.4[90°)

In =8, + S5l B Ty =06]/-160° +

= 0.627|—164.6°
1 - Szer

S8, o
Tour = Sp + 72225 B 1= 05]-90° 4 0045[16°(2.530°)0.5(120° = 0.471|-97.63°

=84 1 — 0.6]—160°(0.5[120°)
_1- Ir T el | VA
GT - |1 Izl 21| |1 S FLIZ
2 ‘ 2
- 1 - (0.5) 5 1 — (0.4) -
Gr= |1 — 0.627|—164.6°(0.5|120°)}? (25) [T —0.5]—-90°(0.4[90°)]* 43
(or 9.75 dB)
1 1 = (0.4)?
= 2.5) = 13.51 11.31 dB
%=1 e *) - os w4 - 2t O )
_ 2
G, = L — (05) lz(z.s;@ =955 (or9.8dB)

A1 = 0.6]—160°(0.5]120°) 1 — (0.471)*
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B2 10
8Re[Z,] ~ 8(50)

=025W

Pay

P, = GPyys = 9.43(025) = 2358 W

P, = GpP mmp 2358 =13.51 X P, ) P =0.1745W

Pan = G4Pays = 955(025) = 239 W

v, =L (0.5 [1 — (0.627)]

=TT - 05]120°(0.627| 168607 00983 (or ~1.56 dB)

v - L= 0471 [1 — (0471)?]
L7 1 = 0471]|-97.63°(04]90°) 2

= 09874 (or —0.055dB)




Stability Consideration
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In terms of reflection cocfficients, the conditions for unconditional sta-

bility at a given frequency are
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T, — (S — AST‘.{)* — S125n1

- |Szzlz N f‘dlz ISzzl;E - |A|2
r — (Sy — AS;E:E)* — S12521

’ |S11|2 - ]Alz |Sn|2 - M'2

I, values for [I'ix| = 1 (Output Stability Circle):
812851
|Szz|2 N ]A |2

— (S — defl)_*
Sl = 4

(radius)

Fr =

C; (center)

Is values for [Tout| = 1 (Input Stability Circle):
S125n1
[SuF - [4]

_ (S; — AS;E)*
[Su = 4P

(radius)

?'5:

C, (center)
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Stability Circle in the Smith Chart




Stable and Unstable Regions in I, Plane

Minl=184lforI' = 0
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Stable and Unstable Regions in I Plane

|Foutl=|See|forI's=0




Conditions for Unconditional Stability

&

I'; plane

I'splane,

[311"'5:1 l322|'<1

If either |S11| > 1 or [Sx»| > 1, the network cannot be unconditionally stable be-
cause the termination I'z, = 0 or I's = 0 [see (3.3.3) and (3 3.4)] will produce
P >1 or [Tour > 1. 5



Example#2

The § parametersofa BJT at Vg = 15V and I = 15 mA at f = 500 MHz and 1 GHz, are as follows:

f(GHz) S S12 S21 Sz
0.5 0.761]—151° 0.025(31° 11.841102° 0.429{—35°
1 0.770{—166° 0.029|35° 6.11|89° 0.365({—34°

For which values of Zs and ZL, the amplifier is stable.

For f=500 MHz, we have:

_151° — 0921]—123° 0.02531°(11.84[102%)| _
_ (0761[=151° — 0221 123°(0435)* _ 1oy 1 [31°(11.84]102°)

(0.761)% — (0.221)2 ‘ ‘ * | (07612 — (0221

CrL= 28'57.8‘60 rr =218

For f=1 GHz, we have: C.— 128]169° and 7, = 0.315

CL = 2.62i51.3¢ and rr, =171
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Output stability circle
(500 MHz)

Cont’d

Output stability circle
{1 GHz)

i

[, Plane

18



Stability Consideration

Zs
E ) Two-port Z
s _% network L
2N Zout

A straightforward but somewhat lengthy manipulations result in the
following necessary and sufficient conditions for unconditional stability:

K>1and [4]<1

1= [8,[2 = |8,|* + |4]?
2|ST[2521|

Stern’s stability factor: K =

A = 81185 — 51555
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2 GHz, and 4 GHz are as follows:

Example#3

The S parametersofaBJT at Veg = 15V and I- = 15mA at f = S00 MHz,1 GHz,

f(GHz) Si S Sai Sz
0.5 0.761|-151°  0.025[31°  11.84[102°  0.429]-35°
1 0.770|-166°  0.029]35°  6.11|89°  0.365|-34°
2 0.760|—174°  0.040[44°  3.06[74°  0.364]|—43°
4 0.756|-179°  0.064|48°  153[53°  0.423|-66°

Determine the stability.

20
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f=500MHz m) A =58,,S,, — 1,5, 4=0221|-123°

1= [8,[% = [8,]* + |4]?
2|SIESZII

¥

the transistor is potentially unstable.

K =

K =0482

f=1GHz m) K =0.857 and 4 = 0.173[-162.9°
the transistor is potentially unstable.

f=2GHzm) K=13land4d = 0.174|160°
the transistor is unconditionally stable

f=4GHz mp K =1535and4 = 0.226[121°

the transistor is unconditionally stable
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Example#4

The § parameters of a transistor at f = 800 MHz are

= 0.65]|—95°

= 0.035]40°
Sﬂ = 5115°
Sy = 0.8]—35°

Determine the stability and show how resistive loading can stabilize the transistor.

K =10547 4 =0504|249.6°
Since K < 1, the transistor is pﬁtﬂﬂtiﬁll}’ unstable at f= 800 MHz.

The input and output stability circles are calculated:

C,=179]122°  (C, =13]48°

I‘S=1.U'4 ?‘L=ﬂ.45

22
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Cont’d

It can be seen that a series resistor with the input of approximately 9 € assures stability at the input.

The series addition of a 9-Q resistor produces an impedance Z;s equal to Z] + 9 Q. For any passive
termination Z, the real part of Z; will be greater than 9 Q. Therefore, its associated reflection coefficient
I's will always be in the stable region.

Also, a shunt resistor with the input of approximately 0.7/50 = 14 mS (or 71.5 Q)
produces stability at the input.

Looking at the output stability circle, it follows that cither a series resistor of approximately

29 Q or a shunt resistor of approximately 500 Q at the output produces stability at the output.
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Improving Stability

29 ()

T LN

(@) (b) (c)
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(d)
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Unilateral Transistor: S,,=0

A two-port network is unilateral when S = 0.

In a unilateral case we have:

Iin =58+ 1— S,T, =81 Four =52 + 1 — Szuiis = 52
1—I1“I2 1-|r, 1 - {r/7 1-|r, /7
G.. = S 2 L 2 L
T et T e G T T N
Z,
YYYY Input Qutput
maiching Transistor maitching
neiwork network
E1@ Gs - B Go "_g e Gy gzo
I's Si4 Slze IEL

26
Unilateral transducer power gain block diagrain.
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Maximum Achievable Gain
(Unilateral Case: S,,=0)

Input

- matching

network

GS. max

A
Y
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Maximum unilateral transducer power gain block diagram.
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Bilateral Transistor(S,,#0)

50 0

+ Input Output
E matching Transistor matching
'\ network A—‘ |—‘ A—l l—A network § S04
I's Ty Cour T

Simultaneous conjugate match exists when I's = T and T, = I'?;UT.
It is proven maximum gain is obtained when simultaneous conjugate match exists.

- S8,
r =1I* =48, + 122 L
s IN N H el *5 1
FL = TEIUT £ _ ¢ 4 81851
- =S PO T

Solving above equations, I, and I are obtained:

_Bi= VBl - 4G

r
Mz ZC]_
B, =V B% - 4lcz‘2
|
2,
B, =1+ |8, —|8,]> = |4) C,=8,—-45, A=8,5,— 5,5

B, =1+ |Szz|2 - |511|2 - ]42 C; = Sp = 4S], 7



Maximum Achievable Gain (Bilateral Case: S,,#0)

The maximum transducer power gain, under simultaneous conjugate
match conditions, is obtained with Ty =T =y and T'p = T5ur = T

_ 1 2 1 - JFMLP
Gme 1= iFM,cil ‘Sﬂ‘ Il - SEEFML,E

Hint: under simultaneous conjugate match conditions we have

GT= G_p = Gﬂ = Giﬁmax = (;p,max = {;A,max-

1—[8,* = |S5|* + [4]?
K P =
(K — VK* — 1) 2|81

A= 81185 — 1251

S, ]
S1|

It is proven that: GTﬂmx =

The maximum stable gain is defined as the value of G . when K=1. Namely,

18y

GMSG - |SIE* 30

Tmax



Example

Design a microwave amplifier using a GaAs FET to operate f = 6 GHz with maxi-
mum transducer power gain. The transistor § parameters at the linear bias point,
Vps = 4V and Ips = 0.51pss, arc

S, = 0.641|-171.3° S, = 0.057|16.3°
Sn =2058[285° g - 0572|-957°

K = 1.504
A = 03014 |109.88°

Since K > 1 and |4| < 1, the GaAs FET is unconditionally stable.

2.058
Gore = mﬂ.ﬂm - V(L504)" = 1) = 13.74 or 11.38dB

B, =09928 ¢, = 0.4786/-177.3°
1 : » Ty = 0.762[177.3° T, = 0.718(103.9°

B, = 08255  (C,=0.3911|-103.9°

— 0.414 — j1.19 : -
» Yopy = &5—0@ = (144 — j24.6) x 10°S Y, = Sl]j = (8.28 - j23.8) X 10 ° S "



BJT Bias Network
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A dc bias network with a by passed emitter resistor.




BJT Bias Network

) 4 O VCC

Q, : active bias pnp transistor
I3 {E A Q;: microwave transistor

Wik
D
1
Y

A;:tive bias network for a BJT.
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GaAs FET Bias Network

Amplifier Power
Figure How characteristics supply used
(a) o
o Low noise Bipolar
_ High gain !
Vp=5YV = Apply Ve, High gnwer Minimum source
Ve=-2V 1 then Vo High efficiency inductance
v T
Apply Vs, same as (a Positive suppl
then Vo [ (a)l Pply
vo |
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GaAs FET Bias Network

Apply Vs, same as (a Negative suppl
then Vg [ @)l Jave SRy

Low noise Unipolar,

High gain incorporating Rg
Apply Vp High power automatic

Lower efficiency transient

Gain easily adjusted protection

by varying Rg
MNegative unipolar,

Apply Vg [same as (d)] ?‘umrpur&t?ngaﬁs
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GaAs FET Bias Network

Therefore, the proper turn-on sequence is: first apply a nega-
tive bias to the gate (i.e., Vo < 0) and then apply the drain voltage (Vp > 0).
One method to accomplish the previous turn-on procedure is to turn both
sources at the same time and to include a long RC time constant network in the
Vp supply and a short RC time constant network in the negative supply V.
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GaAs FET Bias Network
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Active bias for a common- source (GaAs FET.

37



