Chapter 3

Amplifiers

For low frequency amplifier design, a transistor can be nemlaking an equivalent circuit. At microwave
frequencies, reflections from the input and output portobeximportant, so a network description char-
acterized by S-parameters as a function of frequency isiremtju The key parameters of a transistor for
microwave amplification are

e Gain as a function of frequency

e fr = frequency at which gain drops to unity

e S-parameters as a function of frequency

¢ Noise figure: characterizes noise added to signal by thed¢8NR ,; < SNRy,).
fr determines the usable bandwidth of the transistor, ther@psters are used to design matching networks

to match to the transistor and determine the gain and gtabflthe amplifier, and the noise figure is used
to determine the amount of noise produced by the transistor.

3.1 Gain

The most important quantity for a microwave amplifier is pogain. In order to analyze amplifier gain, we
first need to determine the gain in terms of the S-parameténg dransistor. Because there are forward and
reverse waves at the input and output ports, unlike in ditbeiory, there several different power measures
that can be used to define gain:

e P, = power delivered to network

e P,,s =power available from source

e P = power delivered to load

e P,,, = power available from network
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Available power is the maximum power that can be suppliedh witer all possible load impedances. The
actual power delivered may be smaller than the availablespolwe to reflections and is less than or equal
to the available power.
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Figure 3.1: A microwave amplifier connected to a source atrthet (port 1) and a load impedance at the
output (port 2).

We first need to find the reflection coefficients looking intetpd and 2, as shown in Fig. 3.1. The source
and load reflection coefficients are

_ Zs — 2o _ ZrL — Zp

T Z+Z0 Y Zut iy

(3.1)

Given these definitions, we can write the amplitutleandb, of the waves exiting ports 1 and 2 as

by = Siiar + Si2a2 = Si1a1 + S121'Lbo (3.2)
by = Saoia; + Sear = S21a1 + S22 'rbs (3.3)
——

az
Solving the second equation fbr gives

Sa1

by = — 22
T —522TLa1

(3.4)
Using this expression in the first equation gives

Sa1
by = ry——M— 35
1 =51a1 + Sl T SyT, ap (3.5)

The ratiob, /a; gives the reflection coefficient looking into the input port:

b SIS Zin — 24
Pin _ _1 _ 511 + 124 LO21 _ 0
al 1 — Syl Zin + Zy

(3.6)

Repeating this procedure for a source at port 2, we find that

S121'5S91
Lot = S T 3.7
out 22 + 1_ Sllrs ( )
This expression can be understood in an intuitive way. Tlsetirm accounts for reflections at port 2, and
would be the entire reflection coefficient if port 1 were matthIn the second terng;, takes the signal
from port 2 to port 1T, reflects the signal from the source impedartig, returns the signal to port 2, and

the denominator takes into account multiple reflectiongvbeh the ports.
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We can compute the various power quantities in terms of thedection coefficients, using

Pn = |ai]?/2—|b1]?/2
= la1*/2(1 = Tinl?)

P, = |b2|2/2—|a2|2/2
[bal?/2 (1 — T|?)

Now, we need to find; andb,. We can get the voltage at port 1 using a voltage divider,

Zin
Zs + Zin
= /Zo(a1 +b1) by the definition of generalized S-parameters
= VZoa1(1 +Ty)

i = Vi

Substituting the definition af;, in terms ofl;, into this expression gives

(1 +Fin)ZO _
Zs(l — Fin) + Zo(l + Fin)

V:g Zoal(l + Pin)

Solving fora; and putting the expression in terms of reflection coefficgigtes

_ Zy Vs
N 20 —Tw) + Zo(1+ ) V7
B Zy Vs
 Zotte(1—Th) + Zo(1 4+ Tin) V20
1 _Fs ‘/3
T (04T —Ti) + (1 —T9)(1+ ) vVZo
11-T, V,
T 21-TwlsvVZo

If we put this into the expression fdt;,,, we find that

11 1-T, V, |?

P, = —|-——°%_ 1 — |y l?
" 2121 -TwlsvZ (=)
V|2 |1 — T
‘ 8’ ‘ S’ (1 _ |Fin|2)

87y |1 — T2
Using (3.4) together with (3.14) gives the amplitude of trevevpropagating out of port 2,

Sa1 0 = Vs S21(1 —T)
1 — Sl 2v/Zy (1 — i) (1 — SaoI')

This can be used to obtain the power delivered to the load,

by =

IVI2 (1= [TLP)L =T

2 |1 — S22z |2|1 — T'sTin|?

Py =

27

(3.8)

(3.9)

(3.10)

(3.11)
(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

(3.17)
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Power Gain

Using these results, the power gain of the amplifier is

Gp= B _ gy (- IDPI— T 1 — DTy
P 1= Sl 2|1 = TsTin 2 [1 = T 2(1 — [Tin[?)
1|0y [?

= |Sy? (3.18)

1 — Spl'L2(1 — [Tin]?)
This is the gain of the amplifier in terms of power deliveredte load relative to power coming into the
amplifier input port.

In this expression, if the load reflection coefficient is otien the gain vanishes, as expected. If the load
reflection coefficient is zero, then

1
1— T2

1

Gp = |Su? S
p = |Sa] S

=[S |? (3.19)
Note, however, thal';, = 0 does not mean the power gain is maximized, since it simplyns\&a = 7,
whereas maximum power gain occurs for a conjugate matchtcam@we will see this more clearly later).
More generally, the power gain is equal|y;|? scaled by a factor which takes into account reflections at

the load (which mean§'p can be larger thafy; |2).

Transducer Power Gain

The problem with power gain as defined in Eq. (3.19) is thab&sdnot consider the match between the
source and the input impedance to the network. In some ctmesfore, a more meaningful measure of
gain is the power dissipated by the load relative to the marinpower that the source can supply. This is
the transducer power gain,

Py,

G =
"7 Pas

(3.20)

If we consider a source with impedangg driving a line with input impedancg;,,, the maximum power
transfer occurs whefs;, is the complex conjugate df;, so that

This can be proved by taking the derivative of the power éedid to the line with respect to the real and
imaginary parts ofZ;,, and setting the derivatives to zero. The imaginary partg;pfand Z, are equal in
magnitude and opposite in sign, which is what happens wiéhirttpedances of the inductor and capacitor
in an LCR circuit at resonance. This is calledanjugate match

With a conjugate match to the source impedance, the powéalkleafrom the source is

Pys = Pin‘l"in:p: (conjugate match)

L
8Zy 1— T L2 .

~—

cm
Vil [1 =Ty

3.22

8Zy 1—|L,2 (3-22)
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The transducer gain is then
I-TP)1-Tsf 112
|1 — Sz 2|1 — Tsin|? |1 — T2
(1 - TP =T )
|1 — So0ol'z|2|1 =T T |2

#.cm

Notice that the input reflection coefficient in the power deled to the load does not assume a conjugate
match at the input. This is because transducer gain doeseaent that we have actually conjugate matched
to the input impedance. Instead, we just want to computedhrerglative to the input power we would have
if the source were conjugate matched.

Gr = |So|?

= |Su/?

(3.23)

Available Power Gain

Another difficulty with power gain in Eq. (3.19) is that if thead is not well matched to the network output
impedance, then the power gain is small, even though theifaenjs capable of delivering more power to a
better matched load. If we want to characterize the amplifidependently of the load impedance, we can
define a measure of gain in terms of the power delivered to mgate matched load. This is the available

power gain,
Pavn
Ga= - (3.24)

which is the gain if both the source and load were conjugateimsd. The power available from the amplifier
network at port 2 is

Pavn = PL |FL :Fgut
Vel o 2 (1= [Dou)[1 = Ty?
= —|Sq]| 3 5 (3.25)
87 |1 — Sool'% 12|11 — DsTin|
The available gain is
(1 B ‘Pout‘2)(1 B ‘PSP)
Ga =[S 3.26
152 1 — Soal% ¢ 211 — T'sTin |2 (3.26)
In order to simplify the expression for available power dayreliminatingI';,,, we use
S12I',S21
1-T',Iyy, = 1-T, (S —
slin S<11+1—S22FL
_ 1= Sool', — S11T's 4+ 511522 ', — 512521,
1 — Syl
1-54.T S1oI'sS:
_ 11t s I—FL S22+ 121 s021
1 — Sl 1—-5uly
Fout
1—5Suls
= ———~(1-I,T 3.27
1— 522FL( L out) ( )
With this result, the available gain becomes
1—|T[?
Ga = |92 IT:| (3.28)

|1 - SHFS|2(1 - |Fout|2)
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Special Cases
1. Both source and load are matchéd & ', = 0). In this case,
Gr = |Sa|? (3.29)

It is important to be aware that if we instead choose a comgugeatch at the source and lodd, (=

I, T =T%,), the gain can be larger thaf |2.

2. Unilateral device$2 = 0 or very small). In this casd,;, = S11; andl'yy; = So9, and the transducer
gain becomes

(1= L)@ = I f?)

G =[Sy |?
Ty [S21] 11— Syl 121 — T5 511 2
1—|0? o 11—
= — 1 __ S R ] 3.30
ESE LZEL 11— Soo' 1 2 (3.30)
~ device
source a load
G, © Gp,

which can be broken up into a product of source, device, aad ¢min factors. Again, it is possible
for Gy andGy, to be greater than one, depending on the source and loadesatch

Using the expression for transducer gain for a bilateraiogevt can be shown that the error made in
assuming that a transistor is unilateral is bounded by

1 Gr 1
< < 3.31
(1 + U)2 - Gry (1 — U)2 ( )
where 61060 S S
U — 12021911022 3.32
= 15uP)(1 — 92 (832
is the unilateral figure of merit. The smallgr, the closer the device is to unilateral.
Summary
For a two-port amplifier, we define three gain quantities:
Pr, .
Gp = B (Power Gain) (3.33)
Pr, .
Gr = iz (Transducer Gain) (3.34)
Pavn . .
Ga = 2 (Available Power Gain) (3.35)

In developing amplifier design procedures, we will use weier type of gain is most convenient for a given
problem. For unilateral amplifier desigis:6 = 0), we will use transducer gain, and for bilateral design
(S12 # 0) we will use power gain.
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