NOISE, BROADBAND,
AND HIGH-POWER
DESIGN METHODS

4.1 INTRODUCTION

In Chapter 3, design methods for given stability and gain criteria were dis-
cussed. This chapter presents the basic principles involved in the design of
low-noise, broadband, and high-power transistor amplifiers.

In some applications the design objective is for a minimum noise figure.
Since a minimum noise figure and maximum power gain cannot be obtained
simultaneously, constant noise figure circles, together with constant available
power gain circles, can be drawn on the Smith chart, and reflection coefficients
can be selected that compromise between the noise figure and gain per-
formance. The trade-offs that result from noise considerations, stability, and
gain are discussed in this chapter.

The noise performance of the GaAs FET is superior to that of the BJT
above 4 GHz. A minimum noise figure in both BJTs and GaAs FETs is
obtained at low collector or drain current.

The design philosophy in a broadband amplifier is to obtain flat gain
over the prescribed range of frequencies. This can be obtained by the use of
compensated matching networks, negative feedback, or balance amplifiers.

The small-signal S parameters can be used in the design of microwave
transistor amplifiers with linear power output (i.e., class A operation). How-
ever, the small-signal S parameters are not useful in the design of large-output
power amplifiers. In this case, large-signal impedance or reflection coefficient
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4.2 NOISE IN TWO-PORT NETWORKS

In a microwave amplifier, even when there is no input signal, a small output
voltage can be measured. We refer to this small output power as the amplifier
noise power. The total noise output power is composed of the amplified noise
input power plus the noise output power produced by the amplifier.

The model of a noisy two-port microwave amplifier is shown in Fig,
4.2.1. The noise input power can be modeled by a noisy resistor that produces
thermal or Johnson noise. This noise is produced by the random fluctuations
of the electrons due to thermal agitation. The rms value of the noise voltage
Vv, produced by the noisy resistor Ry over a frequency range fy — f, is given

by
Vy = /4kTBR, (4.2.1)

where k is Boltzmann’s constant (i.e., k = 1.374 x 1072 J/°K), T is the resistor
noise temperature, and B is the noise bandwidth (i.e., B = fy — f1).

L Noi RNoiseloss Noi
2 oisy 2 oisy z
2R two-port L + two-port
VN
Vy = VEKTBRy

Figure 4.2.1 Model of a noisy microwave amplifier.

Equation (4.2.1) shows that the thermal noise power depends on the
bandwidth and not on a given center frequency. Such a distribution of noise is
called white noise. .

The maximum available noise power from Ry is

Py = V—%’ =kTB 4.22)
N — 4RN - L.
Example 4.2.1

Calculate the noise voltage and maximum available noise power produced by a 2-MQ
resistor at a standard temperature (T = 290°K) in a 5-kHz bandwidth.

Solution. Using (4.2.1) and (4.2.2), the noise voltage and maximum available noise
power are

Vy = \/4(1.374 x 10723)(290)5 x 10°)2 x 10%) = 12.6 uV
and

L (12.6 x 107

=199 x 10718
el R
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The noise figure (F) describes quantitatively the performance of a noisy
microwave amplifier. The noise figure of a microwave amplifier is defined as
the ratio of the total available noise power at the output of the amplifier to the
available noise power at the output due to thermal noise from Ry . The noise
figure can be expressed in the form

Py,

F=
PN.'GA

4.2.3)
where Py, is the total available noise power at the output of the amplifier,
Py, = kTB is the available noise power due to Ry in a bandwidth B, and G4 is

the a_vallable power gain.
Since G, can be expressed in the form

Pg,

G, =
A Psi

where Pg, is the available signal power at the output and Py, is the available
signal power at the input, then (4.2.3) can be written as

= PS.'/PNi
Ps,/Py,

In other words, F can also be defined as the ratio of the available signal-to-
noise power ratio at the input to the available signal-to-noise power ratio at
the output. A minimum noise figure is obtained by properly selecting the
source reflection coefficient of the amplifier.

A model for the calculation of the noise figure of a two-stage amplifier is
shown in Fig. 4.2.2. Py, is the available input noise power, G4, and G4, are the
available power gains of each stage, and P,, and P,, represent the noise power
appearing at the output of amplifiers 1 and 2, respectively, due to the internal
amplifier noise.

Amplifier 1 Amplifier 2
RN:E P, = kT8 [ GarPN, + Py Gp
° > ——
Pn‘l Pn2

Figure 4.2.2 Noise figure model of a two-stage amplifier.

The total available noise power at the output (Py, ror) is given by

Py, vor = G 42(G 4 Py, + Pyy) + Py
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Therefore, from (4.2.3) the noise figure of the two-stage amplifier is given by

F = PNz,TO’l‘ = 1 + Pnl Pu2
PN: GAI GAZ PN; GAl PN; GA! GAZ
or
F,—1
F=F, +—3%— (4.2.4)
G4
where
P
Fi=1+—2%
! PN(GAI
and
P,y
Fy=1+4+—=
2 PNi GAZ

F, and F, are recognized as the individual noise figures of the first and second
stages, respectively.

Equation (4.2.4) shows that the noise figure of the second stage is re-
duced by G ,,. Therefore, the noise contribution from the second stage is small
if G,; is large, and can be significant if the gain G, is low. It is not always
important to minimize the first-stage noise if the gain reduction is too large. In
fact, we can select a higher gain, even if F, is higher than the minimum noise
figure of the first stage, such that a low value of F is obtained. In a design, a
trade-off between gain and noise figure is usually made.

4.3 CONSTANT NO_ISE FIGURE CIRCLES
The noise figure of a two-port amplifier is given by [4.1]
F=Foot 2%~ Y, (43.)

where r, is the equivalent normalized noise resistance of the two-port (i.e.,
.= Ry/Z,), Y, = g, + jb, represents the source admittance, and Y, =g, + jb,
represents that source admittance which results in the minimum noise figure,
called F, -

We can express Y, and Y, in terms of the reflection coefficients I'; and I,
namely

1-T
14T

@

Y, = 4.32)
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and
1-T,
Y, = YT, (4.3.3)
Substituting (4.3.2) and (4.3.3) into (4.3.1) results in the relation
4 — 2
F = Fop + —alLs = Lol (4.3.4)

A =ITPIt + T,

Equation (4.3.4) depends on F,;,, r,, and I',. These quantities are known as
the noise parameters and are given by the manufacturer of the transistor or can
be determined experimentally. The source reflection coefficient can be varied
until a minimum noise figure is read in a noise figure meter. The value of F_;,,,
which occurs when I';=T,, can be read from the meter, and the source
reflection coefficient that produces F,;, can be determined accurately using a
network analyzer. The noise resistance r, can be measured by reading the
noise figure when I'; = 0, called Fr ., . Then, using (4.3.4) we obtain

[1+T,[2
41T,
F .. is a function of the device operating current and frequency, and

there is one value of I', associated with each F,;,. A typical plot of F_;, versus
current for a BJT is illustrated in Fig. 4.3.1.

r, = (Fr,=o = Froin)

Frnin (dB) |

I I I | L I | | -
1 2 3 4 5 6 7 8 Ic(mA)

Figure 4.3.1 Typical F_, versus collector current measured at ¥, =10 V and
f=4GHz

Equation (4.3.4) can be used to design I', for a given noise figure. For a
given noise figure F;, we define a noise figure parameter, called N;, as
N.=lrs~roI2=Fi_Fmin
Y1 — |2 4r,

14,2 @.3.5)

Equation (4.3.5) can be written as
(M _TNTM* _ T - N _ N.IT |2
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or
IT,)1 + N)+|T,>=2Re (I, T*)=N
If we now multiply both sides by 1 + N;, we obtain
IT (1 + N)? +|T,1* = 2(1 + N) Re (T,I3) = N7 + N(1 — |, |’)
or

I,
1+ N,

2 _NI+N(-ILP)

T, — TN 4.3.6)

Equation (4.3.6) is recognized as a family of circles with N; as a parame-
ter. The circles are centered at

I,
Cr, 1T N, 4.3.7)
with radii
R . 2 _ 2
= 1+ N JN?+ N1 —|T,P) | (4.3.8)

Equations (4.3.5), (4.3.7), and (4.3.8) show that when F; = F_;,, then
N;=0, Cg, =T,, and Rp, =0. That is, the center of the F,, circle is
located at I', with zero radius. From (4.3.7), the centers of the other noise
figure circles are located along the I', vector.

A typical set of constant noise figure circles is shown in Fig. 4.3.2. This
set of curves show that F,;, = 3 dB is obtained when I'y = I', = 0.58  138° and
at point 4, ', = 0.38 [ 119° produces F; = 4dB.

In a design there is always a difference between the designed noise figure
and the measured noise figure of the final amplifier. This occurs because of the
loss associated with the matching elements and the transistor noise figure
variations from unit to unit. Typically, the noise figure difference can be from a
fraction of a decibel to 1 dB in a narrowband design.

In the unilateral case, a set of G, constant-gain circles can be drawn in
the Smith chart containing the noise figure circles. A typical plot for a GaAs
FET is illustrated in Fig. 4.3.3. This plot shows the trade-offs that can be made
between gain and noise figure in a design. Maximum gain and minimum noise
figure cannot, in general, be obtained simultaneously. In Fig. 4.3.3, the maxi-
mum G, gain of 3 dB, obtained with I'y = 0.7 110°, results in a noise figure of

F,~4 dB and the minimum noise ﬁgure Fin = 0.8 dB, obtained with I'; =
06[@ results in a gain G, ~ —1 dB. ,



Sec. 4.3 Constant Noise Figure Circles 145

3.5d8B

4dB

9|
CommguinT{ L), 0n conpucTancE cous

Figure 4.3.2 Typical constant noise figure circles in the I'; plane.

Example 4.3.1

The scattering and noise parameters of a BJT measured at a bias point for low-noise
operation (Vog = 10 V, I, = 4 mA) at f = 4 GHz are

Sy, = 0.552(169°
S,, = 0.049(23°
S, = 1.681(26°
S, = 0.839| —67°
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Figure 4.3.3 Noise figure circles (solid curves) and G, constant-gain circles (dashed
curves). The transistor is a GaAs FET with V3 =4V, I, =12 mA, and f=
6 GHz.

and
Foin=25dB
I, =0475[166°
Ry=35Q

Design a microwave transistor amplifier to have a minimum noise figure. (This example
is based on a design from Hewlett-Packard Application Note 967 [4.2].)
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Solution. The transistor is unconditionally stable at 4 GHz. A minimum noise figure
of 2.5 dB is obtained with I, = I', = 0.475|166°. The constant noise figure circles in
Fig. 434 for F; = 2.5 to 3 dB were calculated using (4.3.5), (4.3.7), and (4.3.8). For
example, the F; = 2.8-dB circle was obtained as follows:

1.905 — 1778
;= —— ] 47 012 _
T 4(3.5/50) [1+04751166°|* = 0.1378
0.475166°
=2 0417(166°
Cr= 1701378 (166
and
1
R, = ——— 137 2 ) 1—(04 7 .
=T o137s v O1378) + 0.1378[1 — (04757] = 0312

Figure 4.3.4 shows that for this transistor F;, is not very sensitive to small
variations in I'; around I',. In fact, the 2.6-dB constant-noise circle (i, a 0.1-dB
increase in noise figure) results when I'; changes in magnitude by 0.2 from its value at
r

0

90°

77, contours
(dB)

Figure 4.3.4 Constant noise figure cir-
cles and available power gain circles.
(From Ref. [4.2]; courtesy of Hewlett-
Packard.)

The load reflection coefficient is selected to provide maximum gain for the lowest
noise figure (i.e., with I';=T,) and, of course, for optimum VSWR at the output.
Therefore,

*

r,= (Sn + M) = 0.844|70.4°
1-8,,T,

and the resulting gains are Gr = G, = 11 dB and G, = 12.7 dB.

The amplifier was designed, built, and tested by Hewlett-Packard [4.2]. The ac
amplifier schematic is shown in Fig. 4.3.5. The input matching network was designed
with a short-circuited stub and a quarter-wave transformer with Z, = 31.1 Q. The
output matching network was designed with a 0.61-cm microstrip line to provide
soldering area, followed by a 4/8 short-circuited stub to tune out most of the suscep-
tance component of Y, = 1/Z,. Then, another series microstrip line followed by an
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T, =T, =0.475 £ 166°

1=0,61cm 1=1.35¢cm 1=0.19 cm
/=1.88cm Z,=509 Z,=80Q Z,=800

50 Q

0.4 cm

Y

Figure 43.5 Amplifier schematic. The microstrip lengths are given for ¢, = 1 at
f =4 GHz. (From Ref. [4.2]; courtesy of Hewlett-Packard.)

open stub that provides some tuning capabilities was used. A final series microstrip line
was used to obtain the match to 50 Q.

Of course, the output matching network could have been designed differently.
The form selected (see Fig. 4.3.5) provides flexibility for tuning by adjusting the lengths
of the series lines (i.e., the [ = 1.35-cm and / = 0.19-cm lines), by changing the width (i.e.,
the characteristic impedance) of the open-circuited stub and by modifying the lengths of
the short-circuited stub.

The complete amplifier schematic and the microstrip board layout are shown in
Fig. 4.3.6. The board material is Duroid (g, = 2.23, h = 0.031 in.).

The measured characteristics of the amplifier are shown in Fig. 4.3.7. Figure 4.3.7
shows that the amplifier performance is very good in the frequency range 3.7 to 4.2
GHz. The 3-dB bandwidth (see Fig. 4.3.7¢) is 850 MHz, which corresponds to a 21%
bandwidth.

It is easy to show that for this BJT, K = 1.012, A = 0.419(111.04°, Grpox =
G max = 147 dB, Iy, = 0941 =154°, and I’y = 0.979[70°. Since the available
power gain with I', =T, is G, = 11 dB, a sacrifice in gain was needed to obtain
optimum noise performance.

Example 4.3.2

The scattering and noise parameters of a GaAs FET measured at three different opti-
mum bias settings at f = 6 GHz are:

Minimum Noise Figure (Vps = 3.5V, I s = 15%1 pgs):

Syy = 0.674 —152° Fo=22dB

S,, = 00756.2° I, =0.575[138°
S, = 1.7436.4° Ry =664Q

Sy, = 0.6 =92.6°
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Figure 4.3.6 (a) Complete amplifier schematic; (b) microstrip board layout. (From

Ref. [4.2]; courtesy of Hewlett-Packard.)
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Figure 4.3.7 Measured amplifier characteristics: (a) noise and gain performance;
(b) input—output VSWR performance; (c) power output performance; (d) temper-
ature performance at 4 GHz; (e) wideband gain performance. (From Ref. [4.2];
courtesy of Hewlett-Packard.) '

Linear Power Output (Vps =4 V, Ips = 50%]I ps5):

Su
SlZ
S21
SZZ

F

min

=0.641|—171.3°
= 0.057]16.3°
= 2.05828.5°

=0.572| =95.7°

=29dB
I, = 0.542[141°
Ry=

942 Q

Chap. 4
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Figure 4.3.7 (continued)

Maximum Gain (Vps = 4 V, I ps = 100%1 pgs):

Sy, = 0.614 —167.4°
S,, = 0.04665°

S, = 2.187(32.4°
S,, = 0716 —83°

Design a microwave transistor amplifier to have good ac performance. (This example is
based on a design from Hewlett-Packard Application Note 970 [4.3].)

Solution. There are four ac performances that must be considered: noise figure, power
gain, power output, and input and output VSWR. The linear power-output bias point
(Vps =4V, Ipg = 50%1 pgs) provides a good compromise between the minimum noise
figure and maximum gain. At this bias point Fig. 4.3.8 gives the noise, gain, and power
parameters. The output power performance, measured at the 1-dB compression point,
was experimentally measured and it is given in the figure. (See Section 4.7 for the
definition of the 1-dB compression point.) The data for the output power were taken
with an innut nower drive of 8 3 dRm
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Noise Gain Power
Parameters Parameters Parameters

T, =0.542{141° Ty = 0.762[1773°  Tpg = 0.729166°
[, =0575(1045° T, =0718(1039° [, =0489(101°

Foi=29dB F=444dB F =369 dB
G,=933dB Gumn=1138dB  G,=82dB
Pies = 9.3 dBm P, =134 dBm P, = 15.5 dBm

Figure 4.3.8 Noise, gain, and power parameters at the linear power output bias
(Vps =4V, I, = 50%I p).

The input VSWR with I'y =T, is 1, and the VSWR = 3.82 with I', =T,. In
order to calculate the VSWR, we obtained |T',| (see Fig. 4.3.10a) and used (1.3.11),
namely
1 +]|T,]
1—|T,|

Other relations for calculating | I", | are given in Problem 4.6.

VSWR =

ry Input Output
T, Mag./Ang. Mag./Ang. F (dB) | G, (dB) | VSWR | VSWR
r, - 0.542 ,141° | 0.575,104° | 2.90 9.33 3.82:1 | 1.00:1

0.572 £152° | 0.601 £105° | 2.97 10.04 2.91:1 | 1.00:1

0.614 ,160° | 0.627 £106° | 3.14 | 10565 | 2.28:1 | 1.00:1
0.678 £169° | 0.667 £105° | 3.57 | 11.10 1.61:1 | 1.00:1
[y, — 0.762,177° | 0.718,104° | 4.44 | 11.38 1.00:1 | 1.00:1

Figure 4.3.9 Trade-offs between noise figure, power gain, and VSWR. (From Ref.
[4.3]; courtesy of Hewlett-Packard.)
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Figure 4.3.9 shows the noise figure, G, and input and output VSWR as the
reflection coefficient is varied from I', to T',,, along a straight line, in the Smith chart.
Figure 4.3.9 shows that a good compromise between noise figure, G,, and VSWR is to
use I'; = 0.614]160° and I', = 0.627|106°. The noise figure is increased by 0.24 dB
from the minimum noise, but G, is increased by 1.22 dB and the input VSWR is
improved by 40% (i.e., VSWR = 2.28). The ac schematic of the amplifier for the select-
ed values of I'; and I'; is shown in Fig. 4.3.10a and the microstrip board layout is
shown in Fig. 4.3.10b. The board material is Duroid (¢, = 2.23, h = 0.031 in.). The
measured characteristics of the amplifier are shown in Fig. 4.3.11.

In the last two examples the transistors were unconditionally stable. In a
potentially unstable situation, we must check that the optimum noise reflec-
tion coefficient I'; = I', is in the stable region of the source stability circle.
Once I, is selected, I'; is selected for maximum gain (i.e., I') = I'4,7), and
again we must check that the value of I', is in the stable region of the load
stability circle.

T 65.69

ey =1
50 Q

2, = 29920

1=125¢cm

1.875cm

1

(a)

Q, = HFET-1101 Q, = HFET-1101
C, = 1.000 pF, high Q Ca = 1.000 pF, high Q
Johanson Johanson
50541Q102M8B 50541Q102MB
Ca Q, Ca Ca Ca
Input Output  Input Output
+10 V dc
o
3"
3 <
Ri3 ’!’ Ra ;!‘Rz
R, =38.3 k2, 1/4W
R, = 100 k€2, 1 W, potentiometer = T =
R, = 5 k€2, 1 W, potentiometer R, = R, = 5k§2, 1 W potentiometer +10Vde
R, =1k, 1/4W
Rg = 10 k2, 1/4 W
Rg =1 MQ, 1/4W

C, = 0.005 uF, 250 V, disc
Q, = 2N2904

(b)

Figure 4.3.10 (a) The ac schematic of the amplifier with ¢, = 1; (b) microstrip
layout with two different dc bias networks. (From Ref. [4.3]; courtesy of Hewlett-
Packard.)
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Figure 4.3.11 Measured characteristics of the amplifier: (a) gain performance; (b)
noise performance; (c) input-output VSWR performance; (d) wideband gain per-
formance. (From Ref. [4.3]; courtesy of Hewlett-Packard.

4.4 BROADBAND AMPLIFIER DESIGN

The design of broadband amplifiers introduces new difficulties which require
careful considerations. Basically, the design of a constant-gain amplifier over a
broad frequency range is a matter of properly designing the matching net-
works, or the feedback network, in order to compensate for the variations of
| S, | with frequency. The design specifications might require the use of rather
sophisticated synthesis procedures in the design of the matching networks.

Some of the difficulties encountered in the design of a broadband ampli-
fier are:



Sec. 4.4 Broadband Amplifier Design 155

1. The variations of |S,,| and |S,,| with frequency. Typically, |S,,| de-
creases with frequency at the rate of 6 dB/octave and | S,, | increases with
frequency at the same rate. Typical variations of |S,,|, |S;;|, and
|S,,8,;| with frequency are illustrated in Fig. 1.9.7. The variations of
|S,2S,,| with frequency is important since the stability of the circuit
depends on this quantity. It is in the flat region that we have to check the
amplifier stability.

2. The scattering parameters S,; and S,, are also frequency dependent and
their variations are significant over a broad range of frequencies.

3. There is a degradation of the noise figure and VSWR in some frequency
range of the broadband amplifier.

Two techniques that are commonly used to design broadband amplifiers
are (1) the use of compensated matching networks and (2) the use of negative
feedback.

The technique of compensated matching networks involves mismatching
the input and output matching networks to compensate for the changes with
frequency of | S,, |. The matching networks are designed to give the best input
and output VSWR. However, because of the broad bandwidth the VSWR will
be optimum around certain frequencies, and a balanced amplifier design may
be required.

The design of compensated matching networks can be done in analytical
form with the help of the Smith chart. However, the use of a computer is
usually required because of the complex analytical procedures. Of course, the
use of a proper analytical procedure produces a starting design which can be
optimized using computer-aided design (CAD) methods.

The matching networks can also be designed using network synthesis
techniques. Passive network synthesis for the design of networks using lumped
elements is well developed, and the techniques to implement the filter with
microwave components are also well known [4.4, 4.5]. The microwave filters,
typically, operate between two different impedances and must provide a pre-
scribed insertion loss and bandwidth.

Insertion-loss synthesis techniques can be used to design impedance
matching networks with prescribed responses. The synthesis process is a
powerful tool when used in a CAD program. A good commercially available
program is AMPSYN [4.6]. AMPSYN is a user-oriented interactive program
for obtaining impedance matching networks with a desired frequency charac-
teristic. AMPSYN synthesizes lumped elements matching networks and pro-
vides for transformations of the lumped design to approximate transmission-
line equivalents.

An interesting method for broadband amplifier design suitable to CAD
has been developed by Mellor [4.7]. The broadband design involves the use of
an interstage matching network. The amplifier schematic is shown in Fig. 4.4.1.

Transistors 0. and O. have a gain that decreases with increasing fre-
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, Q, | Q,
: Input Interstage Output <2
+ matching matching matching Z3
network network network 9
v, (0°

Figure 44.1 Broadband amplifier schematic.

quency. The specifications for a good input and output match will require that
the input and output matching networks have a constant gain over the fre-
quency range of the amplifier (i.e., a flat frequency response). The interstage
matching network must provide a gain having a positive slope with increasing
frequency to compensate for the transistor roll-off and, therefore, to give an
overall flat frequency response. The synthesis approach involves modeling the
transistors with lumped elements and using an insertion-loss method to obtain
the matching networks. The design of a broadband amplifier for a specific gain
and noise figure requires, in general, the use of CAD techniques.

Example 4.4.1

The S parameters of a BJT are given in Fig. 4.4.2. Design a broadband amplifier with a
transducer power gain of 10 dB in the frequency range 300 to 700 MHz. (This example
is based on a design from Hewlett-Packard Application Note 95-1 [4.8].)

f (MHz) Sii S S22

300 03(=45°  447(40° 086=5°
450 027|=70° 3.16(35 0855 —14°
700 02[=95°  20[30° 085 —22°

Figure 4.4.2 Scattering parameters of a BJT.

Solution. The values in Fig. 4.4.2 show that

IS,,12=13dB at 300 MHz
10dB at 450 MHz
6dB at 700 MHz

Therefore, in order to compensate for the variations of |S,, |, the matching networks
must decrease the gain by 3 dB at 300 MHz, 0 dB at 450 MHz, and increase the gain
by 4 dB at 700 MHz.
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For this transistor
0.409 dB at 300 MHz
1

s‘max_l__lS”|2_

G 0.329dB at 450 MHz

0.177dB at 700 MHz

and little is to be gained by matching the source. Therefore, only the output matching
network needs to be designed. Observe that |S,,| ~ 0.85 over the frequency range.
Therefore,

GLmax = TN 5.6 dB
and the gain of 4 dB from G, at 700 MHz is possible.

The output matching network is designed by plotting the constant-gain circles
for G, = —3 dB at 300 MHz, G, = 0 dB at 450 MHz, and G, = 4 dB at 700 MHz (see
Fig. 4.4.3). The matching networks must transform the 50-Q load to some point on the
—3-dB circle at 300 MHz, to some point on the 0-dB circle at 450 MHz, and to some
point on the 4-dB gain circle at 700 MHz. Of course, there are many matching net-
works that can perform the required transformation. The matching network selected is
an ell network consisting of a shunt and series inductor combination (see Fig. 4.4.4).

The shunt inductor susceptance decreases with frequency and transforms the
50-Q load along the constant-conductance circle as shown in Fig. 4.4.3. The series
inductor reactance increases with frequency and transforms the parallel combination of
50 Q and shunt inductance along a constant-resistance circle as shown in Fig. 4.4.3.
Optimizing the values of L, and L, is a trial-and-error procedure. The graphical
construction is illustrated in Fig. 4.4.3 and the final ac schematic of the amplifier is
shown in Fig. 4.4.4.

The value of L, is obtained at 300 MHz (i.e., the lowest frequency), from Fig.
443, as

50
—_= —jl.2
JoL, !
or
L, =22.1nH

and the value of L, is obtained at 700 MHz (i.e., the highest frequency), from Fig. 4.4.3,
as

joL, .
—==j32-04
) J( )

or
L, =318 nH

At the input, the direct connection of the 50-Q source resistor to the base of the
transistor results in G,=0 dB and an input VSWR smaller than 1.86 [ie,



158 Noise, Broadband, and High-Power Design Methods Chap. &4

G_ constant-gain circles
calculations

F (MHz) Center  Radius

300 0.31 0.68
450 0.49 0.49
700 0.76 0.2

Figure 4.43 Broadband design in the Smith chart.

(1 +0.3)/(1 — 0.3) = 1.86]. The VSWR can be improved by matching the 50-Q source
to §,, over the frequency band. The corresponding improvement in gain is small since
G, max = 0.409 dB at f = 300 MHz.

The design of compensated matching networks to obtain gain flatness
results in impedance mismatching that can significantly degrade the input and
output VSWR. The use of balanced amphﬁers is a practical method for ob-
taining a broadband amplifier with flat oain ~nd ~o-2 o
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L,
50 Q Q00
y L
Vs LOe 1 50
_L y y Figure 44.4 The ac schematic of the

broadband amplifier.

VSWR. The most popular arrangement of a balanced amplifier, shown in Fig.
44.5, uses two 3-dB hybrid couplers. A microstrip realization, shown in Fig.
44.6, uses an interdigitated structure which is known as the 3-dB Lange coup-
ler [4.9].

Syv , Matching networks —— 5
| | | |
|1 2| ; |
Input | | [ | 50 Q.

l | s11a < I l —_
i | Amplifier A | |
| | |

41 I3 : ! Output
[ | |
b J r Lo J

Coupler Coupler
50Q S‘Hb -
Amplifier B

Figure 4.4.5 Balanced amplifier configuration.

The input 3-dB coupler divides the input power equally between ports 2
and 3, and the output 3-dB coupler recombines the output signals from the
amplifiers. The reflected signals at the input and output due to mismatching
are coupled to the 50-Q loads. It can be shown that the S parameters of the
1/4, 3-dB Lange coupler are given by

[S11] =0.51811, = Si,l
18211 = 05185y, + Sa4,1
[S121=0.5]812, + S12,1
18221 =0.51832, = 823,

If the two ampllﬁers are 1dent1cal then Si1 =0and S,, =0 and the gain §,,
~ T , . cim 2P L ab L anwlae TLA A dna AdL AF
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1 2

Figure 44.6 A 3-dB Lange coupler.
(From J. Lange [4.9]; copyright 1969,
IEEE; reproduced with permission of
IEEE.)

the balanced amplifier is limited by the bandwidth of the coupler (about 2
octaves).
The advantages of the balanced amplifier configuration are many:

1. The individual amplifiers can be designed for flat gain, noise figure, and
so on (even if the individual amplifier VSWR is high), with the balanced
amplifier input and output VSWR dependent on the coupler (i.e., ideally
the VSWR is 1 if the amplifiers are identical).

2. A high degree of stability.

3. The output power is twice that obtained from the single amplifier.

4. If one of the amplifiers fails, the balanced amplifier unit will still operate
with reduced gain.

5. Balanced amplifier units are easy to cascade with other units, since each
unit is isolated by the coupler.

The disadvantages of the balanced amplifier configuration are that the
unit uses two amplifiers, consumes more dc power, and is larger.

Negative feedback can be used in broadband amplifiers to provide a flat
gain response and to reduce the input and output VSWR. It also controls the
amplifier performance due to variations in the S parameters from transistor to
transistor. As the bandwidth requirements of the amplifier approach a decade
of frequency, gain compensation based on matching networks only is very
difficult, and negative feedback techniques are used. In fact, a microwave
transistor amplifier using negative feedback can be designed to have very wide
bandwidths (greater than 2 decades) with small gain variations (tenths of a
decibel). On the minus side, negative feedback will degrade the noise figure
and reduce the maximum power gain available from a transistor.

The most common methods of applying negative feedback are by the
series and shunt resistor feedback configurations shown in Fig. 44.7. The
coupling capacitors and the dc bias network have been omitted.

The following simple analysis illustrates the use of negative feedback.
The BJT and GaAs FET can be represented by the equivalent circuit shown in
Fig. 4.4.8 when the parasitic elements can be neglected (ie at low freanencied)
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R‘I
(a) (b)
Ry
R‘
(c) (d)

Figure 4.4.7 (a) BJT with series feedback resistor; (b) BJT with shunt feedback
resistor; (c) GaAs FET with series feedback resistor; (d) GaAs FET with shunt
feedback resistor.

The resulting negative-feedback equivalent networks, including both series and
shunt feedback, are shown in Fig. 4.4.9.

The admittance matrix for the network shown in Fig. 44.9b can be
written in the form

1 1

iy R, B Ez- Uy
i Im 1 1 Uz

1+g.R, R, R,

B O~———— c G o0—m——— D
+ +
<
Vp'e EE fo'e 9m Ve Vgs Grm Vs
EO é -0 E SO - 0 S
(a) (b)

Figure 4.4.8 (a) BJT equivalent network; (b) GaAs FET equivalent network.
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ii i?
G W'AAAG 0D
+ +
+
Vgs 9m Vgs
Vi S V2
s
2 Ry R,
O -0 O O

(a) (b)

Figure 4.4.9 (a) BJT negative-feedback model; (b) GaAs FET negative-feedback
model.

and a similar matrix can be written for Fig. 4.4.9a. Using Fig. 1.8.1 to convert
from y parameters to S parameters gives

1 9 Z?
= ==|] -—"r 4.
S11 =351 D[ Ry +ng1)] (44.1)
1(-29,2 2Z
=72 4 = 4.4,
S21 D<1+g,,,R,+ R2> “44.2)
and
2Z,
SIZ—D—RZ (4.4.3)
where
2
Doty e, GnZ

R, Ryl +g.R))

" From (4.4.1) the conditions S,; =S,,=0 (e, input and output
VSWR = 1) are satisfied when

gl'l 0
1 R, =—7=
+gm 1 R2
or
zZ2 1
Ri=—2—— 444
1=k, o (4.4.4)
Substituting (4.4.4) into (4.4.2) and (4.4.3) gives
7 —
Sy =2 R (4.4.5)

Z,
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and

[

S., =
27 R, +Z,

Equation (4.4.4) shows that S;, = S,, = 0 can be satisfied, with positive
values of R, if the transconductance is large.

A range of values that satisfies S;, = S,, = 0 can be found. The mini-
mum transconductance [called g,,min] Occurs when R; = 0 [i.e., gpmin) = R2/
Z27 and it follows from (4.4.5) that

15,
gm(min) = Z !

o

For example, if an amplifier has |S,,|> = 10 dB in a 50-Q system, the
minimum transconductance required is

1 —(-3.16
gm(min) = 50 ) =83 mS

and the required shunt feedback resistor is
R, = 83 x 1073(50) = 208 Q
Observe that (4.4.5) shows that
Ry, =Z,1+4+15,)) (4.4.6)

which is a well-known relation in feedback amplifiers.

When both R, and R, are used and g,, has a high value, (4.4.4) shows
that the minimum input and output VSWR is obtained when R,R, ~ Z?. The
high value of g,, in a BJT makes them suitable for negative-feedback appli-
cations. However, most GaAs FETs have low values of g, and one must be
careful when using them in negative-feedback configurations. Equation (4.4.5)
shows that S,, depends only on R, and not on the transistor parameters.
Therefore, gain flattening can be achieved with negative feedback.

An important consideration in negative-feedback design is the phase of
S,;. At low frequencies the phase of S, is close to 180°, and as the frequency
increases (above f;) the phase of S,, varies rapidly. At some frequency the
phase of S,, is such that a portion of the output voltage is in phase with the
input voltage (i.e., positive feedback). This problem can be solved by decreas-
ing the feedback when the phase shift of S,; approaches 90°. For example, in
the case of shunt negative feedback (see Fig. 4.4.7), an inductor can be connec-
ted in series with R, such that after a certain frequency the negative feedback
decreases in proportion to the S,, roll-off.

The previous analysis, although based on a simplified model, can be used
in a preliminary design. Then CAD methods can be used to calculate the §
parameters of the transistor with the feedback network connected, and to
obtain the required I', and I', for optimum performance. ’
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Example 4.4.2

Perform a preliminary analysis in the design of a BJT broadband amplifier having a
transducer power gain of 10 dB from 10 to 1500 MHz. The S parameters of the
transistor (in a 50-Q system) at 10 V, 4 mA, the associated K factors, and |S,, |? in
decibels (i.e., the transducer power gain in a 50-Q system) are given in Fig. 4.4.10. (This
example is based on a design from Ref. [4.10].)

Sy S S12 S5z
F 183,12
(MHz) Mag. Ang. Mag.  Ang. Mag. Ang. Mag.  Ang (dB) K

10 0.95 -2° 7.35 174.6° 0.003 84.3° 1.01 -1° 17.3 0.11
100 092 —-11° 7.5 168.0° 0007 79.0° 099 —4° 17.1 0.18
250 0.87 —28° 6.83 154.5° 0015 692° 096 —10° 167 029
500 0.78 —54° 628 1350° 0026 540° 090 —18° 160 042
750 0.69 —78° 567 123.0° 0033 414> 084 -25° 15.1 0.53
1000 0.63 —-98° 5.04 113.0°  0.037 33.0° 0.79 —-30° 14.1 0.67

1250 060 —114° 442 99.9° 0.038 29.3° 077 -33° 130 081
1500 060 —127° 3.88 87.0° 0039 280° 076 -35° 11.8 091

Figure 4.4.10 S parameters of the transistor, K factors, and |S,, |2in decibels.

Solution. The transistor is certainly capable of providing a transducer power gain of
10 dB. However, since K < 1, the transistor is potentially unstable and a stability
analysis must be performed. Also, observe that above 1250 MHz the phase of S, is less
than 90°, and a portion of the output voltage is in phase with the input.

The input and output stability circles are given in Fig. 4.4.11. The analysis of the
output stability circles show that a shunt resistor of 300 Q at the output of the
transistor provides stability. The resulting S parameters for the network shown in Fig.
4.4.12a are given in Fig. 4.4.12b. The stability of the network in Fig. 4.4.12a is much
improved.

C, C.
F _— Stable _— Stable
(MHz) Mag. Ang. r Region Mag. Ang. r. Region
10 1.27 —43° 0.90 Inside 1.05 13° 0.24 Outside
100 30.53 88° 30.34 Outside 1.13 21° 0.37 Outside
250 4.61 89° 424 Outside 1.26 32° 0.54 Outside

500 3.61 103° 3.08 Outside 1.40 39° 0.64 Outside
750 2,63 117° 1.96 Outside 1.39 42° 0.58 Outside
1000 226 129° 1.46 Outside 1.41 44° 0.53 Outside
1250 2.14 140° 1.24 Outside 1.40 44° 0.46 Outside
1500 1.99 150° 1.04 Outside 1.39 45° 0.42 Outside

Figure 4.4.11 Stabilitv circles locatione
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B s
23000
<
(a)
Sl 1 SZ! SIZ 522 2
F 155,
(MHz) Mag. Ang. Mag. Ang. Mag. Ang. Mag Ang (dB) K [A|
10 095 —2° 630 174.7° 0.003 844° 0.72 —-1° 1598 14 069
100 092 —11° 6.3 168.3° 0006 79.3° 0.71 —-4° 1575 1.1 066
250  0.87 —28° 588 155.2° 0013 699° 069 —10° 1538 094 0.6l
500 0.79 —53° 544 136.1° 0023 S551° 065 —19° 1471 1.0 054
750  0.70 —77° 494 1245° 0029 429° 061 —26° 1388 12 045
1000  0.64 —-97° 442 1147° 0032 347° 057 -=32° 1290 14 037
1250 061 —113 389 101.7° 0033 3L.1° 056 -35° 1179 1.6 034
1500 060 —126° 342 88.8° 0034 298° 055 38 1067 19 033
(b)

Figure 4.4.12 (a) Stabilized transistor network; (b) the resulting S parameters.

The gain |S,,|* is reduced because the 300-Q resistor dissipates some of the
output power. Still, the network in Fig. 4.2.12a can easily provide the transducer power
gain of 10 dB. The §;, and §,, parameters are large, showing that the input and output
VSWR are poor. The phase of §,, above 1250 MHz remains less than 90°.

The shunt negative-feedback resistor—inductor combination, shown in Fig. 4.4.13,
can now be designed to provide a flat gain of 10 dB (ie., |S,,|* = 10 dB or |S,,| =
3.16) with 50-Q input and output impedances. The value of R, is calculated using

(4.4.6), namely
R, = 50(1 + 3.16) = 208 Q
2082 28nH
R2 L,
0 O
b—0 O
508 input R 3
S
+ matching 'S 300&
v, (~ network
- —o o— o o

CRECICIE I ol N

P AR | PO

e

Output
matching
network

o
5509

stoeael and this matehine nstwaorkc
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The value of L, is designed to provide negative feedback above 1200 MHz (i.e.,
to decrease the gain, so that the phase of S,, in the feedback network remains above
90°). That is, the value of L, is selected from

L 208
27 2m(1200 x 10°)

The resulting S parameters of the feedback network in Fig. 4.4.13 are given in
Fig. 44.14. We can observe from Fig. 4.4.14a that negative feedback has reduced S,
and S,, considerably. The input VSWR is less than 2, except at 1500 MHz. Also, the
gain | S, |2 in decibels in a 50-Q system is close to the designed value of 10 dB over the
frequency band.

In order to improve the input and output VSWR, and to flatten the gain, the
feedback network elements (i.e., R, and L,) can be varied using trial and error. Obvi-
ously, the number of calculations required are considerable and CAD methods are
necessary.

This example is revisited in Appendix A, where CAD methods are used to
optimize the feedback network design. In fact, it is shown that using R, = 274.8 Q and
L, =129 nH results in the S parameters given in Fig. 4.4.14b. From Fig. 4.4.14b it is
observed that the gain flatness is improved.

R, = oL, ;= 1200 Muz or =28 nH

Sl 1 SZ] Sll S22
F 182417
(MHz) Mag. Ang. Mag. Ang. Mag Ang Mag Ang (dB) K |A|
10  0.08 17°  2.68 176.7° 0.184 1.0° 004 140° 858 125 0.50
100  0.07 17° 267 1755° 0.182 -=29° 007 113° 853 126 048
250  0.08 11°° 273 171.5° 0.180 —9.6° 0.14 93¢ 874 123 048
500 0.10 —-5° 303 163.7° 0.172 -—-204° 0.26 77° 9.62 1.14 051

750  0.12 —46° 337 156.6° 0.154 —326° 035 62° 1056 1.11 0.53
1000 0.18 =77° 365 1463° 0133 —436° 044 45° 1125 110 0.54
1250  0.28 —-93° 379 1289° 0.112 -544° 0.56 26° 1158 108 0.56
1500 039 —109° 370 109.5° 0087 —64.1° 0.65 8 1135 112 0.55

S 11 Sll S 12 S 22 2
F 1821
(MHz) Mag. Ang. Mag. Ang. Mag Ang. Mag Ang (dB) K |A|
1000 0.18 5° 314 176.3° 0.161 1.0° 007 20° 995 122 052
100.00 0.18 —-4° 311 1730° 0159 —19° 008 32° 986 123 0.51

250.00 0.17 —-22° 310 1655° 0.156 —6.8° 0.11 45° 983 125 0.0
500.00 0.18 —52° 317 153.7° 0.148 —140° 017 49° 1001 126 049
750.00 0.21 —87° 320 1458 0.134 -212° 021 44° 1011 133 047
100000 025 -—110° 3.19 1374° 0.20 -266° 025 36° 1006 140 044
125000 030 —120° 3.14 1242° 0.109 -31.2° 034 25° 995 145 044
150000 036 —128° 3.06 109.5° 0098 —357° 043 15° 9.72 149 045

Figure 4.4.14 (a) S parameters of the feedback network with R, = 208 Q and
L, =28 nH; (b) S parameters of the feedback network with R, = 274.8 Q and
L, =129 nH.
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Further performance improvements can be obtained with the addition of input
and output matching networks, and using CAD methods to optimize the overall design
for a flat transducer power gain of 10 dB with good input and output VSWR. The
optimization and final design are discussed in Appendix A.

A matching network produces the desired match at one frequency and
matching degradation occurs at the other frequencies. Fano [4.11] has derived
a complete set of integrals that predict the gain-bandwidth restrictions for
lossless matching networks terminated in an arbitrary load impedance. The
derivations of the results are covered in Fano’s paper and only the appropriate
results will be given. For the network shown in Fig. 4.4.15a, the best I" that
can be achieved over a frequency range is restricted by the integral

® T
In|=ldw <— 44.7
LT RC (44.7)
r r
o ’ o-
L Lossless l o Ls Lossless R
matching c 3R matching
> network r T 1 > network c
(e, l - O~ |
w, R W, X 1
Q,= - Q, = — = w,RC Q, = ° Q= = =
2 oy~ W, X, “o 2wy - w, ' R w,RC
(a) (b)
r r
O- O-
L. L
Lossless 2 — Lossless
matching EL :; R matching
> network r w > network R
O- 1 O
@ R R w X, wel
QZ:w—ow 01=;—= L % _° Q1=-§~= :?
b 3 L Wo Wy Wy
(c) (d)

Figure 4.4.15 Network topologies used in the calculations of the gain-bandwidth
limitations.
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Equation (4.4.7) expresses the fact that the area under the curve In|1/I"| cannot
be greater than n/RC. Therefore, if matching is required over a certain band-
width, it can be obtained at the expense of less power transfer.

The best utilization of the area under the curve In|1/I"| is obtained when
|T"| is constant over the frequency range w, to w, and equal to 1 outside that
range. This situation is illustrated in Fig. 4.4.16, and it follows from (4.4.7) that

Irl — Fx = e—n/(wb—wa)RC

or
I, = e ™22V (4.4.8)
where
0 R
153
X,
and
0, =—>
2 Wy — Wy,
T n| 1|
r
1 —
1
|n|:[_,—x] o
Fx B area =~ RC
1 ! > -~
W, Wy w W, wy w

(a) (b)

Figure 4.4.16 Optimum values of | T"|.

Equation (4.4.8) gives the best ideally achievable I', that can be obtained
in the band w, to w, with no power transfer outside the band. Although a
matching network satisfying the requirements above cannot be obtained in
practice, the relation (4.4.8) can be used as a guideline for the best I',.

The expression (4.4.8) can also be used for the networks shown in Figs.
4.4.15b to 4.4.15d when the appropriate definition of Q, and Q, are used.
These are given in the figures.

Example 4.4.3

Over the frequency range f, = 500 MHz to f, = 900 MHz, find the best I", that can be
achieved in the network shown in Fig. 4.4.17.
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Ty
by Lossless R=148
matching
> network C=6.8pF
Q, Q, Figure 44.17 Calculation of T',.

Solution. At f, = 700 MHz we obtain

1 1
" w,RC~ 2n(700 x 10%)14(6.8 x 10~ %)

0, 2.39

and
Q,=%=175
Then, from (4.4.8), the value of T, is
rx = e—n(1,75/2.39) = 01

The normalized load impedance of the network in Fig. 4.4.17 (ie, z = 0.28
— j468 x 105/f) is plotted in Fig. 4.4.18 over the frequency range f, to f,. Also, the
region I', < 0.1 for the ideally achievable match is shown shaded.

Figure 4.4.18 Best achievable match I',.

4.5 AMPLIFIER TUNING

The input reflection coefficient in the bilateral case is a function of the output
reflection coefficient, and vice versa. Therefore, I'\y varies with output tuning

AT vinriae with Jnmnt funine
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After an amplifier is built, tuning or alignment is necessary in order for
the amplifier to provide optimum performance. The tuning is usually done by
performing minor changes and adjusting the components of the matching
networks.

An amplifier is easy to tune when the ratios of the fractional changes in
I,y due to I';, and 'gyr due to Ty, are small.

The input reflection tuning factor )y is defined as

drlN / r IN
dr, /T,

o =

which in terms of the two-port network S parameters can be written as

_ 1Syl 1Sl Ty
I1— 8, T[Sy —Al|

In practice, a value of 5 < 0.3 produces good tunability. Equation
(4.5.1) shows that §;y can be zero under some circumstances. That is, d;y =0
when §,, = 0, which occurs when the unilateral assumption can be made. In
this case, the output tuning does not affect the input. Also, d;y = 0 when
I, =0, which is a very specific value of I'; that probably degrades the gain
and noise performance of the amplifier. Of course, é;y = 0 when S, = 0, that
is, when there is no power gain. The derivation for the output tunability factor
dour is left as an exercise.

Equation (4.5.1) can be solved for I'; in terms of d;x, namely

Oin (4.5.1)

I ITH
= + - e
IT.| o+ |a S, A (4.5.2)
where
e A+ 8,8, +85: Szlél?il (4.5.3)

25,,A

The value of |, | obtained from (4.5.2) and (4.5.3) for a given Jyy is, in
general, different from the value that produces maximum power gain or opti-
mum noise performance. Therefore, this value of I'; produces good tunability
but mismatches the amplifier.

4.6 BANDWIDTH ANALYSIS

The conditions for a conjugate match at the input and output ports are
satisfied at one frequency. One reason the output power varies with frequency
is the frequency dependence of the matching networks. However, the most
important factor that limits the frequency response is the variations of the
transistor S parameters with frequency.
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The input port, under conjugate matched conditions, is shown in Fig.
4.6.1a. A conjugate match means that I', = ' or ¥, = Y& . With

Yin=G;p +jBsm
and
Y; = GS.M _st,M

the network in Fig. 4.6.1a can be represented by the RLC network shown in
Fig. 4.6.1b. The values G,  and B, ) represent the conductance and suscep-
tance obtained under conjugate match conditions.

AAAA

“Bim

vvvv
-
~000
o
l_.__.

Bom ']“

@t v w1010,
i

I
rs 1—‘IN

(a) {b)

Figure 4.6.1 Equivalent networks of the input port under conjugate match con-
ditions.

The input inherent bandwidth, (BW)iy, is the bandwidth obtained under
conjugate matched conditions where the matched terminations are determined
by the S parameters of the two-port device. The input inherent bandwidth is
given by

/
H 4.6.1
on 7 “el)

where f, is the frequency at which the conjugate matched values were obtained
and Qyy is the “que” of the equivalent input network. The value of Q,y, for the
network in Fig. 4.6.1b, can be expressed in different forms, namely

(BWyy =

R

= RC = 46.2
QIN @, w,,L ( 6 )
where w, = 2zf, = 1/./LC. Substituting (4.6.2) into (4.6.1), we obtain
. 2 G,
(BW)iy = LoGuse (63

IB\» ﬁll
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where R = 1/2G, ), and | B, ;| = w,C = 1/w, L. Similarly, the output inherent
bandwidth is given by

(BW)hyr = LAY (4.6.4)

| By ml
where Y, = Yyr.
Example 4.6.1

In the microwave transistor amplifier of Example 3.7.1 we found that for a simulta-
neous conjugate match at f=6 GHz, I'y,, = 0.762{177.3°, and I'),, = 0.718[103.9°.
Calculate the amplifier bandwidth limitation due to the matching networks.

Solution. The admittances Yjy = Y¥ and Yoy = Y associated with I'y, and Ty, are
Yin = (144 +j24.6) x 107° §
and
Your = (8.28 +j23.8) x 1073 §

The equivalent network at the input port is illustrated in Fig. 4.6.1. The equivalent
network for the output port is similar. From Yy and Yyr, it follows that G, ,, = 144
x 1073, B, , =246 x 1073, G, ,, = 828 x 1073, and B, ,, = 23.8 x 107 3. Therefore,
from (4.6.3) and (4.6.4),

26 x 10°)144 x 1073

[—
BWhiv == x 103

= 70.2 GHz

and

26 x 10%)8.28 x 1073

738 < 103 =4.17 GHz

(BW)BUT =

Since (BW)ix » (BW)hyr, the bandwidth limitations due to the matching networks are
determined by (BW)hyz-

The broad bandwidth (BW)5yr cannot be obtained in practice because of the
transistor S-parameter variations with frequency. In fact, the overall bandwidth of the
amplifier, as shown in Fig. 4.3.11d, is 980 MHz.

The inherent bandwidth of either the input or output port can be de-
creased by increasing the Q of the network. From (4.6.2), we can increase Q by
increasing the capacitance or decreasing the inductance of the network. When
Yin has a capacitive susceptance, the bandwidth is decreased by adding capaci-
tance, and when Yy has an inductive susceptance, the bandwidth is decreased
by adding inductance.

Consider the case where Yy has a capacitive susceptance. The admit-
tance Yyis given by

Yin = Gy +7Binm
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where R = 1/2G, ), and | B, ;| = 0, C = 1/w, L. Similarly, the output inherent
bandwidth is given by
2]; Gs.M

4.6.4
| Bro| (464

(‘Bw)é)ur =

where Y, = Yur.
Example 4.6.1

In the microwave transistor amplifier of Example 3.7.1 we found that for a simulta-
neous conjugate match at f=6 GHz, I'y,, = 0.762|177.3°, and T',,, = 0.718[103.9°.
Calculate the amplifier bandwidth limitation due to the matching networks.

Solution. The admittances Yy = Y¥ and Yoyr = Y} associated with I';, and T’y are
Yin = (144 + j24.6) x 1072 §
and
Your = (8.28 +23.8) x 1072 §

The equivalent network at the input port is illustrated in Fig. 4.6.1. The equivalent
network for the output port is similar. From Yy and Yoy, it follows that G, ,, = 144
x 1073, B\ =246 x 1073, G, = 828 x 1073, and B, , = 23.8 x 1073, Therefore,
from (4.6.3) and (4.6.4),

2(6 x 10%)144 x 1073
24.6 x 1073

(BW)in = = 70.2 GHz

and

2(6 x 10°)8.28 x 1073
238 x 1073

(BW)oyr = =4.17 GHz

Since (BW)ix » (BW)hyr, the bandwidth limitations due to the matching networks are
determined by (BW)hyr.

The broad bandwidth (BW),,y cannot be obtained in practice because of the
transistor S-parameter variations with frequency. In fact, the overall bandwidth of the
amplifier, as shown in Fig. 4.3.11d, is 980 MHz.

The inherent bandwidth of either the input or output port can be de-
creased by increasing the Q of the network. From (4.6.2), we can increase Q by
increasing the capacitance or decreasing the inductance of the network. When
Yix has a capacitive susceptance, the bandwidth is decreased by adding capaci-
tance, and when Yy has an inductive susceptance, the bandwidth is decreased
by adding inductance.

Consider the case where Yy has a capacitive susceptance. The admit-
tance Yy is given by

Yin = Ginom + /By
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o , Two-port
1.0 TCS Ys l ’ éLN I ? network Yo []

Yin Yin

Figure 4.6.3 Increasing Q by adding the inductance Ljy.

In the output port, the value of inductance required to obtain (BW)gyris

1
(BW)our _ 1]
(BW)our

The previous methods of adding capacitance or inductance to nar-
rowband the amplifier response does not affect the original simultaneous con-
jugate matched calculations.

The overall bandwidth of n identical single tuned networks is related to the
bandwidth of one stage, (BW),, by the relation

(BW), = (BW),/27" — 1 (4.6.6)

V1

is called the bandwidth reduction factor. In the case of two single tuned net-
works (i.e., n = 2), (4.6.6) gives

(BW), = (BW),(0.644)

L’OUT =
@, | Boutm | [

The factor

4.7 HIGH-POWER AMPLIFIER DESIGN

Thus far we have presented design techniques, based on the small-signal S
parameters of transistors, for maximum or arbitrary power gain, low noise,
and broadband amplifiers. The small-signal S parameters are not useful for
power amplifier design because power amplifiers usually operate in nonlinear
regions. The small-signal S parameters can be used in large-signal amplifiers
operating in class A (i.e,, linear output power). However, for class AB, B, or C
the small-signal S parameters are not suitable for design purposes.

A set of large-signal S parameters is needed to characterize the transistor
for power applications. Unfortunately, the measurement of large-signal S pa-
rameters is difficult and is not properly defined. Therefore, an alternative set of
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large-signal parameters is needed to characterize the transistor. This can be
done by providing information of source and load reflection coefficients as a
function of output power and gain, especially the measurement of the source
and load reflection coefficients, together with the output power, when the
transistor is operated at its 1-dB gain compression point. The listing of the
1-dB compression point data is used to specify the power-handling capabilities
of the transistor.

The 1-dB gain compression point (called G,4p) is defined as the power
gain where the nonlinearities of the transistor reduces the power gain by 1 dB
over the small-signal linear power gain. That is,

G148(dB) = G,(dB) — 1 4.7.1)

where G,(dB) is the small-signal linear power gain in decibels. Since the power
gain is defined as

Poyr
G, =
’ P

or
Pom-(dBm) = Gp(dB) + P,N(dBm)

we can write the output power at the 1-dB gain compression point, called
P 1dB>» as

P, 4s(dBm) = G, 45(dB) + Pn(dBm) 4.7.2)
Substituting (4.7.1) into (4.7.2) gives
P, 45(dBm) — P;(dBm) = G,(dB) — 1 4.7.3)

Equation (4.7.3) shows that the 1-dB gain compression point is that point at
which the output power minus the input power in dBm is equal to the small-
signal power gain minus 1 dB.

A typical plot of Poyy versus Py which illustrates the 1-dB gain com-
pression point is shown in Fig. 4.7.1. Observe the linear output power charac-
teristics for power levels between the minimum detectable signal output power
(Ps,mas) and P, 5. The dynamic range (DR), shown in Fig. 4.7.1, is that range
where the amplifier has a linear power gain. The dynamic range is limited at
low power levels by the noise level. An input signal (P, ,4,) is detectable only if
its output power level (P, ..4,) is above the noise power level.

The thermal noise power level of a two-port, with noise figure F, is given
by

Py, = kTBG,F

Observing that kT = —174 dBm (or kTB = — 114 dBm/MHz at T = 290°K)
and assuming that the minimum detectable input signal is X decibels above
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Poyr (dBm) |

Dynamic range

(DR)
Po,md: F=—- |_———____}-{—
] I
1 1 —
P; mas Pin,1a8 Py (dBm)

Figure 4.7.1 The 1-dB gain compression point and the dynamic range of micro-
wave amplifiers.

thermal noise, we can write

P; mas = —174 dBm + 10 log B + F(dB) + X(dB) 4.7.4)
and

P, mas = —174 dBm + 10 log B + F(dB) + X(dB) + G 4(dB) 4.7.5

A typical value of X(dB) is 3 dB.

As previously discussed, a power transistor can be described in terms of
the large-signal source and load reflection coefficients required to produce a
given output power and gain. Of course, these parameters are functions of
frequency and bias conditions. For example, in a GaAs FET the 1-dB gain
compression point is usually measured at a drain-to-source voltage and gate-
to-source voltage that optimizes the output power. From Fig. 3.9.7, this is
usually at I,g = 50%1 pgs.

A typical set of power reflection coefficients is shown in Fig. 4.7.2a. The
values of I'sp and I'yp denoted by points are the source and load power
reflection coefficients for maximum output power. The values of I'sp and I';p
are given for f = 4 GHz to f = 12 GHz. Figure 4.7.2b illustrates typical output
power contours as a function of the load reflection coefficient. For this transis-
tor Py4p = 19 dBm and G, 45 = 6 dB. The 18-dBm and 17-dBm output power
contours are also shown. The input was conjugately matched at all times.

A typical measuring system for large-signal parameters is illustrated in
Fig. 4.7.3. The transistor under test is placed in a measuring setup where the
dc bias and ac input signal level can be varied. The output tuning stubs are
adjusted until the power meter C measures a given power level and the input
tuning stubs are adjusted for zero reflected power (read at power meter B). The
power meter A reads the incident power, and the power gain (at given output
power level) can be obtained. Since there is no reflected power, the input port
is conjugately matched, and the output impedance is that impedance required
to produce the output power read at nower matar 7~
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8 GHz

Output power
f(GHz) Pias G,
4 19 dBm 13dB
6 18 dBm 12d8
8 18 dBm 10dB
10 17 dBm 8dB
12 16 dBm 6dB

Figure 4.7.2 (a) Typical large-signal reflection coefficients. (b) Typical output
power contours as a function of I, for a GaAs FET at f= 10 GHz, Vg =10V,
and [, = 50%]I pgs. For this transistor the optimum output power is 19 dBm at
1-dB gain compression and G, 43 = 6dB.

The transistor can then be disconnected from the test setup and the
impedance at the reference planes 4 and B is measured with a network ana-
lyzer. These measurements produce the values of I'sp and I';, for a given
output power and gain. Of course, ['gp and I';, are functions of output power
level, frequency, and bias conditions.

A source of distortion in power amplifiers is that caused by intermodula-
tion products. When two or more sinusoidal frequencies are applied to a

e o 1ot wmmbnlene AdA AaRl Feannianat AAmnAnente
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Power Power
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A B
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g 7 P stubs
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Transistor
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C
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Load Directional ?:;?n‘g
coupler
P stubs

Figure 4.7.3 Measuring system for large-signal parameters.

called intermodulation products. For example, if two sinusoidal signals
u(t) = A cos 2nf,t + A cos 2nfyt (4.7.6)

are applied to a nonlinear amplifier whose output voltage can be represented
by the power series

v,(t) = o 0(t) + oy 03(t) + o3 03(8) 4.7.7)

the output signal will contain frequency components at dc, f3, f3, 2f;, 23, 3f;,
3.1 £ 12, 2y £ 15, and 2f, + f,. The frequencies 2f; and 2f, are the second
harmonics, 3f, and 3f, are the third harmonics, f; + f, are the second-order
intermodulation products (since the sum of the f; and f, coefficients is 2), and
2f, +f, and 2f, + f; are the third-order intermodulation products (since the
sum of the f; and f, coefficients is 3). The input and output power spectra,
from (4.7.6) and (4.7.7), are shown in Fig. 4.7.4.

Figure 4.7.4 shows that the third-order intermodulation products at 2f;
—f, and 2f, — f, are very close to the fundamental frequencies f; and f, and
fall within the amplifier bandwidth, producing distortion in the output.

If we measure the third-order intermodulation product output power
(P, - r,) versus the input power at f; (P,,), the graph shown in Fig. 4.7.5
results. The third-order intercept point (called P,p) is defined as the point
where P;, and P,; _,, intercept, when the two-port is assumed to be linear.
Observe that the slope of P, is 1 and that of P, _, is 3. This occurs hecanse
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Bandwidth
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> 143 T ? W

f, 1, f, — 1 f, 1, Tzf.zf,“ 3f,T 3,
2, ~f, 26,1, ftt, 26 +4,
2%, + f,
Input Output

Figure 4.7.4 Input and output power spectrum.

for the assumed v,(t) in (4.7.7) the power of the third-order intermodulation
product is proportional to the cube of the input signal amplitude 4. The
power P, is a theoretical level. However, it is a useful quantity to estimate the
third-order intermodulation products at different power levels.

For the three-term series in (4.7.7), it can be shown analytically and
experimentally that the third-order intercept point is approximately 10 dB
above the 1-dB gain compression point. That is,

P,p(dBm) = P, 5(dBm) + 10 dB (4.7.8)
Also, it can be shown that
2P, s, =3P; — 2P
or
Pr = Poyppy,=%P1p— Py, 1) 4.7.9)

The spurious free dynamic range (DR ) of an amplifier (see Fig. 4.7.5) is
defined as the range P, — P,; _,,, when P,, _ ., is equal to the minimum
detectable output signal. Therefore, from (4.7.5) and (4.7.9),

DRf = g(PIP - Pa.mds)
=2[P,p + 174 dBm — 10 log B — F(dB) — X(dB) — G 4(dB)]

o,mds

|
[}
L >
P} mds [ P
Spurious free .
dvnamie ranne (MR .\ Figure 4.7.5 Third-order intercept point.
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Example 4.7.1

An amplifier has an available power gain of 40 dB, 500-MHz bandwidth, noise figure of
7dB, and a 1-dB gain compression point of 25 dBm. Calculate DR and DR, .

Solution. The minimum detectable input and output signals, from (4.7.4) and (4.7.5),
assuming that X = 3 dB, are

Pimas = —174 dBm + 10 log (500 x 10°) dB + 7 dB + 3 dB = —77 dBm
and
P, s = —77 dBm + 40 dB = —37 dBm

Therefore,
DR = P45 — P, mgs = 25 dBm + 37 dBm = 62 dB

The third-order intercept point, from (4.7.8), is

P;p=25dBm + 10 dB = 35 dBm
and
DR, = $(25 dBm + 37 dBm) = 48 dB

Another source of signal distortion is caused by a nonlinear phase
characteristic. For a signal to be amplified with no distortion, the magnitude
of the power gain transfer function must be constant as a function of frequency
and the phase must be a linear function of frequency. A linear phase shift
produces a constant time delay to signal frequencies, and a nonlinear phase
shift produces different time delays to different frequencies.

Output

Input matching
matching '/ network
network

Z,
Z, =
+
v, [0°

Figure 4.7.6 Method for paralleling transistors
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A ]
Hybrid Amplifier Hybrid
e > - . —O
Input divider 2 combiner Output
Y A
Amplifier
3

Figure 4.7.7 A hybrid combiner/divider.

A phase distortion called AM-to-PM conversion occurs when an AM
signal is transmitted through a power amplifier. The phase shift becomes a
function of the instantaneous amplitude of the signal, and the output phase
consists of a mean value with a small ripple. The AM-to-PM conversion is
defined as the change in output phase for a 1-dB increment of the input power.

Power transistors are provided with flanges or studs for proper mount-
ing and heat dissipation. The maximum junction temperature for a BJT is
around 200°C and the maximum channel temperature for a GaAs FET is
around 175°C.

When more power is required than can be provided by a single micro-
wave transistor amplifier, power-combining techniques are used. One can use
a method of paralleling several transistors, as shown in Fig. 4.7.6. However,
this method is not recommended, for several reasons:

1. The input and output impedance levels can be of the same order as the
losses in the input and output matching networks. For example, a 0.1-nH
inductor having a Q of 150, at f=400 MHz, has a resistance loss of
R = wL/Q = 1.6 Q, which can be similar to the input resistance of sev-

V21(50) = 70.7 Q2
50 2 Port 2
17\/4

>
Port 1 50 2 321(50) = 100 2
<

e

50 Q Port 3
V2(50) = 70.7 Q

Figure 4.7.8 The Wilkinson counpler.
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Figure 47.9 An n-way hybrid combiner/divider.

eral paralleled transistors. Therefore, the total power output that can be
obtained from several paralleled transistors is less than the theoretical
total output power because the efficiency decreases as the number of
transistors increases.

2. If one transistor fails, the complete amplifier network fails.

Amplifier

> 1 >

o Amplifier
5 > . Output

Hybrid 5
combiner

Input

R Hyprid
divider

> Amplifier
n

Figure 4.7.10 An n-way power amplifier.
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90°

29.0 dBm

Figure 4.7.11 Output power contours at
2 GHz, V=18 V, and I. = 110 mA.
(From Ref. [4.12]; courtesy of Hewlett-
@ Conjugate match ~ Packard.)

-90°

3. All transistors must be well matched for power output and gain in order
to obtain good load sharing.

A method that avoids the problem of paralleling power transistors is
shown in Fig. 4.7.7. It uses a hybrid divider and a hybrid combiner to divide
the input power equally to several amplifiers, and to combine the output
power of each amplifier. The failure of one amplifier does not cause failure of
the complete unit. The complete unit will continue to operate with reduced
output power.

A popular two-way hybrid divider known as the Wilkinson coupler is shown
in Fig. 4.7.8. It consists of two A/4 transmission lines with characteristic im-
pedances of Z, = \/5 (50) = 70.7 Q. The input signal is connected to port 1
and divides equally, both in amplitude and phase, when ports 2 and 3 are
equally terminated. No power is dissipated in the 100-Q resistor when equal
loads are connected to ports 2 and 3. If ports 2 and 3 are terminated in 50 Q,
the input impedance of port 1 is the parallel combination of the two 50-Q
loads, after each is transformed by the 1/4 line with Z, = 70.7 Q. That is, each
50-Q load transforms to 100 Q, and port 1 sees a 50-Q matched input im-
pedance. When a mismatch occurs at port 2 or 3, the reflected signals split
through the two transmission lines, travel to the input port, split again, and
travel back to the output ports. That is, the reflected wave returns to the
output port in two parts, each 180° out of phase from each other. The value of
the resistor 2Z, = 100 Q was selected so that the two parts of the reflected
wave have equal amplitude and, therefore, perfect cancellation results.

Of course, the two-way hybrid divider in Fig. 4.7.8 can be used as a
two-way combiner by applying the input signals at ports 2 and 3 and taking
the output at port 1.
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Figure 4.7.12  Design of the output matching network.

Figure 4.7.9 shows the block diagram of an n-way power combi-
ner/divider. The insertion losses of the coupler limit the overall efficiency. The
block diagram of an n-way amplifier is shown in Fig. 4.7.10.

Example 4.7.2
Design a power amplifier at 2 GHz using a BJT. The S parameters of the transistor and
power characteristics at 2 GHz are

Sy, = 0.64[153°
S, = 23210°

e
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T 135Q
2,=50Q 2,=26Q
I 1

1
| 1 ]
1 =0.088) 1=N4
50

Figure 4.7.13  Output network for the 2-GHz amplifier.

S, =007/ =8

Sy = 0.51(=119°
Pigs = 29 dBm
Gygp = 115 dB

Output power contours are shown in Fig. 4.7.11. This figure shows the loci of equal
P4 for different output loading. The input was conjugately matched at all times. The
P 4s point and the output conjugate match point were close. (This example is based on
a design from Hewlett-Packard Application Note 972 [4.12].)

Solution. The transistor is unconditionally stable at 2 GHz since K = 1.15 and
A = 0.207(58.5°. The output network is designed to provide the output power P, 5 =
29 dBm. The output matching network design is shown in Fig. 4.7.12. The 50-Q load
was transformed to a resistance of 13.5 Q using a quarter-wave transformer with
characteristic impedance Z, given by

Z, = /50(13.5) = 26 Q

A transmission line of length fd = 32° (i.e., 0.0881) was used to complete the match.
The output network schematic is shown in Fig. 4.7.13. )

In order to obtain an output power of 29 dBm, the input must be conjugately
matched. The input conjugate match is calculated using (3.2.5), namely

(0.07| —8°)2.32[10° X0.57 | 116°) [*
1 —(0.51 —119°)0.57[116°)

Tgp = T)* = [O.64| 153° +

=0.749 | —147.1°

The small-signal S parameters were used to calculate I, since, for this transistor,
at P, 45 the behavior can be assumed to be linear.

The design of the input matching network is illustrated in Fig. 4.7.14. An open-
circuited shunt stub of length 0.1854 (Z, = 50 Q), followed by a 50-Q series transmis-
sion line of length 3.5° (0.00974), were used to obtain the match. The complete ac
schematic is shown in Fig. 4.7.15.
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Figure 4.7.15 Schematic of the power amplifier.
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4.8 TWO-STAGE AMPLIFIER DESIGN

The configuration of a two-stage microwave transistor amplifier is shown in
Fig. 4.8.1. The design of a two-stage amplifier usually consists in the opti-
mization of one of the following requirements: (1) overall high gain, (2) overall
low noise figure, or (3) overall high power. In a two-stage amplifier the stabili-
ty of the individual stages, as well as the overall stability, must be checked.

Iy
Finm Toutm
F‘
T2
T L
Output
Interstage L N §S
+ matching network, N %
network, M ﬂ °
g Tours Fnz  Touraz

Figure 4.8.1 Diagram of a two-stage amplifier.

In a design requiring overall high gain, the reflection coefficients are
selected as follows:

o= Cn)*
Fine = (Doura)*

Fourm = (Min2)*
Iy =Tour)*

In a design requiring high power the reflection coefficients are selected as
follows:

I = (FIN.I)*
FIN.M = rLP,l
FOUT,M = (FIN.Z)*
r,=r LP,2
where I')p ; and ' , are the large-signal load reflection coefficients of T1 and
T2. In other words, the design of N, results in I', = I'; , and the design of M
is for a conjugate match at its output [i.e, Ioyra = (I'n.2)*] and at its input

Cine = Tipy (i, to present 'y p , to transistor T'1). The network N presents
a conjugate match at the input of transistor T'1.
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In a low-noise design, the reflection coefficients are selected as follows:
I,=ro,,
Finge = Toura)*
Fourm = | JA
ry=(r OUT,Z)*

where I', ; and T, , are the optimum noise source reflection coefficients for
stages 1 and 2, respectively.

From (4.2.4), the overall noise figure of a two-stage amplifier depends on
F,, F,, and G,,. The transistor of the first stage is usually selected to have low
noise figure and a higher noise figure is permitted in the second stage. Al-
though some trade-offs between noise figure and gain are possible, usually the
optimum noise match with I, ;, and I’, , is used.

PROBLEMS

4.1. (a) Show that the noise figure for a three-stage amplifier is given by

F,—1 + Fy,—1
GA! GAIGAZ
where F,, F,, and F, are the noise figures of the first, second, and third
stages; and G, and G, are the available power gains of the first and second
stages.
(b) Two cascade amplifiers have noise figures of F;, = 1 dBand F, =3 dB,and a
gain of G4, = 10dB and G,, = 16 dB. Calculate the overall noise figure.
4.2. The scattering and noise parameters of a GaAs FET measured at a low-noise bias
point (Vps =5V, Iy = 15%1 p5s = 10 mA) at f = 12 GHz are

S; =075=116°  F.,=22dB

F=Fl+

S,, = 0.01]67° T, = 0.65|120°
S, = 3.5064° Ry=10Q

S, =077 —65°
Design a microwave transistor amplifier to have a minimum noise figure.

4.3. The scattering and noise parameters of a GaAs FET measured at a low-noise bias
point (Vps = 3.5V, I, = 15%1 ,ss = 12 mA) at f = 2 GHz are

S;; =08]—=519°  F,.=125dB
S, = 0.045(54.6° T, = 0.7360°
S, = 2.15[128.3° Ry=194Q
S, = 073 =30.5°

Design a microwave transistor amplifier to have a minimum noise figure.
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4.4. (a) A manufacturer provides the information shown in Fig. P4.4 for two micro-
wave transistors. Evaluate the noise parameters for each transistor. Are the
constant-gain circles given for Gy, G4, or G, ?

(b) Verify the location of the G, = 10.7 dB constant-gain circle in Fig. 4.3.4.

Frequency = 2 GHz, 10V, 5 mA Frequency = 2 GHz, 10 V, 5 mA
S,, = 0.655 £ 162.1° S, =2.286 £45.8° S;, = 0.646 £/ 172° S, =3.042,47.9°
S,, = 0,064 £23,7° S,, = 0.569 £ —54.6° S;, = 0.051 £13.5° S,, = 0.642 /—64°
(a) (b)

Figure P44 Two microwave transistors. (From Avantek Transistor Designers
Catalog; courtesy of Avantek.)

4.5. (a) Design a microwave transistor amplifier at 2 GHz to have a minimum noise
figure using the transistor in Fig. P4.4a. Specify the resulting G, G,, and G,.
(b) Design a microwave transistor amplifier at 2 GHz to have F; = 2.5 dB using

the transistor in Fig. P4.4b. Specify the resulting Gy, G, and G,.

4.6. (a) In the network shown in Fig. P4.6, verify that |I',| = |I'\y|, where

Za—Zo
Tl =|5—%5
Z,+2Z,
and
Zin—2Z¥
Irm'= ot

(b) Show that |I",| can also be expressed in the form

O -T1¢

I'|=
R

4.7. Verify (4.4.1), (4.4.2), and (4.4.3).
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438.

4.9.

4.10.

4.11.
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l-‘lN
r‘l rl (ZIN)
z,) (zy)

N T

+
L Lossless
Vs Q\r) matching |- Lo

network

Figure P4.6

Design a broadband microwave BJT amplifier to have G, = 12 dB from 150 to
400 MHz. The transistor S parameters are as follows:

S
(MHz) S Sa1 S22

150 0.31] =36° 5 091 —6°
250 0.29| —55° 4 0.86 —15°
400 0.25| =76° 2.82 0.81 —26°

(This problem is based on an example given in Ref. [4.13].)

Hint: G, will be small and only G, should be used to compensate for the vari-
ations of | S, | with frequency. G, should be designed to provide a good VSWR at
the input. The output matching network can be designed as in Fig. 4.4.4, or for a
better match at the three frequencies an extra inductor in series with the 50-Q
load can be added.

Design a broadband microwave BJT amplifier with G, = 10 dB from 1 to 2
GHz with a noise figure of less than 4 dB. For this transistor S,, can be neglected
and the scattering and noise parameters are as follows:

f F, min
(GHz) S S S22 r, Ry (dB)
1 0.64 | —98° 504113° 0.79 | —30° 0.48|23° 233 1.45

15 060[—127° 390[87°  076[—35° 045\61° 156  1.49
2 0.59|—149°  3.I5[71°  0.75(—43° 041(88° 157 161

In this problem, design the input and output matching networks so that G, = 10

dB at the band edges only, and calculate the resulting gain at 1.5 GHz. The noise

figure over the band must be less than 4 dB.

(a) In the network shown in Fig. P4.10a, what is the best I", that can be achieved
in the frequency range 400 to 600 MHz?

(b) In the network shown in Fig. P4.10b, what is the best I', that can be obtained
in the range 6 to 12 GHz?

For the networks in Fig. 4.4.15b, c, and d, the gain-bandwidth restrictions are
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l C=100pF
Lossless Lossless c
matching matching | 3 R =50
network R=5Q network P
T, T,
(a) (b)
Figure P4.10
given by
°1 In ! dw < nRC (for Fig. 4.4.15b)
—_— —= <mn . 4.4.
b, w? | &
® 1 nL
In|=|do <— for Fig. 4.4.1
J; > n T w < R (for Fig 5¢)
© 1 7R
In|= <— f ig. 44.
L n l"dw_L (for Fig. 4.4.15d)

Show that I', can be expressed in the form given in (4.4.8) when the appropriate
definitions of Q, and Q, are used. These are given in Fig. 4.4.15.
4.12. (a) Verify the equation for &y in (4.5.1).
(b) Verify the relation between d;y and I, in (4.5.2).
(¢) Derive a relation for doyr.
4.13. (a) Show that K for the balance amplifier, using a 3-dB Lange coupler, is given

by
1+ P?
K =
2P
where
P =185l

Show that K has a minimum value of 1 when P =1 (i.e., when |S,, S;,| = 1)
and K > 1 for all other values of P.

(b) The S parameters of a transistor at 2.1 GHz are
—0.699 — j0.348
S, = —10.9 + j7.895
S,, = 0.309 +j0.459
S,, = 0.009 +j0.015

and the resulting K, K = 0.48, shows that the transistor is potentially unsta-
ble. If the transistor is used in a balanced amplifier configuration, calculate
the resulting S parameters and K.

e
]
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4.14. The S parameters of a transistor at 8 GHz are

S;y = 0.75[ —100°

Sy =25(93°
S;,=0
S,, =07 —=50°

Determine

(a) The terminations for Gy may -

(b) The inherent bandwidths and Q of the input and output networks.

(¢) The additional elements (C or L) that must be added to the input and/or
output networks to make the bandwidth 20% of the inherent bandwidth.

(d) The optimum terminations for part (c) and the resulting G .

4.15. In a microwave transistor amplifier it is found that I'),, = 0476 166° and I'y,; =
0.84672° at f = 4 GHz. Calculate the amplifier input and output intrinsic band-
widths. If the bandwidth is to be limited to 400 MHz, find the value of Cqyy or
Loyt that must be added to the output network.

4.16. Analyze the Wilkinson coupler shown in Fig. 4.7.8.

4.17. An amplifier has a transducer power gain of 30 dB, 800-MHz bandwidth, and a
noise figure of 5 dB. The 1-dB gain compression point is given as 28 dBm.
Calculate DR, DR, and the maximum output power for no third-order inter-
modulation distortion.

4.18. The specifications for two power GaAs FETs at 4 GHz are as follows:

P4 (dBm) G4p (dB) G, (dB)

FET 1 25 6 7
FET 2 20 8 9

Show that the two-way power amplifier shown in Fig. P4.18 can be used to
deliver Pgyy = 27.7 dBm, at 1 dB compression, with Py = 6.3 dBm. The loss of
the two-way combiner/divider is —0.3 dB. Specify the FET that must be used in
each stage, and indicate the power and gain levels at all points.

Hint: The power at the output of the divider is 19.9 dBm.

19.9 dBm
P = Pour =
6.3 dBm Two-way Two-way 27.7 dBm
divider combiner
19.9 dBm

Figure P4.18
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4.19. Design a power amplifier at 4 GHz using a BJT. The S parameters of the tran-
sistor and power characteristics at 4 GHz are

Sy, = 0.32[=145°

Sy, =138 —113°

Sy, = 008 —98°

Sy, =08 —177°
Pigs = 27.5 dBm
Gygp =7 dB

I =0.1[0°

4.20. In the two-stage amplifier shown in Fig. 4.8.1, transistors T'1 and T2 are poten-
tially unstable. Can the overall amplifier be unconditionally stable?
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