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Figure 2.3.4 (a) Input equivalent circuit for a transistor in chip form; (b) input
equivalent circuit for a packaged transistor.

Example 2.3.3

The frequency response of Si: for a transistor chip is shown in Fig. 1.10.2, and its
input equivalent network is shown in Fig. 2.3.4a. Determine the values of R, L, and C.

Solution. From Fig.1.10.2,at f, = 1 GHz the input impedance associated with S
is Ziv = 50(0.2 — j0.2) = 10 — j10 Q, and at f, = 10 GHz the input impedance is Z|y =
50(0.2 + j0.15) = 10 + j7.5 Q. Hence, at w, = 2xf, we obtain

10-j10=R + j(waL _ 1 ) 23.1)
w,C
and at wp = 27f, we obtain

10+j75=R+ j(wa = L) (23.2)

w,C

From (2.3.1) and (2.3.2), it follows that R = 10 Q and

1
—10 = 2710°L - 233
d 2710°C (233)
1

7.5 = 2710"°L - 234
> = 200~ o one 234)

The simultaneous solution of (2.3.3) and (2.3.4) is L = 0.1024 nH and C = 14.95 pF.

The equivalent circuit for the transistor in packaged form is a little more
difficult to obtain. One equivalent circuit that will closely simulate the response
of S1; is shown in Fig. 2.3.4b. The resistor Ry, represents the resistance of the
package, the package inductance is Lykg, and the package capacitance is Cpkg.

2.4 IMPEDANCE MATCHING NETWORKS

The need for matching networks arises because amplifiers, in order to deliver
maximum power to a load or to perform in a certain desired way, must be prop-
erly terminated at both the input and the output ports. Figure 2.4.1 illustrates @

EX1034 / Page 3 of 32
Murata Manufacturing Co., Ltd. ‘



QEEEEEE

Sec. 2.4  Impedance Matching Networks 113
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Figure 2.4.1 Block diagram of a microwave amplifier.

typical situation in which a transistor, in order to deliver maximum power to
the 50-Q load, must have the terminations Z; and Z;. The input matching net-
work is designed to transform the generator impedance (shown as 50 Q) to the
source impedance Z;, and the output matching network transforms the 50-Q
termination to the load impedance Z;.

Although many different types of matching networks can be designed,
the eight Ell sections (also denoted as L sections) shown in Fig. 2.4.2 are not
only simple to design but quite practical. The matching networks are lossless in
order not to dissipate any of the signal power.

The ZY Smith chart can be used conveniently in the design of matching
networks. The effect of adding a series reactance element to an impedance or
a parallel susceptance element to an admittance, in the ZY Smith chart, is il-
lustrated in the following example.

Example 2.4.1

(a) Illustrate the effect of adding a series inductor L (z. = j0.8) to an impedance
7(z = 0.3 —j0.3) in the ZY Smith chart.

Solution. Figure 2.4.3 shows that the effect of adding a series inductance with
zr = j0.8 is to move along a constant-resistance circle from a reactance value of —0.3
to a reactance of 0.5. In other words, the motion is in a clockwise direction along a
constant-resistance circle.

(b) Illustrate the effect of adding a series capacitor C (zc = — j0.8) to an imped-
ance z (z = 0.3 — j0.3) in the ZY Smith chart.

Solution. Figure 2.4.4 shows that the effect of adding a series capacitor with
z¢ = —j0.8 is to move along a constant-resistance circle from a reactance value of —0.3
10 a reactance of —1.1. In other words, the motion is in a counterclockwise direction
along a constant-resistance circle.

(c) Illustrate the effect of adding a shunt inductor L (yz, = —j2.4) to an admittance
y(y = 1.6 + j1.6) in the ZY Smith chart.

Solution. Figure 2.4.5 shows that the effect of adding a shunt inductor with
YL = =j24is to move along a constant-conductance circle from a susceptance of 1.6 to a
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Figure 2.4.2 Matching networks.

susceptance of —0.8. In other words, the motion is in a counterclockwise direction along |
a constant-conductance circle.

(d) Mustrate the effect of adding a shunt capacitor C (y¢ = j3.4) to an admittance
y{y =16+ j1.6)in the ZY Smith chart.

Solution. Figure 2.4.6 shows that the effect of adding a shunt capacitor with
yc = j3.41s to move along a constant-conductance circle from a susceptance of 1,602
susceptance of 5. In other words, the motion is in a clockwise dir¢ction along a constant-
conductance aircle.

In conclusion, adding a series reactance produces a motion along @
constant-resistance circle in the ZY Smith chart, and adding shunt susceptance
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Sec.24 Impedance Matching Networks 115
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Figure 24.3 Effect of adding a series inductor to an impedance in the ZY Snuth
chart.
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zZnN=0.3-j1.1

Figure 2.4.4 Effect of adding a series capacitor to an impedance in the ZY Smith
chart.
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Figure 2.4.5 Effect of adding a shunt inductor to an admittance in the ZY Smith

chart.
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118 Matching Networks and Signal Flow Graphs Chap. 2
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Figure 2.4.6 Effect of adding a shunt capacitor to an admittance in the zy Smith

chart.
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Sec. 24 Impedance Matching Networks 119
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igure 2.4.7 Effect of adding senes and shunt elements in the ZY Smuth chart.

produces a motion along a constant-conductance circle in the ZY Smith chart.
The four types of motions are illustrated in Fig. 2.4.7.

Designing a matching network in the ZY Smith chart consists of moving
along a constant-resistance or constant-conductance circle from one value of
impedance or admittance to another. Each motion along a constant-resistance
or constant-conductance circle gives the value of an appropnate element. The
following examples illustrate the use of the ZY Smith chart in the design of
matching networks.

Example 2.4.2

Aload Zyoap = 10 + ;10 Q is to be matched to a 50-Q line. Design two matching
networks and specify the values of L and C at a frequency of 500 MHz.

Solution. Seclecting the series L-shunt C network shown in Fig. 2.4 8a, the match-
Ing network 1s designed as shown in Fig. 2.4.8b. (Sce Figure 2.4.8b on the inside cover.)
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Matching Networks and Signal Flow Graphs Chap. 2

0.2 (10 )

j0.2 (/10 )

’

L=3.18 nH

R=100

L=318nH

(b)

Figure 2.4.8 Design of a series L-shunt C matching network.
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Sec.2.4 Impedance Matching Networks 121

The motion from point A [i.e., zLoap = (10 + j10)/50 = 0.2 + j0.2] to point B is along a
constant-resistance circle, and we obtain for the inductor impedance z;, = j0.4 — j0.2 =
j0.2. Observe that point B is along the unit constant-conductance circle. The admittance
at point Bis yp = 1 — j2. The motion from point B to point C (i.e., the origin) is along a
constant-conductance circle, and we obtain the capacitor admittance yc = 0 — (—j2) =
j2(or zc = 1/j2 = —j0.5). Therefore, at point C, yiv =zin = 1 (or Ziy = 50 ) and the net-
work is matched to a 50-€2 line. At 500 MHz, the value of L is

10

= = 3.18 nH
271(500 X 10°) f

L

and the value of Cis

1
 25(27)500 X 10°

C = 12.74 pF

The matching network at 500 MHz is shown in Fig. 2.4.8c.

The second matching network is shown in Fig. 2.4.9a and the ZY Smith chart de-
sign in Fig. 2.4.9b. (See Figure 2.4.9b on the inside cover.) The motion from A to B in
Fig.2.4.9b is along a constant-resistance circle; therefore, the impedance of the series ca-
pacitor is z¢ = —j0.4 — j0.2 = —j0.6. The motion from B to C is along a constant-
conductance circle; therefore, the admittance of the shunt inductor is y. =0 —
J2==j2 (or z = 1/—j2 = j0.5). The design at 500 MHz is shown in Fig. 2.4.9c.

Example 2.4.3

Design the matching network shown in Fig. 2.4.10a to transform a 50-Q load at
the input to an admittance Your = (8 — j12) X 10-3 S at the output.

Solution. Figure 2.4.10b illustrates a motion in the ZY Smith chart from the ori-
gin (i.e., zLoap = 50/50 = 1) to your = 50(8 — j12) X 10-3 = 0.4 — j0.6. (See Figure
2.4.10b on the inside cover.) The motion from A to B produces a series capacitor hav-
ing an impedance of z¢ = —j1.21. The motion from B to C produces a shunt inductor
having an admittance of y, = —j0.6 — j0.49 = —j1.09 (or z. = 1/—j1.09 = j0.917). The
matching network is shown in Fig. 2.4.10c.

Example 2.4.4

Design a matching network to transform the load Zyoap = 100 + j100 L to an in-
put impedance of Ziy = 50 + j20 Q.

Solution. Using a normalized value of Z, = 100 €2, we have zroap = Zroap/
Z,=1+jand zixn = Zin/Z, = 0.5 + j0.2.Figure 2.4.11a shows one possible solution for
the matching network. The motion from A to B is produced by a shunt capacitor whose
normalized admittance is yc = j0.86 — (—j0.5) = j1.36 (or zc = 1/yc = —j0.735). Then,
the impedance of the capacitor is

Z = 100z, = 100(=j0.735) = —j73.5Q

The motion from B to C requires an inductor having a normalized impedance value of
21, = j0.2 — (—j0.87) = j1.07.Then

Z, =100z, = 100(j1.07) = j107 Q

The matching network is shown in Fig. 2.4.11b.
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Matching Networks and Signal Flow Graphs Chap. 2
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(c)

Figure 2.4.9 Design of a series C-shunt L matching network.

(b)
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Sec. 24 Impedance Matching Networks 123

—j1.21 (-/60.5 (1)

e |— 0
Z10AD Matching 1 j0.917
=50 Q2 § network E (50 Q) § (45.80) | |
_—O O
Your=8-/12mS Yout =0.4-/0.6
(8 - j12 mS)

Figure2.4,10 Matchinga 50-Q load to a given Your using a series C-shunt L match-
ing network.
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Figure 2.4.11 Matching a complex load to a given complex impedance Zin using a
shunt C-series 1, network.
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Sec. 24  Impedance Matching Networks 125

Sometimes a specific matching network cannot be used to accomplish a
given match. For example, any load impedance falling in the marked region
in Fig. 2.4.12a cannot be matched to 50 €2 with the network in Fig. 2.4.12b be-
cause adding a series L produces motion, in a clockwise direction, away from
any constant-conductance circle that passes through the origin.

Another observation regarding the Ell matching networks is that only
those with an inductor and a capacitor can be used to provide a match between
a resistive load and an input resistance.

In aresonant circuit, the ratio of its resonant frequency f, to its bandwidth
(BW) is known as the loaded Q of the circuit. That is,

wo
QL - BW
If the bandwidth is expressed in hertzs, we write
)
== 2.4.1

The Ell matching networks in Fig. 2.4.2 are used to provide a match at
a certain frequency. The frequency response of an Ell network can be classi-
fied as either a (two-pole) low-pass filter or a high-pass filter. At each node of
the Ell matching networks, there is an equivalent series input impedance, de-
noted by R; + jX;. Hence, a circuit node Q, denoted by Q,, can be defined at
each node as

Q, = | (24.2)

If the equivalent parallel input admittance at the node is G, + jB,, the circuit
node Q can be expressed in the form

Q, = lg;”l (2.4.3)

p

For example, the normalized series input impedance of the circuit in
Fig.2.4.8a at point B (see Fig. 2.4.8b) is 0.2 + j0.4; therefore, the circuit node
Q, from (2.4.2),is Q, = 0.4/0.2 = 2. Also, using the Smith chart, the equiva-
lent parallel admittance is readily found to be 1 — j2, producing a circuit
node Q, according to (2.4.3), of O, = 2/1 = 2, which agrees with the result
from (2.4.2).

The circuit in Fig. 2.4.8a is redrawn in Fig. 2.4.13a. The circuit is excited
with a source voltage having a 50-Q source impedance (i.e., for a proper match
at the input), and the output voltage is taken across the real part of the load im-
pedance (i.e., the 10-Q resistor). For convenience, the two 3.18-nH inductors
are combined, and the circuit can be viewed as performing a match between
a10-Q Joad and a 50-Q input resistance. The frequency response of the circuit

EX1034 / Page 16 of 32
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(a)
L
o I —
—— p— C ZLOAD
O &
ZiN =50 ()
(b)

Figure 2.4.12  Forbidden region in the ZY Smith chart to match a given Zioap to 50
Q2 using a series L-shunt C matching network,
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Sec.2.4 Impedance Matching Networks 127

is illustrated in Fig. 2.4.13b. Figure 2.4.13b shows that a peak occurs at the fre-
quency f, where the match occurs, and the filter attenuates the frequencies
above and below f,.

For a narrowband range of frequencies around f,, the filter can be viewed
as a bandpass filter with a loaded Q, which can be calculated using (2.4.1). The
equivalent bandpass filter is shown in Fig. 2.4.13c, as well as the frequency re-
sponse. This circuit was obtained by changing Zz = 10 + j20 Q to an equivalent
admittance (i.e., 50 Q in parallel with j25 Q). The tuned circuit in Fig. 2.4.13c is
loaded by the resistance Ry = 50| 50 = 25 Q. Hence, the loaded Q of the band-
pass filter is given by
: Bel _ Ry _25
LT BwW - w, R C = G~ Xc] = =1 (2.4.4)

In Fig. 2.4.13c, since the gain at f, = 500 MHz is —6 dB, it follows that the
value of |vg| is |vi|/2. Then, from Fig. 2.4.13a, we have

10 _ v

Iv,| = |vs| 0+ 20] - 2 (0.447) = |v,|(0.224)

w

Q

or

|v,|
vl

in agreement with the gain at f, = 500 MHz in Fig. 2.4.13b.

The equivalent bandpass filter helps to explain the bell-shape response of
the circuit in the neighborhood of f,. Away from the neighborhood of f,, the fre-
quency responses of the circuit in Figs. 2.4.13a and 2.4.13c are quite different.

A question arises about the relation between the circuit node Q and the
loaded Q associated with the response in the neighborhood of f,. Referring to
Fig. 2.4.13a, it is also observed that the circuit node Q looking toward the 50-
Q source is 2 (since the normalized admittance of the 50-Q source and the
—j25 Q capacitor is 1 + j2). Comparing Q, in (2.4.3) with Q; in (2.4.4), it fol-
lows that in the neighborhood of f, the loaded Q of the Ell matching networks
is given by

20 log

= —13dB

Q,
Q, = > (2.4.5)
Using (2.4.5), the loaded Q of the circuit in Fig.2.4.13a is
_9n_2_
QL o ) - 2 1

Hence, the approximate bandwidth of the circuit in Fig. 2.4.13a is

f, 500 x 10°
Q. !

BW = = 500 MHz
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Figure 2.4.13 (a) The matching network from Fig. 2.4 8a; (b) its frequency response

(the program Microcap 111 was used); () equivalent bandpass filter configuration in
the neighborhood of f,, and 1ts frequency response.
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Sec. 2.4 Impedance Matching Networks 129

The frequency response in Fig. 2.4.13b shows that the 3-dB point for f > f,
occurs at f = 720 MHz. For f < f;, there is no 3-dB point. This is due to the low
value of O, in Fig. 2.4.13a and, consequently, to the frequency response charac-
teristics of the circuit for f < f,. However, if we assume that the bell-shape re-
sponse is symmetrical around f,, it follows that the bandwidth is approximately

BW = 2(720 X 10° — 500 X 10°) = 440 MHz

in reasonable agreement with the predicted bandwidth.

The following example illustrates the bandpass characteristics of an Ell
network when a high value of Q, is used.

Example 2.4.5

The low-pass Ell network shown in Fig. 2.4.14a was designed to transform a
200-Q load to an input resistance of 20 Q (see Fig. 2.4.14b) at 500 MHz. Determine the
loaded Q of the circuit.

Solution. From Fig. 2.4.14b, the impedance at point B is zg = 0.1 — j0.3. Hence,
the circuit node Q is O, = 0.3/0.1 = 3. Also, observe that the normalized impedance
looking toward the source is zg = 0.1 + j0.3, giving O, = 3.

From (2.4.4), it follows that Q¢ is

Q,_3
=="=—-=15
Q=573
and the expected bandwidth is
f, 500X 10°
W = = = 333.33 MHz
B 0, 1.5

The frequency response of the circuit in Fig. 2.4.14c shows that f, = 500 MHz and BW =
650 X 106 — 275 X 10 = 375 MHz. Hence,

500
=— =133
0, 375

These values agree with the expected bandwidth and Q;.

In conclusion, in order to obtain a high value of Qy, the circuit node Q
must be high. For the low-pass matching circuit, the attenuation characteristics
for frequencies above f, are obviously better than for frequencies below f,. For
bandpass applications, the attenuation of the harmonics above f, is important,
and the Ell filters will provide an attenuation of —12 dB/octave.
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Chap, ,
On-'-' 3
yp=1+/3
or
Zg = 0.1 —j0.3
L=19.09 nH
ZL=j0.3
o—nn .
20 O = "
C=4.775pF L RL=2000
? —— (Yc=3) NE g (ZL=yL=1) :
v, ﬁ s
=t o |
Zn=20Q 2z5=0.1+0.3
(zn = 0.1) or
yg=1-3
Qn= 3

(@)

Figure 2.4.14 (a) The low-pass matching circuit for Example 2.4.5; (b) the design in
the ZY Smith chart; (c) the frequency response (the program Microcap-111 was used).

In many cases, the matching network provides a match to a complex im-
pedance (or admittance). The frequency response of these circuits can be ob-
tained using an excitation whose impedance (or admittance) is the complex
conjugate of the impedance (or admittance) presented by the matching net-
work. In some cases, it is convenient to represent the source excitation by its
Norton’s equivalent circuit. For example, in Fig. 2.4.10c the matching network
was designed to present an output admittance of Your = (8 — j12) mS. The fre-
quency response of this circuit can be performed using a current source in par-
allel with a source admittance of (8 + j12) mS.

When a high value of Q; is a design consideration, the Ell matching net-
works in Fig. 2.4.2 might not be suitable since the Q; cannot be controlled
when matching with two elements. In fact, with the Ell matching networks we
have to accept the resulting O, in the design. For example, in the design shown
in Fig. 2.4.13a the value of Q, is determined by the equivalent impedance at
point B—namely, z = 0.2 + j0.4; therefore, in this circuit Q, is fixed at the
value of 2.

Higher values of Q,, than those obtained with the Ell circuits can be ob-
tained using matching circuits with three elements. The addition of a third ele-
ment to an Ell matching network results in either the lossless Tee network (also
denoted as T network) or the lossless Pi network (also denoted as 17 network)
shown in Fig.2.4.15.

EX1034 / Page 21 of 32
Murata Manufacturing Co., Ltd.



Sec.2.4 Impedance Matching Networks 131

(b)

Figure 2.4.14 Continued

The addition of a third element introduces flexibility in the selection of
the loaded Q, since the equivalent series impedance (or the equivalent paral-
lel admittance) at the nodes in the circuit will determine various values of Q,.
Obviously, a high value of Q, in the circuit will result in a high value of Q;.
However, it is not simple to exactly relate Q, to Q¢ in these circuits. The Q of
a Tee or Pi network is normally taken as the highest value of Q, in the circuit.

Several equivalent series input impedances can have the same Q,. For

example, the normalized impedances z = 0.5 % j0.5 have a O, of 1, as well as
the impedances z = 1 * j1. Constant Q, contours can be drawn on the Smith

chart. This is illustrated in Fig. 2.4.16, where constant Q, contours of 1, 5, and

10 are shown.
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(c)

Figure 2.4.14 Continued

The upper and lower parts of the constant-Q contours can be shown to
satisfy a circle equation as follows. Since

_r+,x_1+F_1—U2—V2+, 2U
2 For-r a-uv+vi i a-uvr+ 2
then
|x| 2U
A e T
which can be written as
(e = !
-0 = L+ = (2.4.6)

The plus sign applies when x is positive, and the minus sign when x is negative.
Equation (2.4.6) is recognized as the equation of a circle. For x > 0, the

center in the I' plane is at (0, —1/Q,), and for x < 0 at (0, 1/Q,); the radius of
the circle is
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Zy = X Z3=JX3
o—
Zp =X ZL0AD

2N
(a)
2= jX;
O
Zy = jX Z3= X3 ZioAD
i
2N
(b)

Figure 2.4.15 (a) Lossless Tee network; (b) lossless P1 network

\1 :

+ —
2
Qn

For example, for the Q,, = 5 contour in Fig.2.4.16, the upper and lower parts of
the contour are simply one half of a circle centered at (0, ¥0.2), respectively,

with radius of
/1 + Ly 1.02
\ 25 '

The following example illustrates the design of Tee and Pi neworks for a
given Q, factor.

Example 2.4.6

Design two Tee networks to transform the load impedance Zjoap = 50 Q to the
input impedance Zi = 10 — j15 Q witha Q. of 5.

Solution. The design of a Tee matching network with a @, of 5 is illustrated in
Fig 2.4.17a, where a normalizing impedance of 50 £ was used. The motion from A to B
produces a series inductor with impedance z;, = j2;the motion from B to C produces a
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Figure 2.4.16 Constant Q, contours for Q, = 1, 5, and 10.

shunt capacitor with admittance yc=j0.96 — (—j0.4) = j1.36 (or zc = 1/j1.36=
—j0.735); and the motion from C to D produces a series inductor with impedance
z1, = —j0.3 — (—j1) = j0.7. The impedance value at point C, which touches the Q, = 5
contour, determines the Q of the network. The resulting Tee network is shown in Fig.
2.4.17b,and its frequency response at 500 MHz is shown in Fig, 2.4.17c. From Fig. 2.4.17c,

the loaded Q is calculated to be

0, = f, 500 X 10° ~
L™ BW = 568 x 106 — 382 X 10°

2.7

Itis simple to verify that the other Tee network design, shown in Fig. 2.4.17d, trans-
forms Zioap = 50 Q1o Zin = 10 — j15 Q.

Example 24.7
Design two Pi networks to transform the load impedance Zioap = 50 Q to the
input impedance Zin = 150 Q with a Q, of §.
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(a)
Z,=j350 Z, =j100Q
(z,=/0.7) (z,=/2)
o——TVN N

f

1 Zc=-j36.75 ) g Zioap =502
~ (20=-/0.735) < (z.0a0=1)

o l

Zn=10-/150
(zy=0.2~/0.3)

(b)

Figure 2.4.17 (a) Smith chart design of a Tee network for Example 2.4.6; (b) the Tee
matching network; () the frequency response (the program Microcap-I11 was used),
(d) another Tee network design.
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(d)

Figure 2.4.17 Continued
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Solution. 'The design of a Pi network with a Q,, of 5 is illustrated in Fig. 2.4.18a.
The motion from A to B requires a shunt inductor with admittance y,, = —j2.9 (or
zt, = JO. 345); the motion from B to C is produced by a series inductor with impedance
21, = JO. 55 —j0.31 = j0.24. Point Cis on the O, = 5 contour; therefore, the circuit Q is
5 Fmally, the motion from C to D produces a shunt capacitor whose admittance is
ye=0-(-j1 75) = j1.75 (or zc = —j0.571). The resulting Pi network is shown in

Fig. 2.4.18b.
It is simple to verify that the other Pi network design, shown in Fig. 2.4.18c, trans-

forms Zroap = 50 Q to Zix = 150 Q.

The design of lossless matching networks is accomplished by moving
along constant-resistance and constant-conductance circles in the Smith chart.
A question commonly asked is, “What happens if one moves along a constant-
reactance or constant-susceptance circle in the Smith chart?”. The answer is
simple: A motion along a constant-reactance circle introduces a series resis-
tance, and a motion along a constant-susceptance circle introduces a shunt re-
sistance. The resistor is positive if the motion is along the constant resistance
circle in the direction that r increases, or along the constant susceptance circle
in the direction that g increases. It is important to emphasize that resistors are
lossy elements and, in general, are avoided in the design of matching networks.

Example 2.4.8

A matching network is designed as shown in the ZY Smith chart in Fig. 2.4.19a to
transform a 50-Q2 load to the input impedance Ziy = 50(1.6 — j1.2) Q. Draw the match-
ing circuit and determine the component values.

Solution. The motion form A to B results in a series inductor of value z; = j0.6
(or Z = 50(j0.6) = j30 Q). The motion from B to C, along the constant-reactance cir-
cle xp = 0.6, results in a series resistor. The impedance at B is zg = 1 + j0.6, and the im-
pedance at C is z¢ = 2.3 + j0.6. Therefore, the value of the series resistor is r = rc —
rs =23 —1=1.3,or R = 50r = 50(1.3) = 65 Q. Finally, the motion from C to D results
in a capacitor of value yc = j0.3 — (—j0.1) = j0.4 [or z¢c = —j2.5, Z¢c = 50(—j2.5) =
—j125 Q]. The matching circuit is shown in Fig. 2.4.19b.

In a microwave amplifier (see Fig. 2.4.1), the input and output matching
networks provide the appropriate ac impedances to the transistor. The transis-
tor must also be biased at an appropriate quiescent point. A complete micro-
wave amplifier contains both dc bias components and the ac matching
networks. RFCs, bypass capacitors, and coupling capacitors need to be intro-
duced so the dc bias components do not affect the ac performance of the am-
plifier. An example of a discrete microwave amplifier is shown in Fig. 2.4.20a.
The capacitors denoted by Cp are bypass capacitors (they behave like short cir-
cuits at the frequency of operation). The RFCs behave like open circuits at the
frequency of operation, The resistors R, Rz, Rc, and R set the quiescent point
of the transistor. The input matching circuit consists of Ci and Ly, and the out-
put matching circuit consists of C; and L. In addition, the capacitors Cy and C>
act like coupling capacitors, That is, they isolate the dc bias circuit from the
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F Zloap =1

(S INEE NS e 17

Zin =3

(a)

Figure 2.4.18 (a) Smith chart design of a Pi network for Example 2.4.7; (b) the Pi
matching network; (c) another Pi network design.
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ZLQ =/121)
(2, = jO.24)
o I —
Zo=-j28.55 () 2, =j17.25 0 % Zioap =500
. (zc=-/0.571) (2,=/0.345) < (Zoap=1)
O
Zn=150 1)
(zn=3)
(b)
Z =j43.51)
(2. = 0.87)
o 411N
A Z,=-j28550 | Z;, =-j17.250 § Zioap = 50
& T (2c,==/0571) T (2¢,=-/0.345) ¥ (Zoan=1)
O —a
Zn =150 ()
(zn=3)
()
Figure 2.4.18 Continued
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Zn=50 (1.6 - 1.2)
2 T

(a)
R=650 Z,=j30 0
(r=13) (2, =40.6)
C "‘V‘V" W
1 zZc=-j1250Q < Zioap=500
T (2c=-j2.5) T (z2wcap=1)
o
Zn =50 (1.6 -1.2)
(b)

Figure 2.4.19 (a) Martching of zioan =1 0 ziv = 1.6 — j1.2; (b) the matching
circuit.
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O Ve
R,
R, ¢
RFC
RFC G
——|
C;
{1 ° —
1R8 |~\
L2
50 Q) L, E RFCE gSOQ
| oum— <
+
Vs Cs —— R, %
, |

Re —Cg —=Cpg
& s 4
(a)

Figure 2.420 (a) A discrete microwave amplifier; (b) the dc model; (c) the ac
model.

input source. The dc model of the amplifier is shown in Fig. 2.4.20b, and the ac
model in Fig. 2.4.20c.

2.5 MICROSTRIP MATCHING NETWORKS
Microstrip lines
Microstrip lines are used extensively in building microwave transistor

amplifiers because they are easily fabricated using printed-circuit techniques.
Network interconnections and the placement of lumped and transistor devices
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