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252 Chapter 5: Impedance Matching and Tuning

network is usually cheaper, more reliable, and less lossy than a more complev
design.

• Bandwidth-Any type of matching network can ideally give a perfect match (zero
reflection) at a single frequency. In many applications, however, it is desirable
to match a load over a band of frequencies. There are several ways of doing this
with, of course, a corresponding increase in complexity.

• Implementation--Depending on the type of transmission line or waveguide being
used, one type of matching network may be preferable compared to another.
For example, tuning stubs are much easier to implement in waveguide than are
multisection quarter-wave transformers.

• Adjustability-In some applications thematching network may require adjustment
to match a variable load impedance. Some types of matching networks are more
amenablethanothersinthisregard. aleuschst oe

MATCHING WITH LUMPED ELEMENTS (L NETWORKS) a ol
Probably the simplest type of matching network is the L section, which uses two

reactive elements to match an arbitrary load impedance to a transmission line. There are
two possibleconfigurations for thisnetwork,asshown in Figure 5.2. f thenormalized
load impedance, zL = ZL/Z0, is inside the 1 + jz circle on the Smith chart, then the
circuit of Figure 5.2a should be used. If the normalized load impedance is outside the
1+ jz circle on the Smith chart, the circuit of Figure 5.2b should beused. The 1 +jz
circle is the resistance circle on the impedance Smith chart for which r=1.

In either of the configurations of Figure 5.2, the reactive elements may be either
inductors or capacitors, depending on the load impedance. Thus, there are eight distinct
possibilities for the matching circuit for various load impedances. If the frequency is
low enough and/or the circuit size is small enough, actual lumped-element capacitors
and inductors can be used. This may be feasible for frequencies up to about 1 GHz or
so, although modern microwave integrated circuits may be small enough so that lumped
elements can be used at higher frequencies as well. There is, however, a large range of
frequencies and circuit sizes where lumped elements may not be realizable. This is a
limitation of the L section matching technique.

Zo jB jB Z,.

(a) (b)

Net-L sectionmatchingnetworks. (a) Network for zL inside the 1+jz circle. (0)N
work for ZL outside the 1 + jz circle.

FIGURE 5.2

5.1
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5.1 Matching with Lumped Elements (L Networks)

We will now derive the analytic expressions for the matching network elements of
the two cases in Figure 5.2, then illustrate an alternative design procedure using the
Smith chart.

Analytic Solutions
Although we will discuss a simple graphical solution using the Smith chart, it may

be useful to derive expressions for the L section matching network components. Such
expressions would be useful in a computer-aided design program for L section matching,
or when it is necessary to have more accuracy than the Smith chart can provide.

Consider first the circuit of Figure 5.2a, and let ZL = RL +jXL. We stated that
this circuit would be used when zL = ZL/Zo is inside the 1 + jz circle on the Smith
chart, which implies that R, > Zo for this case.

The impedance seen looking into the matching network followed by the load im-
pedance must be equal to Zo, for a match:

Zo =jX + jB+1/(RL +jXL) 5.1

Rearranging and separating into real and imaginary parts gives two equations for the two
unknowns, X and B:

B(KRĻ - XĻZo) = R, –Zo,
X(1–BXL)=BZ,Ri - XL.

5.2a

5.2b

Solving (5.2a) for X and substituting into (5.2b) gives a quadratic equation for B. The
solution is

XL tVRLlZoyR,+ X-Z0RL
R+XB

Note that since R> Zo, the argument of the secondsquare root is always positive.
Then the series reactance can be found as

XĻZ%
RL

Zo
BRL

1X=tB 5.36

Both of
these solutions are physically realizable, since both positive and negative values of B
and X are possible (positive X implies an inductor, negative X implies a capacitor,
while positive B implies a capacitor and negative B implies an inductor.) One solution,
however, may result in significantly smaller values for the reactive components, and may
be the preferred solution if the bandwidth of the match is better, or the SWR on the line

Equation (5.3a) indicates that two solutions are possible for B and X.

between the matching network and the load is smaller.
Now consider the circuit of Figure 5.2b. This circuit is to be used when zĻ is outside

the 1 + j circle on the Smith chart, which implies that RL < Zo. The admittanceseen
looking into thematchingnetwork followed by the loadimpedançeZL = RL t jXL

5.3a

253
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254 Chapter 5: Impedance Matching and Tuning

must be equal to 1/Zo, for a match:

Zo TRL+j(X tX)
Rearranging and separating into real and imaginary parts gives two equations for the two
unknowns, X and B:

BZ%(X+ XŁ) =Z%- Ri
(X+ XL) = BZoR,-

ccialo2 abvanA
5.5a

sot Auib5.56
SolvingforXandBgives ee ts e obio O1as

X=±/RL(Zo-RL)-XLs h e) 3.6a

Zo w gedh 5.6b
Since Ry < Zo, the arguments of the square roots are always positive. Again, note that
two solutions are possible.

In order to match an arbitrary complex load to a line of characteristic impedance
Zo, the real part of the input impedance to the matching network must be Zo, while the
imaginary part must be zero. This implies that a general matching network must have
at least two degrees of freedom; in the L section matching circuit these two degrees of
freedom are provided by the values of the two reactive components.

Shhar, the
Smith Chart Solutions
Instead of the above formulas, the Smith chart can be used to quickly and accurately

design L section matching networks, a procedure best illustrated by an example.

EXAMPLE 5.1 L-Section Impedance Matching

Design an L section matching network to match a series RC load with an
impedance ZL = 200- j100 S., to a 100SQline, at a frequency of 500 MHz.

Solution
The normalized load impedance is zL = 2-jl, which is plotted on the Smith
chart of Figure 5.3a. This point is inside the 1 + jz circle, so we will use
the matching circuit of Figure 5.2a. Since the first element from the load is a
shunt susceptance, it makes sense to convert to admittance by drawing the SWR
circle through the load, and a straight line from the load through the center of
the chart, as shown in Figure 5.3a. Now, after we add the shunt susceptance
and convert back to impedance, we want to be on the 1 + jæ circle, so that we
can add a series reactance to cancel the jæ and match the load. This means
that the shuntsusceptancemust move us from yL to the 1+ jz circle on the
admittance Smith chart. Thus, we construct the rotated 1+jr circle as shown in
Figure 5.3a (center at 0.333). (A combined ZY chart is convenient to use here,
if it is not too confusing.) Then wesee that adding asusceptanceof jb = j0.3
will move us along a constantconductancecircle to y =0,4+ j0.5 (this choice

5.4
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5.1 Matching with Lumped Elements (L Networks)

while the inductor has a value of

L=
e
:46.1nH.

257

-Zo
2rfb

Figure 5.3c shows the reflection coefficient magnitude versus frequency for
these twO matching networks, assuming that the loadimpedance of Z, = 200-
j100 2 at 500 MHz consists of a 200 2 resistor and a 3.18 pF capacitor in series.
There is not a substantial difference in bandwidth for these two solutions.

POINT OF INTEREST: Lumped Elements for Microwave Integrated Circuits

Lumped R, L, and C elements can be practically realized at microwave frequencies if the
length, , of the component is very small relative to theoperatingwavelength. Over a limited range
of values, such components can be used in hybrid and monolithic microwave integrated circuits
(MICS)atfrequenciesup to 60GHz, if theconditionthat < /10 issatisfied.Usually,howeve,
the characteristics of such an element are far from ideal, requiring that undesirable effects such as
parasitic capacitance and/or inductance, spurious resonances, fringing fields, loss, and perturbations
caused by a ground plane be incorporated in the design via a CAD model (see the Point of Interest
concerning CAD).

Resistors are fabricated with thin films of lossy material such as nichrome, tantalum nitride,
or doped semiconductor material. In monolithic circuits such films can be deposited or grown,
while chip resistorS made from a lossy film deposited on a ceramic chip can be bonded or soldered
in a hybrid circuit. Low resistances are hard to obtain.

Small values of inductance can be realized with a short length or loop of transmission line,
and larger values (up to about 10 nH) can be obtained with a spiral inductor, as shown in the fol-
lowing figures. Larger inductance values generally incur more loss, and more shunt capacitance;
this leads to a resonance that limits the maximum operating frequency.

Capacitors can be fabricated in several ways. A short transmission line stub can provide a
shunt capacitance in the range of0 to 0.1 pF. A single gap or interdigital set of gaps in a transmission

Air
bridge

Lossy film

Lossy film

S
Loop inductorPlanar resistor Chip resistor Spiral inductor

Dielectric

Interdigital
gap capacitor

Metal-insulator-
metal capacitor

Chip capacitor
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258 Chapter 5: Impedance Matching and Tuning

line can provide a series capacitance up to about 0.5 pF. Greater values (up to about 25 pF) can be
obtained using a metal-insulator-metal (MIM) sandwich, either in monolithic or chip (hybrid) form.

SINGLE-STUB TUNING

We next consider a matching technique that uses a single open-circuited or short-
circuited length of transmission line (a stub'"), connected either in parallel or in series
with the transmission feed line at a certain distance from the load, as shown in Fig-
ure 5.4. Such a tuning circuit is convenient from a microwave fabrication aspect, since
lumped elements are not required. The shunt tuning stub is especially easy to fabricate
in microstrip or stripline form.

In single-stub tuning, the two adjustable parameters are the distance, d, from the load
to the stub position, and the value of susceptance or reactance provided by the shunt or
series stub. For the shunt-stub case, the basic idea is to select d so that the admittance,
Y, seen looking into the line at distance d from the load is of the form Yo +jB. Then

Yo Yo

Y=

Open or
shorted
stub

Zo

(a)

5.2

Zo ZL

Zo Z=

Open or
shorted
stub

(b)

Single-stub tuning circuits. (a) Shunt stub. (b) Series stub.FIGURE 5.4

EX1030 / Page 9 of 22 
Murata Manufacturing Co., Ltd.



+

.

EX1030 / Page 10 of 22 
Murata Manufacturing Co., Ltd.



W
AV
YF

NC
A

TY
W
AR

-1
YA TE

IT

t
EA

NC

+

EX1030 / Page 11 of 22 
Murata Manufacturing Co., Ltd.



2.

-

o

EX1030 / Page 12 of 22 
Murata Manufacturing Co., Ltd.



+
e.

+
||

IV

EX1030 / Page 13 of 22 
Murata Manufacturing Co., Ltd.



W
AV
5L

2A
TL
--

t4

W
7

S

5.
2

EX1030 / Page 14 of 22 
Murata Manufacturing Co., Ltd.



2

+

878

.

EX1030 / Page 15 of 22 
Murata Manufacturing Co., Ltd.



37nH

H

|#
L

IV

K

EX1030 / Page 16 of 22 
Murata Manufacturing Co., Ltd.



| 6.3

9,

-
|

EX1030 / Page 17 of 22 
Murata Manufacturing Co., Ltd.



8

+

#

EX1030 / Page 18 of 22 
Murata Manufacturing Co., Ltd.



i

,

EX1030 / Page 19 of 22 
Murata Manufacturing Co., Ltd.



AE
LE

A
AE

LE
N

G
EN

ER
PR

94
7

d4
5

SA
CI
AV tt

le
sig

t
Nt

A
o

EX1030 / Page 20 of 22 
Murata Manufacturing Co., Ltd.



+

EX1030 / Page 21 of 22 
Murata Manufacturing Co., Ltd.



IA IA

IA

H
H

E

EX1030 / Page 22 of 22 
Murata Manufacturing Co., Ltd.




