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Simplified Design of Impedance-Matching
Networks

In Three Parts* — Part III, Some Special Applications

BY GEORGE GRAMMER, WI1DF

e The concluding article of this series
discusses the problem of loads that can
vary over a range of impedances, and
describes some useful applications of net-
work prineiples.

Parts 1 and IT of this series should have no

difficulty in perceiving that the same
methods can be used to construct more com-
plicated networks, whenever there is occasion
for using something more elaborate than the J,,
pi and T. The L seetion is the building block in
euch case, and a great variety of cireuits is pos-
sible. A few of the more useful arrangements
are discussed below. First, however, it is neces-
sary to say something about matching a range of
impedances with a given network, the earlier
discussion having heen confined to the case
where the load is a pure resistance of fixed value.
The most important practical case is a pi-net-
work tank cireuit connected to a transmission
line.

READERS who have followed the discussion in

Load-Impedance Range

The input impedance of a transmission line
will be a pure resistance equal to the line’s char~
acteristic impedance, Zy, only when the line
is perfectly matched at its output end. If there
are standing waves on the line the iuput im-
pedance may be reactive as well as resistive, and
the resistance will not, in general, be of the satne
numerical value as the line Zy.

In this application of the network the design
limits for matching will be determined by the
range of variation of line input impedance. 'This
in turn is a function of the standing-wave ratio
and line length. Considering the line input
impedance to be represented by a resistance
and reactance in parallel, us in Fig. 13, the
extremes of resistance and reactance variation
are given by the following table:

S.V.R. Min. X Min. R Maz. R
2t 1 1.3Z, Zo/2 270
3tol 0.75Z4 Zu/3 YA
4 to 1 052() Z()/“i 4Z0
b to 1 04Z() Zn/5 5Zu

The reactance figures are rounded, but are close
enough for design purposes. (The maximum react-
ance in this equivalent input circuit will be in-
finite — meaning, merely, that it can be ignored,

®Vart 1 of this article appeared in March, 1957, QST,
and Part 1T appeared in April, 1957, QST.
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since it is in shunt with the resistance.) The worst
case, 80 far as compensating for reactance is con-

XLE %R xc:E %R

Fig. 13 — Parallel-circuit equivalents of transmission-
line input impedance.

cerned, is minimum X 1t may be either inductive
or capacitive.

The first thing to find, then, is what the
maximum 8.w.r. will be. This may be & matter of
the known characteristics of the antenna system,
or an arbitrary limit may be set from other eon-
siderations such as line loss. Losses in coax will
not be increased intolerably if the s.w.r. is as high
as 3 to 1. From the table, the minimum shunt
reactance will be 0.75Z, for this s.w.r., and the
load resistance will vary from Z,/3 to 37¢. In
terms of 52-ohm line, for exainple, this means
that the minimum shunt reactunce presented to
the output terminals of the network by the line
will be 0.75 X 52 = 39 ohms, and that the re-
sistance can be anywhere between 17 ohms and
156 ohms. The actual values in a given case will
depend on the line length.

The reactance and resistance can be treated
sepatately. If we eliminate the effect of the
reactance first, we ure then left with a simple
resistance load, and this can be handled by the
method described in Part II. Fig. 14 shows the

o fYXYJY\ . LINE
] NETWORK—[- _[_LL
~X X RS (A)

X
o = .

X3

o Y YT o

J_Pl NETWORK

T Xy TXa * g% <B)
°

Fig. 14 — Equivalent circuits of line input impedance
connected to output terminals of a pi-network tank
eircuit.

two’ possible cases. If the reactive component
of the line input impedance is capacitive, as at
A, it is obvious that X3 and X¢ are in parallel;
that is, the capacitance represented by the re-
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actance X¢ adds to the capacitance of X3 If
the pi network has been designed to match A
without considering X¢, the presence of Xo
will destroy the match. However, this is han~
dled quite easily by reducing the capacitance of
Xy until the total capacitance, both physically
in the output capacitor of the pi network and
inherently in the line input impedance, is equal
to the proper design value. Provided the ca-
pacitance of Xy is continuously adjustable from
essentially zero to its maximum value, it will
usually be possible to get complete compensation
by simple adjustment of the pi-network output
vapacitance.

It the line input impedance is inductive, as
in Fig. (4B, the effect iz opposite to that just
deseribed -— that is, the capacitance of Xy must
be increased to compensate. Actually, enough
additional eapacitance must be supplied to
resonate with Xy at the operating frequency.
This forms u parallel-resonant circuit that, in
effect, removes Xj, from the circuit. The total
capacitance required in Xy then is the original
design value for matching R plus the additional
capacitance needed to resonate with X'x.

The minimum capacitive line reactance to he
expected with 52-ohm line and an s.w.r. of 3 to 1,
39 ohms, is equivalent o a capacitance of 1170
puf. at 8500 ke. At this frequency, therefore,
the actual output capacitance in use in the net-
work will be reduced by 1170 puf. from the value
theoretically required for matching. On the
other hand, if the line input reactance ig induc-
tive, 1170 upf. will have to be added to the the-
oretical network output capacitance to compen-
sate. In terms of actual components, the lower
frequencies obviously present the most difficult
case because low reactances mean large values
of compensating capacitance.

The variation in the resistive component of the
line input impedance affects both the series in-
ductance and output shunt capacitance of the net-
work. For a 3-to-1 s.w.r. the load resistance may
vary over u 9-to-1 range. The extremes of this
range call for quite different network values,
particularly if a fairly wide frequency band such
a8 3500-4000 ke. must be covered. Using the
earlier example of o tube requiring a 2000-ohm
load, and assuming that the operating @ will
be 12 at all frequencies, the induetive reactance
values required in the network are 172 ohms for
matching 17 ohms, and 210 ohms for matching
156 ohms. The corresponding inductance ex-
tremes at 4000 and 3500 ke., respectively, are
6.9 wh. and 9.5 gh., so the network in-
ductance should be variable through this range.
So far as the output capacitance is concerned,
it ean be shown that when the virtual resistance
I is constant (that is, 4 constant-@) network) the
reactance Xpi required for matching in the
output L section reaches a minimum value
equal to the load resistance when the load resist-
ance is twiee the virtual resistance (I-~section
) =1). Bince the virtual resistance in the
example is 13.8 ohms, the maximum output
capacitance will be'needed when the load is 27.6
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ohms, which also is the value of reactance re-
quired. At 3500 ke., this represents a capacitance
of 1650 ppf.

Fixed Tank Inductance

When a fixed value of inductance is to be used
to cover a band it is necessary to resort to the
formulas given in Footnote 9, Part II, for an
exact_solution, When the load as well as the
frequency are subject to change it is not to bhe
expected that the spproximate method deseribed
earlier, for a constunt load over a frequency
band, will work ag well, but it will at least serve
a8 a starting point.

In the example above an inductance of 6.9 uh.
obviously should be choseun, since this is the larg-
est value that will work under all conditions at
4000 ke, and provide the minimum desired ¢ of
12, At 3500 ke, this inductance will have » react-
ance of 151 ohms. The agsumption that @ will be
inversely proportional to frequency requires ¢
to be 13.7 at 3500 ke. and makes Xg; 146 ohms,
a8 shown in Part 11. This is less than 151, but by
such g small margin that it immediately suggests
that a higher operating ) will be required, es-
peciully with load resistances toward the maxi-
mum end of the range where Xs2 becomes larger.
Claleulation by the simplified formulas then be-
comes a matter of trial and error. The actual @
values turn out to be 14.1 when the load is 17
ohms and 16.8 when the load is 156 ohms.

On the whole, it scems desirable fo make
provision for adjusting the tank inductance
values, since thig makes for greater flexibility in
impedance matching and offers better control
over the operating €. If the inductance cannot
be made continuously varisble bhetween the
limits required for the extreme cases, provision
should at least be made for two or more fixed
values when attempting to cover & wide band
such a8 3500-1000 ke!® On bands where the
width i8 only a small percentage of the center
frequency the problem is of course cousiderably
less difficult. In any case, it is taken for granted
that the input and output eapacitances will be
continuously variable.

The problem of matching a wide range of
load impedances over s band of frequencies
can be simplified considerably if the network is
designed for a fixed value of pure resistance
a8 a load, and then steps are tuken externally
to make sure that the load presented to the
network 18 the design value. This means that
if the uctual load is somecthing else, o special
matching circuit is inserted between it and the
pi-network tank so the tunk sees the load
it should. The idea is fundamentally the same
a8 that of using a 115-volt lamp on a 115-volt
circeuit, instead of trying to make the eircuit
handle all lamp ratings from, say, 32 volts to
230 volts. In other words, you don’t have to
rebuild the transmitter when you try out & new
antenna system.

1 The writer has uged a small tapped a;uxdlia.ry coil for
providing relatively fine adjustment of inductance, with a

separate switch, where a large number of taps on the main
tank inducfance was inconvenient.
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Fig. 15 — The pi-L network. The
block diagram at B shows the cir-
cuit broken down into its L-seetion
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~Xs3 romponents.

The Pi-L

Adding an L section to a pi-network tank
eircuit increases the flexibility of the system in
handling loads varying over a range of im-
pedances and also adds to the selectivity. This
combination has been used in commercially
built transmitters (e.g., the Collins 32V series)
and has the fundamental form shown in Fig. 15A.
It may be broken down into three L networks,
two of which constitute the pi network as shown
in Fig. 7, Part II (the same notation for com-
ponents is used here).

The third L is to the right of the dashed line
in Fig. 15B; as shown here it is a step-down net-
work looking toward the load, R3, but a step-up
network could be substituted if desired. Each of
the three 1 sections would be designed according
to the principles previously outlined, keeping
in mind the relationships that must be satistied
between the values of the various resistances,
real or virtual.

In Fig. 158 there are two virtual resistances,
R and Rpy, the actual load resistance being R,
Suppose that s is 52 ohms, and that the whole
network is to be used under the same conditions
us the example considered in Part 11 —i.e., to
present a 2000-ohm load to the final amplifier
tube. 1n this case a desirable value of tank @
no doubt would be a determining factor, so let
us assume that the design value of @ again will
be 12. As described earlier, this immediately sets
the value of the virtual resistance B, hence Xgo
and Xps also would have the same values as in
the previous example: R = 13.8 ohms, Xy = 166
ohms, and Xpe = 167 ohms,

The network between R and Rj is obviocusly a
T with 4 virtual resistance Rp;. It was shown in
Part II that this resistance must be higher than
either of the resistances, K and R, being matched.
I3, 52 ohms, is higher than R, so Rp; must be
larger than 52 ohms if a match is to be possible.
Any value lurger than this may be sclected.
if selectivity is the important consideration, a
moderately high value of ¢ will be desirable in
one or both'of the L sections formed by X:1Xey
and Xs3Xp3. We may arbitrarily select a Q (€1)
of 5 for the: Xge X2 network. Then

Xg1 = 5 X 13.8 = 69 chms
from Equation 3B, and from Equation 2A

Rpy = 13.8 (25 4 1) = 359 ohms.

May 1957

5

Thus 52 ohms (£3) must be matched to 359
ohms (Rp1) through Xgz and Xez. Following the
same method, the € ((3) of this network is
(Equation 5)

Q5 = \/ 35
52

~1=1/50 = 2.43.

Hence from Equation 2B
- 359 i
Xp3 = 2= == 148 oh
P gy T 48 0hmS,
and from Equation 3B
Xag = 2.43 X 52 == 126 ohms.

Broken down into these components, the com-
plete network is shown in Fig. 16A, where the
reactance signs again mean nothing more than

2000
e
OHMS

®)

®

g YYY L 1Y
23541 126 ).
2000
© ow R o 4es T %
o

Fig. 16— Pi-L, network example discussed in the
text.
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that opposite kinds of reactance must be used in
each L network. The various physical circuit
combinations that are possible can be appreciated
by visualizing the output L section in either of
its two forms— series inductance and shunt
capacitance, or series capacitance and shunt
inductance — combined with each of the four
forms of the pi network shown in Fig. 9, Part IL.
However, since it was assumed that the L section
was being added primarily for additional selectiv-
ity, particularly against harmonics of the operat-
ing frequency, the probability is that it will
consigt of shunt cupacitance and series in-
ductance. Added to the pi network using similar
shunt and series arms, the final appearance of
the network would be as in Fig. 16C.

In Part II it was stated that if the tank in-
ductance — that is, the series arm — of the
pi network has a fixed value for a given band,
matching ean only be effected between two
given values of resistance by varying the operat-
ing @ of the network. If the output inductance
of the pi-L is adjustable, the operating @ ean be
held constant throughout u band even though
the pi-section inductance is fixed. This is because
the virtual resistance Kpy, Fig. 15B, may be
varied at will, so long as it is larger than either
R or 3. Thus in Fig. 16 the pi-section inductive
reactance of 235 ohms will represent an induct-
ance of 10.7 ph. at 3500 ke. At 4000 ke, the same
inductance will have a reactance of 268 ohms. Of
this, 166 ohms will represent the series inductance
of the input L of the pi section, for constant
operating ¢}, so the remainder, 102 ohms, is
the series inductance Xg; of the output L
of the pi section. This leads to a new value
102/13.8 = 7.4 as the @ (&) of this L section
and a corresponding value of 770 ohms for the
virtual resistance Rpy, instead of the 359 ohms
shown in Fig. 14, The new values of Xpy, Xps,
and Xez may readily be caleulated from this.

Note that a variable inductance is still required
for working over a range, just as in the case of
the plain pi network discussed above (this
example considers only a frequency range, but
similar considerations apply where the load
can vary). In the pi-L the variable-inductance
element merely may be transferred out of the pi.
This is exactly the same thing as the “external”
network suggested in the discussion of matching
a range of impedances with the pi.

Balun Networks

A common problem is that of matching a
balanced or push-pull load to an unbalanced or
single-ended source of power. A balanced load,
in usual nomenclature, is one having its outside
ends equally “hot”’ (but in opposite phase) with.
respect to a center point which in the ordinary
case may be grounded. We may consider such a
load, assuming it to be resistive only, as consist-
ing of two identical resistances in series, each
having a value of one-half the total resistance.

Thus Fig. 17A shows a 600-ohm load divided
into two 300-ohm sections connected together at
Z. If the load is supplied from two d.c. generators
each delivering, say, 100 volts, then the potentials
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Fig. 17 — Development of the balun network.

at points A" and ¥ will both differ from that at Z
by 100 volts. With the polarities as shown,
X will be positive and ¥ will be negative with
respect to Z. As viewed from Z, this is equivalent
to saying that the voltages at X and ¥ are 180
degrees out of phase, although they are acting in
series around the circuit as a whole,

Since the two generator voltages are equal
and so are the two resistances, points Z and O are
at the saume potential. Hence a connection as
indicated by the dashed line may be made with-
out disturbing the operation of the circuit.

With this as background, imagine the two 300-
ohm resistors in Fig. 17 to represent the input
impedance of a matched transmission line. Z is
a “neutral” point, and may be taken to be at
ground potential if the line itself is reasonably
well balanced to ground. When this is so two
equal-voltage generators, each having one termi-
nal grounded, can be used to supply power to the
line, provided their voltages are out of phase
when viewed from the ground point (Fig. 17B).
As an extension of this idea, both sides of the line
could be fed from a single generator by connecting
one side directly to the generator and feeding the
other through some sort of network, such as a
transformer, that would reverse the phase or
polarity without chunging the voltage. This
arrangement, shown in Fig. 170, has a fixed
4-to-1 impedance ratio since the voltage that
is applied to the load cannot be other than twice
the generator voltage.

For maximum flexibility the arrangement
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shown at Fig, 17D can be used. There are two
networks in this circuit, one for each side of
the line. Fach provides a 90-degree phase shift,
but in opposite directions, so that the total is
the necessary 180 degrees. In addition, each
network can be designed to give a voltage step-
up or step-down —1i.e., to match any desired
impedance values — along with the proper phase
shift. The same impedance ratio must be used
in both networks, of course, since the load is
balanced. The pi network lends itself nicely to
this application.

The question of phase shift through a network
has not been considered up to this point, since
it ig8 unimportant in the types of applications
discussed earlier. It does mot in fact require
any extended discussion here, even though it
is important in the balun, becuuse the cuse of
interest — the one where a plus or minus shift
of 90 degrees is obtained — i a quite simple
one. In the pi network a phase shift of Y0 degrees
results when the maximum value of reactance
that will provide a match between two resistances
is used in the series arm. This value of reactance
is equal to the geometric mean of the two resist-
ances to be matched — that is,

Xs = A/ RiRy,

where 1 and Rs ure the two resistances. In this
case also the shunt arms Xp; and Xes have
equal reactances of the same absolute value as
Xg, but of course of the opposite type. There will
be a lugging phase shift through s pinetwork
having series inductance and shunt capacitance,
and a leading phase shift through one with series
capacitance and shunt induetance.

Suppose that the 600-ohm balanced line is to
he matched to a 52-ohm coaxial line. {Using the
basic arrangement of Fig. 17D, there will be two
networks, operating in series insofar as feeding
the balanced line is concerned. Each network

1760
—it
cL
10410 g‘ﬂsﬂ ) 3000
176 £ (A)
o
520 176 0 Tsoon
E“_‘}-L;'wn mm-L
It
[A)
176 £L
O-—t 1760.(_ (B)
4
£29 %eoon

176 01

1765 I

_ Fig. 18, A - Circuit  elements  in the balun.
B — Actual circuit after climinating the parailel-
resonant eircuit formed by L and Ci.
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therefore will see u 300-0hm load. On the input
side the generator must see a 52-ohm load. What
it actually sees is the two networks connected
in parallel, so each network must have an input
resistance of 104 ohms. Thus each network must
be designed to mateh 300 ohms to 104 ohms.

The circuit configuration that this leads to is
shown in Fig. I8A. The reactances required in
each network for a match are

X = 4/ 800 X 104 = A/ 31200 = 176 ohms.

Note that Ly and ' are in parallel, and since
they have the same reactances they form a
paralflel-resonant circuit., Such a eireuit has
infinite impedance (this is not strictly true if
there are any losses in the coil and eapacitor,
but in actual applications of this circuit it is
practically so if the circuit clements are reason-
ably low-loss) and this being the case, these two
components can be lifted out of the ecircuit
without change in its operation. This leaves the
relutively simple configuration shown in Fig.
18B.

Pi networks using this design have the mini-
mum possible operating @ (the actual value of Q
will vary with the ratio of the resistances to be
matched) and so have maximum band width.
A balun cireuit having fixed values of induct-
ance and capacitance will work well over an
entire amateur band if it is designed for the
band center and if the actual load (transmission
line input impedance ) remains resistive and con-
stant over the entire band. It is unfortunate that
4 practical transmission-line load is seldom that
accommodating.

Not-So-Obvious Forms

A few fairly familiar coupling cirenits have
the interesting characteristic of appearing to be
one thing and actually operating like something
else. An example is the antenna input eircuit
on some military receivers such as the BC-348
series where a small variable capacitor was used
for coupling adjustment between a low-im-
pedance line and the grid eircuit of the tirst r.{.
tube. This looks like u rather makeshift method
that could not possibly come close to giving
maximum power transfer. Actually it is a form of
L network und is capable of providing a quite
good match.

The essentials of the cireuit are shown in
Fig. 19A. L4y is a cireuit capable of being tuned
to and around the operating {requency, while Cy
ig a variable capacitor having a relatively small
maximum eapacitance. When L4 is tuned
exactly to the operating frequency it will have a
purely resistive impedance of some tens of thou-
sunds of ohms, if the ecircuit losses are low. The
impedance Z, looking into the input terminals,
is simply the combination of this resistance and
the reactance of (s in series,

However, if LiCy i8 not tuned to resonance but
is tuned off on the low-frequency side, its im-
pedance can be represented by a resistance and
inductive reactance in parallel, as shown in
Fig. 19B. This will be recognized ug an L net-
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Fig. 19 — Reactance adjustment making use of the
properties of a tunable circuit of purallel inductance
and capacitance near resonance.

work, and the mutehing possibilities should im-
mediately be upparent. The inductive resctance,
X1, and equivalent parallel resistance, Rp, of the
eireuit are both varied by adjustment of ("y. The
resctance of (y, also adjustable, is the series arm
of the L network, and so proper adjustment of
hoth €3 and Cq will bring about an impedance
match between the “tuned” circuit and a low-
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impedance line. Thus maximum power will be
taken from the line when L1Cy is not tuned to
regonance,

The device of using a parallel LC eircuit to
obtain smooth variation of inductive reactance
can be and has been used in transmitting circuits.
In Fig. 19C the LC' combination is merely an
adjustable X'p, using the notation of Purt I for
the L network. Xy would be computed in the
nsual way. For Xp it i8 only necessary to provide
4 purallel eireuit capable of being tuned through
resonance ut the operating frequency. Since
there will be eirculating current in this cireuit
and consequent higher intermal loss than if a
simple inductance of the proper value were
used, it i8 advantageous to use a high-@Q coil
and a high L/C ratio. However, the efficiency is
ulways less than with the simple inductance, if
equally good coils are used in both cases.

Conclusion

The design methods that have been deseribed
are essentiully simple and, once the physical
principles by which impedance transformation
takes place are thoroughiy understood, can be
applied without recourse to books or other
references if the one basic relationship is kept
in wmind: The equivalent parallel resistance of
4 eircuit containing resistunce and reactunce in
series i8 equal to the series resistance multiplicd
by (@* -+ 1). Lverything follows from that,
by elementary algebraic manipulation. You have.
to know the definitions of @ and reactance, of
course, but these are prerequisites for anvone
who hopes to undertake the design of coupling
eircuits — or the design of radio circuits of any
fype, for that matter.
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Here's the all-ham family of “Bub-
ber™ Born, W1ZD, who is director of
ARRLs Southeastern Division. From
left to right, KtGCF, W1ZD,
KIGCT, KIKKU, and KNAKKT.
For his organizational activities in
amateur radio, W1ZD was recently
given a special citation by the Edison
Award Committee.
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