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Two-Band Antenna-Matching Networks
How They Work and How To Design Them

BY JOHN G. MARSHALL,* WgARL

antenna-matching network which was de-
seribed in QST about four years ago.l One
striking example is the description of a rotary
beam which operates as a four-element on 14 Me.
and as an eight-element system on 28 Me.? Such
operation is accomplished through the use of one
of those two-band antenna networks in conjunc-
tion with another type of network in the center
of the parasitic elements, the detailed descrip-
tion of which also was given previously in QST.3
The network described in the early article! is
suitable when the transmission line’s character-
istic impedance, Z, lies between the two values
of driving-point impedance (d.p.i.) and the larger
d.p.L is at the higher operating frequency. It is
the purpose of this article to describe two-band
antenna networks that will match any combina-
tion of Zgand d.p.i.s likely to be found in present-
day antennas, and also to include more infor-
mation and more convenient formulas for the
previously described case of Z1<Zy<Zy (£} being
the d.p.i. at the lower operating frequency, fi,
and Zy being the d.p.i. at the higher operating
frequency, f2). These networks are not restricted
to a second harmonic relationship, but may be

THERE has been much interest in the two-band
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Fig. 1~ (A) Purely reac-
tive series circuit. (B) Distri-
bution of net reactance, X,
with respect to frequency.

INCREASE X

i
1
1
|
1
!
|
!
!
]
i
i

¢ Continuing correspondence about the
two-band matching network described
in QST a few years ago has prompted
WPARL to delve into the subject in
greater detail. This article is the result.
It covers all practical cases of antennas
working on two harmonically-related
amateur bands, with straightforward de-
sign formulas requiring none of the cut-
and-try that was necessary in the original
system.

connection with either the 3.5- or the 7-Me. band.

Before entering into the design and operation
of such networks, it might be well to review
briefly the characteristics of series and parallel
reactive circuits that are important to these two-
band networks.

Purely Reactive Circuits

Fig. 1A shows a theoretically perfect series
circuit of inductive and capacitive reactance. It
is generally known that the net reactance,
X = Xy, — Xo; and, when Xy, = X, the circuit
is series resonant, and X
equals zero.

Fig. 1B shows the dis-
tribution of X at frequen-
cies below and above the
resonant frequency, fo. At
frequencies below fo, X is
capacitive; at frequencies
above fo, X is inductive.
The greater the ohmic

(B)

- T ——

used on any two frequencies where the d.p.i.
ig purely resistive. This permits the use of the
same antenna, simultaneously matched to the
transmission line, on its fundamental and any
of its harmonic frequencies, or on any two of its
harmonie frequencies where f3 is an integral mul-
tiple of fi. This includes the 21-Me. band in

* Box 6023, Kansas City 4, Mo.

1 Marshall, “ Matching the Antenna for Two-Band Opera-
tion, QST, Sept., 1945,

£ Pichitino, ““A New Principle in T'wo-Band Rotary-Beam
Design,” QST, Oct., 1948.

8 Espy, “Resonant Circuits in Antenna Systems,’” QST,
Bept., 1943,
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values of X1, and X¢, and
the greater the deviation
from fo, the greater is the
magnitude of X.

When this simple series circuit is viewed from
two different frequencies, fi and fo, certain inter-
esting relations exist between the net reactance
at /1 {(Xn) and the net reactance at fo (X
Those which are important to these two-hand
networks are:

1) When fo is greater than fi and f, both X
and Xg are capacitive, but X1 is always greater
than KXy, where K is the frequency ratio,
fo/fre

2) When f is less than fi and fs, both X'¢; and
X ¢z are inductive, but Xy is always greater than
KXq.

——fy
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3) When fo is between fi and fa, X1 is capaci-
tive, and X is inductive.

4) When fo = f1, X¢1 is zero, and Xg i8 in-
ductive.

5) When fo = f,
pacitive.

Formulas for determining the amounts of Xy,
and X¢ required for obtaining desired values of
Xt and Xy are easily derived as follows:

At f1, the net reactance is

Xn = XL ot X(; ohms,
where X1, and X¢ are the reactance values ab f1.
Since Xy, varies directly with frequency and Xo

varies inversely with frequency, the net react-
ance at fa is

X is zero, and Xq is ca-

Simultaneous solution of these two equations
gives the reactance of Xy, and X¢ at the fi fre-
quency a8

KX — _)fﬁ
Xy, = =28 =28 ohms ()
and
Xo = “&f?;;!}éﬂ) hms, (2)

The appropriate signs for X and Xy should
be entered in these expressions. However, since
it has been taken into account that X7, is positive
and X¢ is negative in deriving formulas (1) and
(2), a resulting negative
answer for either X or

Oct 1949 QST - Copyright © 2008 American Radio Relay League, Inc. - All Rights Reserved

Terminology

fo— Resonant frequency.

J1 — Lower operating frequency.

f2 — Higher operating frequency.

K — Frequency ratio = fo/f1.

Zy — Characteristic impedance of transmission
line.

d.p.i. — Driving-point impedance (general).

Z1 — d.p.i. at f1.

Zs— d.pd. at fo.

Lp — Parallel inductor.

Xr1p — Reactance of Lp at fi.

C'p — Parallel capacitor.

Xcp — Reactance of Cp at fi.

Lg — Series inductor.

X1s — Reactance of Lg at fi.

(g — Series capacitor.

X — Reactance of Cs at fi.

Xp1— Net parallel reactance at fi.

Xps — Net parallel reactance at fa.

Xp1— Net balancing reactance at fi.

Xge — Net balancing reactance at fa.

existing between X and X'gp which are impor-
tant to these two-band networks are:

1) When fo is greater than f and fs, both Xg
and X'pe are inductive, but Xy is always greater
than KXy

2) When fo is less than f; and fa, both X1 and
X2 are capacitive, but Xg; is always greater than
KXt

3) When fo is between fi and f2, X¢ is indue-
tive, and X is capacitive.

X¢ indicates that an un- XL i
workable combination X —m— X= 7‘—3(5— N

and X exists. If one of <

the above five conditions *e ( A)

is satisfied, the answers to
formulas (1) and (2) will
be positive.

Fig. 2A shows a theo-
retically perfect parallel
eircuit of inductive and
capacitive reactance. A
generally known formula
for the net reactance of
this circuit is

XXy
Xc— XL
When X7, = X¢, the circuit is parallel resonant,
and X equals infinity (theoretically).

Pig. 2B shows the distribution of X at fre-
quencies below and above fo. At frequencies
below fo, X ig inductive, and at frequencies
above fo, X is capacitive. The greater the ohmic
values of X3, and X, and the less of deviation
from fo, the greater is the magnitude of X,

When this parallel circuit is viewed from two
different frequencies, fi and fs, the relations

October 1949

X = ohms,

Fig. 2—(A) Purely reac-
tive parallel circuit. (B) D
tribution of net reactance, ;\
with respect to frequency.
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4) When fo = f1, X5 is ©, and X1z is capacitive.

5) When fo = fs, X218 o, and Xy is inductive.

Formulas for determining amounts of Xy, and
X¢ required for obtaining desired values of Xg;
and X, consistent with the above five condi-
tions, are easily derived as follows:

At fy the net reactance is

Since X, varies directly with frequency and
X varies inversely with frequency, the net re-
actance at f2 is

15



e uhms.

Simultaneous solution of these two equations
gives the reactance of X1, and X¢ at the fy fre~
quency as

Xy, = Xnl® = D ohms (3)
&k - Xo )
(x X1g
and
Xo =28 D) (4)
X _ K
Xn

In the special case of where the desired X is

« (when fo = f1, as in Condition 4), formulas
(3) and (4) become equal, and reduce to
XYv=Xc= 5:{2(1[;;_{»\ ----- - phms. (5)

In the special case of where the desired X is

w {when fo = fs, a8 in Condition 5) formulas (3)
and (4) reduce to
2
Np= 20l = 1) 6)
and
Xo = Xqp(K?% — 1) ohms, {7

respectively.

As in the series circuit of Fig. 1, if the answer
to either X1, or X¢ turns out negative, it indi-
cates that an unworkable combination of X'g
and X exists.

Reactive Circuits Containing Resistance

Fig. 3A shows equivalent series and parallel
circuits of resistance and inductive reactance,
while Fig. 3B shows equivalent series and paral-
lel circuits of resistance and capacitive reactance.

Fig. 3 — Series and parallel equivalents. (A) Resistance and inductive

reactance; (B) resistance and capacitive reactance.

Many texts express the impedance of the series
circuits as Z = R 4 jXgs ohms, and that of the

para.llel clrcLuts as Z = —-1——~1—wl- ohms.

e Y%
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For each combination of Es and Xg, there is a
combination of Rp and Xp having the same re-
sulting impedance and phase angle. Then when
a series circuit and a parallel circuit are electri-
cally equivalent,

1
Rg +jXg = —1-——"“—"—1‘ .

B !X

From this basic expression, it can be shown that
the components of the equivalent parallel cir-
cuit of a given series circuit are

SN2
,RP=RS[1+(1¥5‘) ]ohms
Rg
2
.¥p=Xs[:l +( ------ )]ohms
S

From that same expression, it can be shown that
the components of the equivalent series circuit
of a given parallel circuit are

(8)
and

9}

110)

and

Xg = ——roloey ohms. {11)

%
&)

Through the use of formulas (8) to (11), inclu-
sive, it is a simple matter to convert a given

series circuit to its equivalent parallel circuit, or
vice versa.

RB.F. Transformer

A careful study of formulas (8) through (11),
or a graphical solution of them, will reveal sev-
eral interesting relations between the four circuit
elements in Fig. 8. Those important
here are:

1) With a fixed value of Kp, a
gradual increase in Xp from zero to
infinity, causes & gradual increase in
Rg from zero to a maximum, equal
to Rp.

2) With a fixed value of Rg, a
gradual increase in Xg from zero to
infinity, causes a gradual increase in
Rp from a minimum, equal to By, to
a maximum of infinity.

From these two statements, we learn that Re
is always greater than Rg and that the ratio,
Rp/Rg, is determined by Xp or Xs.

If Rg and Rp represent values of power-source
and load impedance, both of which are purely
resistive, the ratio, Rp/Rg, is, in effect, a trans-

QST for



former (impedance) ratio, and when conjugate
circuits are used, the impedance of the load is
matched to that of the power source. A step-by-
step demonstration of this is as follows:

1) The 4-ohm power source in Fig. 4A is
shunted by a parallel reactor of such value that
the equivalent series circuit contains a resistance
component equal to the 2-ohm load. A rearrange-
ment of formula (10), solving for Xp,

I ——

. Ry
‘Xp RP \jRP — Rs ohms
gives a value of 4 ohms for the parallel reactor,
as shown in Fig. 4B. (Inductive reactance was
chosen, arbitrarily.)

2) The equivalent series circuit of the 4-chm
inductive reactance across the 4-ohm resistance
is found from formulas (10) and (11), or from
formula (11) and a rearrangement of formula
{8), solving for Xg,

{12)

Xg=Raq| 22— 1 ohms
kg
shows the equivalent eircuit to be 2 ohms resist-
ance in serics with 2 ohms inductive reactance.
{Of course, from Step 1 we already knew that
the resistance would be 2 ohms.)

3) This equivalent series circuit is substituted
for the parallel circuit as in Fig. 4C.

4) A 2-ohm capacitive reactance is placed in
geries to balance out the 2-ohm indudtive react-
ance as in Fig, 4D.

5) The 2-ohm resistance and 2-ohm inductive
reactance in series is replaced by its original para-

(13)
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The type of transformer of Fig. 4F may be
used step-up or step-down, the larger impedance
always being placed across the parallel reactor,
but it must be used only on the frequency at
which the reactors are figured; this is strictly a
single-frequency transformer. Formulas (12) and
(13) give the values of the parallel and series re-
actors, respectively, for any pair of terminations.
Similar formulas were given previously in articles
describing certain single-band antenna-matching
transformers.?

As far ag the networks to follow are concerned,
it is convenient to view all transformer ratios
from the direction that makes them step-down.
When doing this, the function of the parallel
reactor is to establish the transformer ratio, i.e.,
the ratio between the resistance connected to the
high-impedance side of the transformer and the
resistance component of the equivalent series
circuit (of the reactor across the resistance con-
nected to the high side); and the function of the
series reactor is to balance out the resulting re-
actance component of that same equivalent series
eircuit.

Using the above reasoning in the example of
Fig. 4, the 4-chm parallel reactor establishes the
transformer ratio, and the 2-ohm series reactor
balances out the reactance component of the
equivalent series circuit of the 4-ohm inductive
reactance in parallel with the 4-ohm power
source.

The above analogy serves to separate the fune-
tions of the two reactive elements that make up
the basic transformer. To understand the “mech-
anix” of the two-band networks to follow, a

substantial knowledge of these
transformer effects will be helpful.

20, Two-Band Networks
The theory of the fundamental

I 24
40 203 an} n 20 20
A i Tt
me B lo)d
(A)
20 20
20 20

eircuits of Figs. 1, 2 and 8 com-
bines with the transformer charac-
teristics disclosed in Fig. 4 to make
up these two band networks. All of
their formulas were derived from
basic formulas (1) through (13)
of those basic circuits.

There are several possible cir-

(D) (€)

Fig. 4 — Development of an r.f. transformer using shunt and series

reactances. See text for discussion.

lel equivalent as in Fig. 4E, making a transformer
of 2 to 1 impedance ratio, the elemenis of which
are shown in Fig. 4F.

The above results are duplicated, of course, by
employing a capacitive shunt reactor and an
inductive series reactor. There are other ap-
proaches that might be used to demonstrate
this transformer ratio, but the one used here
fits into the two-band networks nicely.

October 1949

cuits for two-band antenna net-
works. However, only three of
them are required to cover the
combinations of Zy, Zi, and Zg
existing in present-day antennas.
Each of these likely combinations will fall into
one of the following general cases:

(1) Zo < Zyand Z (2) Z1 < Zy < Zy
(3) Z1and Zs < Zy

A network capable of handling each of these

(F)

4 Andrew, ‘““An R.F. Matching Network for General
Use,” QST, Oct., 1939; Gadwa, “An Impedance-Matching
Transformer,” QST, Feb., 1943,
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three general cases will be described, separately,
in turn.

For the sake of example, a few common radiat-
ing systems will be classified into the three
general cases. Reference to a long-wire system
includes the “V”’ and the unterminated rhombic
as well as the simple long wire, which will be
considered as a wire one wave-length or more
long at fi. Factors such as proximity to ground
and other objects affect the value of d.p.i., and
under extreme conditions a certain radiating
gystem might not fall into the general case under
which it is grouped. This will be disclosed, how-
ever, when determining the values of d.p.i,
which will be discussed later.

Case of Zy,<Z; and 22

This general ease covers such systems as:

1) A current-fed half-wave doublet at fy, also
operating on any harmonie, fa, of fi, using 53-
ohm line. When K = 2, this system is two half
waves in phase at f2, voltage fed.

2) A center-fed two half-waves-in-phase (collin-
ear) system at fi, also operating on any har-
monie, fe, of fi, using any type of line. This an-
tenna is voltage fed at both fi and fa.

3) A long-wire system, current fed at fy, also
operating on any harmonie, f2, of f1, using 53- or
75-ohm line.

4) A long-wire system, voltage fed at fy, also
operating on any harmeonic, f, of fi, using any
type of line. This antenna is voltage fed at fs,
also.

Fig. 5 shows a suitable network for this gen-
eral case of Zy < Z1 and Zs,

11
MLS ch
Line t £ nt.
Ls Cs

: Lro—I}

Fig. 5— Two-band network suitable when the line
impedance is less than the driving-point impedances.

The reactance of Lp and Cp in Fig, 5is propor-
tioned so that:

1) At fi, the neb reactance, Xpi1, is inductive
and of such magnitude that the resistance com-
ponent of the equivalent series circuit of Xp; in
parallel with Z1 equals Zy; and

2) At fa, the net reactance, Xps, is capacitive
and of such magnitude that likewise establishes
the correct transformer ratio between Zs and Zo.

Sinee Xp; is inductive and Xpp is capacitive,
condition (8) of the basie parallel circuit of Fig.
2 is satisfied. .

From basic formuls (12), the required net re-
actance of Lpand Cp at f1is -~

Z
Xpy =27y E—-—O«;y ohms;

1= 49

18
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and at fa it is
Xpy= — Za \/ %0 ghms,
Z Y,

Then, from basic formulas (3) and (4), the
reactance of Lp and C'p at the fi frequeney is

r -2
Xpp = SRLAET -1

22 ohms (14)

and

respectively.

The reactances of both sets of Lg and Clg are
simultaneously proportioned so that:

1) At fi, the total net reactance, Xgy, is equal
in magnitude but opposite in sign to the react-
ance component of the equivalent series circuit
of X'p1in parallel with Z;; and

2) At fo, the total net reactance, Xns, likewise
balances out the reactance component of the
equivalent series circuit of Xpg in parallel with Zs.

Then, Xp; must be capacitive, and Xpp in-
ductive. This satisfies condition (8) of the basic
series circuit of Fig. 1. From basic formula (13)
the required total net reactance of Lg and Cs at
His

Yoo - zo\/—z-i ~ 1 ohms,
Zy

and at fp it is

g-? —~ 1 ohms.

L]

X2 = 2o

Then, from basic formulas (1) and (2), the re-
actance of each Lg and each ('s at the fi fre-
guency is

_ KXps — X

Xig = —=%—— oh ‘
18T ) P (16)
and
- K(Xpy — KX ‘.
Xes = lg%_;ﬁﬁﬁ ohms,  (17)
respectively.

{EpITOR'S NOTE — The second part of this article,
to appear in a subsequent issue, will cover the two
rematning cases, Z1 and Za<Zy, and Z1<Zy<Z,
and will discuss practical adjustment problems.|
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