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Simplified Design of Impedance-Matching
Networks
In Three Parts*— Part II, Pi and T Networks

BY GEORGE GRAMMER, WIDF

uE L seerioN has the sdvantages of great
Tsimplicity and optimum efficiency, but it is

an inflexible arrangement in that only one
et of constants will give the required mateh. The
cirenit @, for example, cannot be chosen at will
because it is fixed by the ratio of the two resist-
ances. When an amplifier tube is being matehed
to a load, it is often just as important to have
the proper operating € in the tank as it is fo bave

the proper loading.® Also, there are cases where.

the presence of reactance in the load makes it
desirable to use a more complex network.

Two L sections c¢an be combined to form either
4 pi or I network. Both the pi and T are useful
arrangements for increasing the cireuit ¢ and
thus improving selectivity, and for increusing
flexibility in adjustment.

The design methods used for these — or any
other — combinations are practically identical.
Basically there is just one method — the one used
for designing the L. section.

The Pi Network

Of all the possible configurations, the pi net-
work is probably the one most familiar to ama-
teurs hecause of its application as the tank circuit
in r.f. power amplifiers. It lends itself to simple
design methods when it is considered as two
“hack-to-back” L networks constructed to mateh
an assumed “virtual’’ resistance at the meeting
point.7

The principle is shown in Fig. 7. Fp is the load
{power-receiving device) to be matched to the
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Fig. 7 Development of the pi network from two
back-to-back L networks.

source of power, which requires a load Rps. Rpi
is the parallel resistance of the L section con-
sisting of Xpp and —~ Xy, while R is the virtual
registance and corresponds to Kg in the circuits
discussed in Part 1. Using # as the load, a second
L: seetion is formed by - Xgg and Xps to trans-
form £ to the desired value of resistance for the

1 Part I of this article uppeared in March, 1957, ST,

8 For discussion of tank-eircuit Q, see chapter on trans-
mitters in The Radio Amatenr's Handbonk,

7 Bruene, ‘‘Pi-Network Caleulator”, Electronics, May,
1945,
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® In this sccond part it is shown how pi
and T networks can be formed qguite
simply from the basic L network dis-
cussed in Part L.

power source to see. Kach secetion i8 ealeulated
separately by exactly the method desceribed pre-
viously. The virtual resistance /2 must be smaller
than either Kp; or Rps, since it is in the series
arm of each section, but aside from this muay be
chosen at will or determined from other circuit
requirements. The principal one of such require-
ments, in the case of an r.f. amplifier tank circuit,
will be the desired operating .

The design of such a circuit may be shown by
eontinuing with the same resistance values used
in the earlier example: a 52-ohm resistive load
and a tube requiring & load of 2000 ohms. Let
ug now impose the requirement that the tank
€ (@) be 12. From Equation 2B,

2000

Xpy = ST == 167 ohms,
and from Equation 34,
2000

R == |3.8 ohms.

12)2 4 1
I'his is smaller than either of the two resistances
being matched, and so is a proper value. Using
Fquation 3B, '

Nygg = 12 X 13.8 == 166 ohms.

This completes the design of the L section on the
input side of the network. Note that since () is
greater than 10, X'ps and Xway are practically
equal (although they must be of opposite types),
which simply means that this mueh of the net-
work is identical with an ordinary parallel-
resonant tank eireuit of the same operating ¢).

We can now find the required @ (¢;) in the
output section, since £ and Fpy are known. Their
ratio is 52/13.8 = 3.77, so from Equation 5 the
required @ is

= /377 — 1 = 1.66.
The same result could be found from Fig. 3. From
Eqguation 3B,

and from Equation 2B,
14

[

1.66

The network design is now complete and is
shown in Fig. 8A. The virtual resistance does not

QST for

=2 31.3 ohms.

Npy ==
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Fig. 8 — Combining L-section
elements into the pi configura.
tion.

actually appear in the circuit, of vourse, so Xg;
and Xgg can be added together and only one
physical component is required. In this example
it has a reactance of 166 4 23 = 189 ohms. The
minus sign in Fig, 8A is used only io indicate
that the reactance is of the opposite type to that
chosen for Xp; and Xpod

Reactance Combinations

The design so far is quite general and we are
free to choose types of reactance as we please,
within the restriction that opposite types must
be used in the two arms of each L section. There
are four possibilities, as shown in Fig. 9, each
leading to a different-looking final circuit but all
providing the proper match beiween the two
resistances. Fig. 9A is the best one for matching

& In particular, the use of the negative sign in this and
similar examples should not be confused with the use of
the sume sign to indicate capacitive reactance. The nethod
of calenlation deseribed here does not require such use of
signs nor is it necessary to bring the operator 7 into the
ecaleulations.
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a tube to its load because it utilizes the com-
ponents to best advantage in suppressing har-
monics, Fig. 9B is a high-pass configuration
and would be undesirable in a tank circuit. Note
that in C and D the reactance of the connecting
clement in the practical cireuit at the right is the
difference between the reactances of the two series
elements of the individual L sections, since op-
posite kinds of reactance are used in the series
elements in these two cases.

The four cireuits are shown primarily to illus-
trate the variety of networks, all of ditferent
appearance in the final version, that can be
formed from simple L sections having fundamen-
tally the sume constants. They are alike only in
that each will mateh 52 ohms to 2000 ohms. In
other respects, such as relative suppression of
frequencies higher and lower than the operating
frequency, they are not identical. In some appli-
cations one or another of them might be prefera~
ble to Fig. 9A, but a decision cannot be made on
this point until the nature of the problem is
known,

o LYY
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A 2000 529 2000 167 3131 52
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. o °
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Fig. 9 — Yhe four possj- Cl
ble combinations of L-see« o
tions into pi  networks.
Drawings at the feft show
the basic [, sections; those
at the right show the tinal Y Ly o 1t
forms, won 2 ‘ (J LY
2000 (Cis7 33 1. s< 2000 167 33 52
) = Ca o ag FHME £ a4 "
] B
¢ g YT o M
166 SL

/Y 2000 A
KD) SRM: "ﬁ,

Bpril 1957




Summary of Pi Network Design

1) Break the proposed network into two I
sections as shown in Fig. 7.

2a) If the input section is to have a specified
value of @, use Equation 3A to find R. The value
of R must be smaller than either of the two re-
sistances to be matched. If it is not, s higher
value of ¢ must be used.

2b) Or, if there are no restrictions on the ¢ of
the input section, select some value for £ that is
iess than either of the two resistances to be
matched.

3) Calculate the constants of the iuput 1
scution to matceh the desired resistance, Ips, to f2.

4) Caleulate the constants of the output sec-
tion to mateh R to the other desired resistance,
Rp1.

5) Add the values of the reactances in the
geries arms of the [, sections (Xg; and Xug) to
find the value of the series reactance in the pi
network.

6) Convert the final reactance values to in-
ductance and eapacitance.

Covering a Band

The reactance values obtained from the design
method apply at any frequency, so it is a simple
matter to determine the range of variation that
must be supplied to cover an amateur band. For
example, using Kquations 7 and 8 with the right-
hand eircuit of Fig. 9A for 3500 and 4000 kc.
will give the following values for L and C:

Reactance B500 ke. 4000 ke.
31.3 ohms (C) 1450 ppf. 1270 ppf.
167 ohms (C) 272 uuf. 238 uuf.
189 ohms (1) 8.57 ph. 7.5 uh.

Note that all three tuning elements must be con-
tinuously variable within these limits to produce
4 match at any frequency in the band while
maintaining a constant @ of 12.

Only two elements need be continuously vari-
able to give a mateh if the consequent variation
in @ is permissible. In this event the nefwork
should be designed for a minimum value of Q.
{t is convenient to use g fixed value of inductance
and adjust the capacitances to achieve a match,
in which case the minimum @ will oceur at the

2 Somewhat more complicated formulas must be used for
finding the exact values when the series inductance (not
reactance) is constant, They are

- RmX
D I ———— N
RpL*= \/ReiRpy — X2
— RpaX
Xy = = et

Rpy = v”RMhRm - Xz

where X is the total reactance of the series inductance,
Fig. 9A. For Fig. YA, use the plus signs in the denominators,
in which event the tninus signs in the numerators indicate
that the shunt reactances are capacitive, In the general case,
the same sign must be chogen for both denominators, but X
may be either positive or negative, This leuds to the four
possible ecombinations shown in Fig. 9. For further details
see W. L. Hveritt, Communication Engineering, McGraw-
Hill Book Co., New York,

34
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high-frequency end of the band. The inductance
above this would mean that an inductance value
of 7.5 pli. should be chosen. The problem then is
to determine the capacitances required for match-
ing at 3500 ke., in order to establish the necessary
range. Although the simplified design method
under discussion will not give an exact solution
in this case,® because there is no specific way of
finding the individual values of Xy und Xsy
when their sum is fixed, a close-enough approxi-
mation will result if we assume that the ¢ of the
network on the input side will be inverscly
proportional to frequency. Thus the ¢ at 3500 ke.
will be 4000/3500 times the @ (12) at 4000 ke.,
or a @ of 13.7. Then
Xpo = 2000/13.7 = 146 ohms; = Xgy,
approximately.
B = 146/13.7 = 10.6 ohms
R = 52/10,6 = 4.88
(g = 5 = 1,97
Xpy = 52/1.97 = 26.4 ohms

The accuracy can be checked by adding Xg; and
Xug, the sum being 167 ohms, and comparing
this with the reactance of the ¥.5-uh. coil at
3500 ke. This is 165 ohms, which is amply close
agreement. The capacitance values corresponding
with 146 ohms and 26.4 ohms at 3500 ke. ure,
respectively, 311 upf. and 1720 ppf. These values
differ considerably from those of the constant-¢
network tabulated earlier.

T Networks

Fundamentally the same method is used for
constructing T networks, the ditference being
that the two back-to-back L networks have their
porallel-reactance sides joined together. This
requires that the virtual resistance be higher than
either of the two resistances to be matched. The
T is often a convenient form when low vulues
of resistance are to be matched, and when for
gume reason — e.g., suppression of ofi-frequency
radiations such as harmonics — u higher ¢ is
needed than would be provided by a simple L
network,

Fig. 10 is the basic circuit used for the T'; this
circuit may be compared with Fig. 7 for the pi.

Xs2 'Xst !I

TRM

B, Hes la

R

Fig. 10 — T network formed from two L sections.

Each L network is caleulated in the sume way
a8 in the previous examples. As an illustration,
suppose that the load, Rs;, i8 10 ohms and is to
be transformed into H0 ohms (fua) at the network
terminals. Then & may have any desired value
larger than 50 ohms. If we choose to make the
@Q (@) of the first L section 10, then Xy is

QST for
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L

Fig. 11 — Combining L-section ele-
ments into the T configuration. Note that
since the shunt element is formed from
two elements in parallel the resnltang
reactance is less than either alone

Py (B)

10Rg = 10 X 10 = 100 ohms. ¥rom Equation
2A,
B o= 10 (10% 1) = 10 X 101 = 1010 ohms
und from quation 2B,
oy = 1010
A =g
The ) required for matehing £ to Ry is found
from Equation 5:

= 101 ghms.

Oy = \/1%9 —1 = /102 = 438
)
Xpy = (IT{ s ?jlg = 241 ohms
and

Nag = Qaltsg == 138 X 50 = 219 ohms
The elements of the complete network are
shown in Fig. 11, which eompares with Fig, 8.
The choice of signs is again arbitrary, since the
only requirement is that the signs be opposite

i [2i5] . . 100
@ g e o
500 10
H0s 231
- B A
°
o 219
[EVE
10
soa a

for the two elements of each L network. In Fig.
11A the parallel or shunt elements have been
chosen with the same sign, and so can be com-
bined into a single element, 18 shown in Fig. 11B.
If different signs are chosen for the reactunces,
there again result four possible combinations as
shown in Fig. 12, As compared with the pi con-
figurations in Fig. 9, the reactances that can be
combined are in parallel instead of series, and so
the net reactance is not given by simple algebraic
addition. However, it is easily found: it is equal
to the product of the two reactances divided by
their sum, if they are of the same kind (i.e., both
capacitive or both inductive); or to the product
divided by their difference, if they are of opposite
kinds. In the latter ecase, the net reactance has
the same sign as the smaller of the two; in Fig.
12C, for example, the vapacitive reactance, 101
ohms, is smaller than the inductive reactance,
231 ohms, and so the net reactance, 179 ohms, is
capacitive. The opposite is true in Fig. 12D,

I oYY
O weq 100.0, 21900 1000 I
500 4 A 10 Boa, 0.3 = RS
(A) — 71311 = »\wnf 0 % Q J(.
[ om— O
o—it it o {¢ —
21940 g 1004L 2190 g 100 {1 l
500 Py 500 70.3
@® = & R % g 8 f
Fig. 12 — ‘T'he four possible o ﬁ O
combinations of 1. seetions
into T networks, The devel-
opment is shown at the lofty
final forms at the right. o }{ { '10’0—&‘
2190 1004 2194 L
500 231 . 10 < god 179 —= 10
c == 2B 11 s T — h T nj
Lo} [,
2130 J- ] 10041 2190, 1000
500 ) 101 10 o0 179 10 §
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