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An attenuator or pad is an arrangement of noninduc-
tive resistors in an electrical circuit used to reduce the
level of an audio or radio-frequency signal without intro-
ducing appreciable distortion. Attenuators may be fixed
or variable and are often designed to reduce the signal in
a logarithmic manner.

Attenuator networks have been in use since the incep-
tion of the telephone for controlling sound levels and the
matching of impedances. Many of the present-day con-
figurations are the work of Otto J. Zobel, W. H. Bode, R.
L. Diezold, Sallie Pero Mead, and T. E. Shay, all of the
Bell Telephone Laboratories. Also, tables of constants
developed by P. K. McElroy (also of Bell Telephone Labor-
ratories) for various values of expression and substitu-
tion in equations have long been a time-saver for the design
engineer.

Attenuators and pads may be unbalanced or balanced.
In an unbalanced attenuator, the resistive elements are
on one side of the line only (Fig. 16-1) while in the bal-
anced configuration, the resistive elements are located on
both sides of the line (Fig. 16-2}.

An unbalanced pad should be grounded to prevent
leakage at the higher frequencies. The line without the
resistor elements, called the common, is the only line that
should be grounded.

A balanced attenuator should be grounded at a center
point created by a balancing shunt resistance.

Balanced and unbalanced configurations cannot be
directly connected; however, they may be connected by

R R;

t Om—-AAAr 7 APA——(
% )
l -G COMMON

COMMON ©

Figure 16-1 An unbalanced T-type attenuator.

R& RZ
] 7
+ O AN —AAA O +
R3
ke, AAA . AN O
g )
2 2

Figure 16-2 A balanced-T-type attenuator.
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the use of an isolation transformer (Fig. 16-3). If the net-
works are not separated electrically, severe instability and
leakage at the high frequencies can result, as illustrated
in Fig. 16-4. If the networks are connected without the
transformer, half of the balanced circuit will be shorted
to the ground, as indicated by the broken line. The trans-
former will permit the transfer of the audio signal induc-
tively while separating the grounds of the two networks.
Even if the balanced network is not grounded, it should
be isolated by a transformer. Transformers are usually
designed for a 1:1 impedance ratio; however, they may
have taps for other impedance ratios.

The term loss is constantly used in attenuator and pad
design. Loss is a decrease in the power, voltage, or cur-
rent at the output of a device compared to the power,
voltage, or current at the input of the device. The loss in
decibels may be calculated by means of one of the follow-
ing equations:

dB,,es = 1010gP,/P, {16-1)
or,

dB,oss = 201l0gV,/V, {16-2)
or,

dB,,es = 20l0g1,/1, (16-3)
where,

P, is the power at the input,
P, is the power at the output,
V, is the voltage at the input,
V, is the voltage at the output,
I, is the current at the input,
I, is the current at the output.

The insertion loss is created by the insertion of a device
in an electrical circuit. The resulting loss is generally
expressed in decibels.

A minimum-loss pad is designed to match circuits of
unequal impedance with a minimum loss in the match-
ing network. This minimum loss is dependent on the
ratio of the terminating impedances.

The minimum loss for attenuators of unequal imped-
ance may be read from the graph of Fig. 16-5.

The graph is entered at the bottom at the desired
impedance ratio, then followed vertically until it inter-
sects the diagonal line. The minimum loss in decibels is
then read at the left margin. As an example, assume an
impedance of 600 (} is to be matched to an impedance of
150 ; this is an impedance ratio of four. For this ratio,
the graph indicates a minimum loss of 11.5 dB. This is
the lowest value for which a passive attenuator can be
designed. In actual practice the network would be designed
for aloss of 12 to 15 dB.

An impedance-matching network is a noninductive,
resistive network designed for insertion between two or
more circuits of equal or unequal impedance. When prop-
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Figure 16-3 Method of connecting balanced and unbalanced networks through a transformer.
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Figure 16-4 Two networks, one balanced and one unbalanced, connected incorrectly.
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Figure 16-5 Minimum-loss graph for networks of unequal impedance.
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erly designed, the network reflects the correct impedance
to each branch of the circuit. A noninductive resistor is
a resistor having little or no self-inductance.

If two resistive networks are mismatched, generally the
frequency characteristics are not affected, only a loss in
level occurs. If the impedance mismatch ratio is known,
the loss in level may be directly read from the graph in
Fig. 16-5 or with the formula

dB = 10log[(Z, + Z,)*/(4Z,Z,)] (16-4)
The equation used for designing a minimume-loss atten-
uator when only the larger impedance Z, is to be matched
is
R1 = Zl - 22 [16'5)
Only a series resistor R is used, (Fig. 16-6).

If the smaller impedance is tobe matched, the following
formula is used:

R=2,Z,1Z, — Z,) (16-6)
I4
The resistor is shunted across the line as in Fig. 16-7.

To simplify the design of complex attenuators, a K value
is used in the formula. K is the ratio of current, voltage,
or power corresponding to a given value of attenuation
expressed in decibels. The formula for K is

K = 109820 (16-7)

e, AV O

In=1 L oan=1;

e, O
21.522

Figure 16-6 Impedance matching a low-impedance load
to a high-impedance source.

o - o
In=1 R Loyr=1;
o o

Z1<ZZ

Figure 16-7 Impedance matching a high-impedance load
to a low-impedance source.
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To simplify the calculation of attenuator networks, the
values of the most frequently used expressions as tabu-
lated by P. K. McElroy are given in Table 16-1. The various
values of the expressions are substituted in the equa-
tions, saving much time.

It is not good practice to build pads with over 40-dB
loss, unless special precautions are taken to reduce the
distributed capacity and leakage between the input and
output sections. It is more practical to build two or more
pads of lower loss and connect them in tandem. The total
loss is the sum of the individual losses, assuming that all
impedance matches are satisfied between sections.

When installing attenuators, the input and output cir-
cuits must be separated from each other and well shielded
and grounded to prevent leakage at the higher frequen-
cies. As an example, an attenuator of a 40-dB loss has a
signal voltage reduction of 100:1 between the input and
output terminals. Therefore, if coupling between the input
and output circuits is permitted, serious leakage can occur
at frequencies above 1000 Hz.

The resistance of an attenuator can be measured with
an ohmmeter by terminating the output with a resis-
tance equal to the terminating impedance and measur-
ing the input resistance. The resistance as measured by
the ohmmeter should equal the impedance of the pad. If
the attenuator is variable, the dc resistance should be the
same for all steps.

If the impedance of an attenuator is not known, its
value can be determined by first measuring the resis-
tance looking into one end with the far end open and then
shorted. The impedance (Z) is the geometric mean of the
two readings:

Z= VZIZZ

{16-8)

where,
Z, is the resistance measured with the far end open,
Z, is the resistance measured with the far end shorted.

This measurement will hold true only for pads designed
to be operated between equal terminations. If the dc
resistance of the two ends differs, the pad is designed to
be operated between unequal impedances.

If an attenuator is to be converted to a different imped-
ance, the new resistors can be calculated with the follow-
ing formula:

R, = K(R) (16-9)

K=2,/Z {16-10)

where,
Z, is the new impedance,
Z is the known impedance,
K is the multiplying factor,
R is the known value of resistance,
R, is the new value of resistance.

Any balanced or unbalanced attenuator may be directly
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Figure 16-8 Attenuators connected in tandem.

connected to another, provided that the impedance match
is satisfied and the configurations are of such nature that
they will not cause an unbalanced condition. Fig. 16-8A
shows how an L, a bridged-T, and a plain-T pad may be
connected in tandem. Fig. 16-8B shows the method of
connecting balanced attenuator configurations in tandem.

16.1 L PADS

L pads are the simplest form of attenuator and consist
of two resistive elements connected in the form of an L,
as shown in Fig. 16-9. This pad does not reflect the same
impedance in both directions. An impedance match is
afforded only in the direction of the arrow shown in the
figures. If an L-type network is employed in a circuit that
is sensitive to impedance match, the circuit character-
istics may be affected. An L-type network should not be
used, except where a minimum loss is required and a
network of the T configuration will not serve because its
minimum loss is too high.

For unequal impedances, the impedance match may
be in the direction of the larger or the smaller impedance
but not both.

The arrows in Fig. 16-9 indicate the direction of imped-
ance match. If the network is designed to match the
impedance in the direction of the series arm, the mis-
match is toward the shunt arm. The mismatch increases
with the increase of loss. At high values of attenuation,
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the value of the shunt resistor may become a fraction of
an ohm, which can have a serious effect on the circuit to
which it is connected.

The configuration for an L-type network operating
between impedances of unequal value, Z, and Z,, is shown
in Fig. 16-9A. The impedance match is toward the larger
of the two impedances, Z,, and the values of the resistors

are
Z,(KS -1
== 16-11
RoL(S2) e
Zy 1
R, =— 16-12
2 S(K—S) ( )
where,

SequalsVZ,/Z,

For a condition where the impedances are equal and
the impedance match is in the direction of the arrows,
as shown in Fig. 16-9B, the values of the resistors may
be calculated by the equation

R, = Z{{K - 1)/K] (16-13)

R, = Z[1/K — 1}] (16-14)

For a condition in which the impedances are unequal
and the impedance match is toward the smaller of the
two impedances, as shown in Fig. 16-9C, the values of
the resistors are determined by the equation
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R, = (Z,/S)K ~ S) (16-15)  The loss through the attenuator will be
R, = %(KSK-v 1) (16-16) dB = 2010gVZ,/Z, + V(Z,/Z;) - 1 (16-21)
Wl;;e:{uals VZ,/Z,. 16.2 DIVIDING NETWORKS

For the conditions shown in Fig. 16-9D, resistors R,
and R, may be calculated by the equation

R,=Z(K-1) (16-17)

R, = ZIK/K — 1}] (16-18)

If a minimum-loss L attenuator is used to match two
impedances of unequal value, as shown in Fig. 16-9A,
the resistor values will be

R, = VZ,(Z, - Z,) (16-19)
R, = Z,Z,/R, (16-20)

where,
R, is the series resistor connected in the side of the
larger impedance,
R, is the shunt resistor.

t o AN o *
4] R, 7, IphL
e 3
o : o

(A} Between impedances of unequal value.

Ry
* O AN O =+
7 R 1, L=l
2 2 L=
o : o)

(B) Between impedances ot equal value.

Ry

+ O A4 anm O
4 Ry L Il
—
O g O

(C) Impedances unequal and impedance match is
toward the smaller of the two.

L]

+ O AAAF O+
) R L L=
. 2 1 L=l
e, & Q

(D) Between impeaances ot equal value
in the direction of the shunt arm.

Figure 16-9 Configurations of L-type networks.
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Dividing or combining networks are resistive networks
designed to combine several devices or circuits, each hav-
ing the same impedance, as shown in Fig. 16-10A. The
resistors may be calculated as follows:

Ry =[(N - 1)/(N + 1)]Z (16-22)

where,
Rp is the building-out resistor,
N is the number of circuits fed by the source impedance,
Z is the circuit impedance.

The loss of the network is

dB = 20log(N — 1) (16-23)

where,
N is the number of input or output circuits.

Unused circuits of a dividing or combining network
must be terminated in a resistive load equal to the normal
load impedance.

This same circuit can be reversed and used as a com-
bining network.

Combining or branching networks may also be designed
as a series configuration, as shown in Fig. 16-10B. For
equal impedances the equation is

R, =[(N + 1)/(N - 1)]12 (16-24)
where,
R, is the terminating resistor,
N is the number of branch circuits.
The insertion loss may be calculated
~ dB = 20log(N) (16-25)

where,
N is the number of branch circuits.

A series configuration can only be used in an ungrounded
circuit. The insertion loss of a combining network may
be avoided by the use of an active combining network.

16.3 T ATTENUATORS

A T-type attenuator is a network consisting of three
resistors connected in the form of a T as shown in Fig.
16-1. The network may be designed to supply an imped-
ance match between circuits of equal or unequal imped-
ance. When designed for use between circuits of unequal
impedance, it is often referred to as a taper pad.





