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High Performance Balanced
Audio Interface Design, Part 3

Balanced Line Receivers and Their Testing

By Bill Whitlock

Part 3 is a logical continuation from part 2 (July/Aug.
- '07). After all, once the balanced output has been de-

signed and built, it needs to feed a balanced receiver
and be tested.

single-ended circuit topologies for internal signal pro-
cessing. However, in professional equipment, we de-
pend on balanced interfaces to link our equipment together
in an electrically hostile outside world. In other words, we

The overwhelming majority of audio equipment uses

- expect our balanced input to recover the differential audio
. signal while rejecting the common-mode voltages that are
- due to ground voltage differences or are induced into cables
. by ambient magnetic and electric fields. Performance of the

differential line receiver is the most important determi-
nant to system CMRR performance. A well-designed input
stage can even minimize the effects of non-ideal behavior
in source equipment, cables, and questionable grounding
practices.

There are two basic types of balanced line receivers: dif-
ferential amplifiers and transformers.

. DIFFERENTIAL AMPLIFIERS

. Differential amplifiers, sometimes called “active balanced”
. or “servo-balanced” inputs, are made of op amps and pre-
. cision resistor networks to perform algebraic subtraction

of signals presented to its two input terminals. The dif-
ferential amplifier is realizable in numerous circuit topolo-
gies. The most common is the simple differential amplifier.
These circuits are well known and have been analyzed and
compared in some detail!*!#1314,
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FIGURE 1: All these input stages have a common-mode
input impedance of 20kQ.
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Figure 1 shows schematics of four popular topologies in
their most basic form, stripped of AC coupling, RFI filtering,
and so on. For discussion purposes, assume that op amps,
resistors (and resistor ratios) are ideal and not a source of
error. Because the common-mode input impedances, from
either input to ground®, are all 20kQ), these four circuits have
identical CMRR performance. Even when perfectly matched,
these relatively low impedances are the downfall of these
circuits when compared with input transformers. To quote
Morrison'®: “Many devices may be differential in character
but not all are applicable in solving the basic instrumenta-
tion problem.”

The plots in Fig. 2 show how source impedance imbalance
affects CMRR in any of these circuits. However, balanced in-
puts have traditionally been tested and specified with either
perfectly balanced sources or shorted inputs (which makes

the impedance imbalance zero). In real, mass-produced au- :
dio equipment, source impedance imbalances commonly :

range from 0.2-20Q), resulting in system-level CMRR that’s
far less than that advertised in manufacturers’ datasheets.

When was the last time you saw a CMRR spec that specified -

how the measurement was made?

There are other problems, too:

1. The single and current-mode-dual op amp circuits must
trade off common-mode input impedance for noise. For ex-

ample, because of the 10k() resistors, the single op amp cir- |
cuit will have a noise output of about -105dBu (0dBu = 775mV

RMS). If it operates on +15V rails, its maximum output will
be about +20dBu, giving it a total dynamic range of 125dB.

This might be marginal in some recording systems. If resistor :
values are increased, sensitivity to source impedance imbal- :

ance will be reduced, but noise will increase by 3dB for every
doubling.
2. Many balanced input and output circuits use electrolytic

coupling capacitors, which generally have loose tolerances
(20% or worse) and change value with age, degrading the

circuit’s low-frequency CMRR by unbalancing the common-
mode impedances.

3. Suppression of RF common-mode voltages to prevent sub-
sequent demodulation by the op amps is another trade-off in :

CMRR vs Input Source Imbatance in both Percent and Ohms
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FIGURE 2: CMRR vs. source impedance imbalance for Fig. 1
circuits vs. input transformer with extremely high com-
mon-mode impedance.
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these circuits. Often 1000pF capacitors
are added from each input to ground
to attenuate RF. Unless these are pre-
cisely matched, they will unbalance
the common-mode input impedance
and degrade high frequency CMRR.
Because they lower common-mode in-
put impedance, they also increase sen-

sitivity of CMRR to source impedance

imbalance at high audio frequencies.
This is a very tricky trade-off.

for most circuits. At high signal levels,
common-mode range can approach zero
because the limit applies to the sum of
the peak signal and the peak common-
mode voltages*. This can cause prob-
lems in electrically hostile environ-
ments such as remote recording trucks
or sound reinforcement systems oper-

ating near high-power lighting equip-
- device, requiring no trimming, and its
differential properties are stable for :
- life. Figure 4 shows a circuit simula-
. tion model for a Jensen JT-10KB-D line
input transformer. Its common-mode

ment or cables.

5. The single op amp design also

has a property that seems confound-
ing™. As shown in Fig. 3, its common-

mode input impedances are severely

mismatched if the two inputs are
tested separately with the other in-
put grounded, yet matched if tested
together (that is, the voltage is fed
to both inputs X and Y, making the
impedances-to-ground at the two in-
puts equal). Obviously, if driven from
a zero-impedance balanced ground-

referenced source, signal voltages at X
and Y are forced to be identical. But
. balances, as shown in Fig. 2.

real-world floating (high common-

mode impedance) sources will also '

experience signal magnitude imbal-
ances, typically about 3dB, when used
with this receiver. In fact, if input X
is driven by an ideal floating (infinite
common-mode impedance) source, all

signal voltage will appear at input X ]
i transformers are inherently bad and

and none at input Y.

This phenomenon is an imaginary
problem that has led some designers !
- to “fix” it by adjusting resistor ratios.
. In their misquided quest for signal

4. The common-mode voltage range
is limited to between +10 and +15V

symmetry (which is irrelevant to a
balanced output or input), they have
inadvertently done massive damage to
the CMRR of their input stage!

AUDIO TRANSFORMERS

An audio transformer couples a signal

magnetically while maintaining an
extremely high degree of electrical, or
galvanic, isolation between input and
output. It is an inherently differential

input impedances are determined
by the 50pF capacitances of the pri-
mary to the Faraday shield (which
is grounded), and small parasitic ca-
pacitances to the secondary (one end

of which is usually grounded). These -
high common-mode input impedanc-
es, about 50MQ at 60Hz and 1MQ at
3kHz, are responsible for its relative :

insensitivity to source impedance im-

Audio transformers tend to be much

larger, heavier, and more expensive
than op amps and resistors. Unfortu-
nately, poorly designed audio trans-
formers are widely available and can
seriously harm audio signals. This has
led some engineers to conclude that all

shouldn’t be considered for high-qual-
ity signal paths. But, as you can see,
the transformer’s major advantage is
much higher CMRR in real-world sys-
tems. Input transformers have other
advantages, too:

1. A transformer can transform (match)
the impedance of the balanced line to
the optimum source resistance for the
subsequent amplifier to maximize
signal-to-noise ratio. Noise figure
is a measure of signal-to-noise deg-
radation caused by a particular am-
plifier and it is always lowest when
the amplifier is fed from its opti-
mum source resistance?. Although
this is especially relevant to mi-
crophone input stages, it's also an
important consideration for wide-
dynamic-range line input stages. A
well-designed transformer-coupled
line input stage operating from
+15V power rails can easily attain
140dB dynamic range!

2. RF common-mode attenuation is
also inherent in transformers with
Faraday shielding. Because it com-
pares normal-mode to common-
mode response, CMRR is not a use-
ful measure of such attenuation.
The normal mode -3dB frequency
is about 180kHz for the Jensen JT-
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FIGURE 3: Confusing symmetry with
balance leads some designers to

fix an imaginary problem with the
simple differential amplifier.
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10KB-D. Its common-mode attenu-
ation is typically over 30dB from
200kHz to 10MHz. RF attenuation
can be further increased with an
external low-pass filter network.

3. Input common-mode voltage range
in a transformer depends only on
the insulation materials used in its
construction. Typical breakdown
voltages exceed +350V peak.

TESTING BALANCED LINE RECEIVERS
Noise rejection in a real-world balanced
interface is often far less than that tout-
ed for the receiving input. That's be-
cause the performance of balanced in-
puts have traditionally been measured
in ways that (conveniently) ignore
the effects of impedance imbalances
in the driving source (equipment out-
put) and cable. As shown in Fig. 5, for
example, the old IEC method effec-
tively “tweaked” the driving source
impedance until it had zero imbal-
ance. Another popular method, which
simply ties the two inputs together
and drives them with the generator,
is equally unrealistic. Although the
results of these tests are essentially
meaningless, the tests are still used
by many engineers.

This author is pleased to have con-
vinced the IEC, with the help of John
Woodgate, to adopt a new CMRR test
that inserts realistic impedance im-
balances in the driving source. The
new test is part of the third edition
of IEC Standard 60268-3, Sound System
Equipment—Part 3: Amplifiers, issued
in August 2000. It's very important
to understand that noise rejection in
a balanced interface is not simply a
function of the receiver—actual per-
formance in a real system depends on
how the driver, cable, and receiver in-
teract. [E
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