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THE PROPER USE OF DIFFERENTIAL AMPLIFIERS MAKES

IT EASY TO IMPLEMENT DIFFERENTIAL SIGNALING.

Differential amplifiers offer many advan-
tages for manipulating differential signals.
They provide immunity to external noise; a 6-

dB increase in dynamic range, which is a clear ad-
vantage for low-voltage systems; and reduced sec-
ond-order harmonics. Integrated fully differential
amplifiers are well-suited for driving differential
ADC inputs and differential transmission lines. They
provide an easy means of antialias filtering, and a
dedicated input easily sets the required common-
mode voltage. These amplifiers are also well-suited
for driving differential transmission lines, and active
termination provides for increased efficiency. You
can easily adapt inverting-amplifier topologies to
fully differential amplifiers by implementing two
symmetric feedback paths.

Differential amplifiers are one way of imple-
menting differential signaling, which has been a
common design approach in audio, data-transmis-
sion, and telephone systems for years because of its
inherent resistance to external-noise sources. Pro-
fessional audio engineers use the term “balanced”to
refer to differential-signal transmission. This de-
scription imparts the idea of symmetry, which is im-
portant in differential systems. The driver has bal-
anced outputs, the line has balanced characteristics,
and the receiver has balanced inputs. Differential sig-
naling is now also becoming popular in high-speed
data acquisition for which the ADC’s inputs are dif-
ferential and a differential amplifier is necessary to
properly drive the inputs.

You can also use another common compo-
nent, a transformer, to accomplish differential 
signaling. Transformers offer good CMRR (com-
mon-mode-rejection-ratio)-versus-frequency char-
acteristics, galvanic isolation, power consumption
with efficiencies near 100%, and immunity to hos-
tile EMC environments. However, IC differential
amplifiers have low cost, small size and weight, and
superior frequency response at low frequencies 
and dc.

When signals travel, noise invariably couples into
the wiring. In a differential system, keeping the

transport wires as close as possible to one another
makes the noise coupled into the conductors appear
as a common-mode voltage. Noise that is common
to the power supplies also appears as a common-
mode voltage. Because differential amplifiers reject
common-mode voltages, the system is more im-
mune to external noise. Also, due to the change in
phase between the differential outputs, the dynam-
ic range is two times more than a single-ended out-
put with the same voltage swing (Figure 1).

An integrated, fully differential amplifier is simi-
lar in architecture to a standard, voltage-feedback op
amp (Figure 2). Both types of amplifiers have dif-
ferential inputs. A standard op amp’s output is sin-
gle-ended, but a fully differential amplifier has dif-
ferential outputs. Fully differential amplifiers offer
the ability to control the output common-mode
voltage independently of the differential voltage. The
purpose of the V

OCM
input in the fully differential

amplifier is to set the output common-mode volt-
age. In a standard op amp with a single-ended out-
put, the output common-mode voltage and the out-
put signal are the same. In a standard op amp, one
feedback path typically goes from the output to the
negative input. In a fully differential amplifier, mul-
tiple feedback paths exist.

Table 1 lists some important voltage definitions.

Fully differential amplifiers
remove noise 
from common-mode signals
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Differential amplifiers provide increased noise immunity (a)
and a 6-dB increase in the dynamic range (b).
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The voltage difference be-
tween the plus and
minus inputs is the
input differential voltage,
V

ID
. The average of the

two input voltages is the
input common-mode
voltage, V

IC
. The differ-

ence between the voltages
at the plus and minus
outputs is the output dif-
ferential voltage,V

OD
. The

output common-mode
voltage,V

OC
, is the average

of the two output voltages
and is controlled by the
voltage at V

OCM
. Finally,

a(f) is the frequency-de-
pendent differential gain of the amplifi-
er, so that V

OD
5V

ID
3a(f).

AMPS REJECT COMMON-MODE VOLTAGES

Figure 3 shows a simplified version of
an integrated, fully differential amplifier.
Q

1
and Q

2
are the input differential pair.

A standard op amp takes output current
from only one side of the input differen-
tial pair to develop a single-ended output
voltage. A fully differential amplifier uses
currents from both sides to develop volt-
ages at the high-impedance nodes
formed at the collectors of Q

3
/Q

5
and

Q
4
/Q

6
. The IC then buffers these voltages

to produce the differential outputs
OUT1 and OUT2. To a
first-order approximation,
voltage common to IN+ and IN-  pro-
duces no change in the current flow
through Q

1
or Q

2
and thus produces no

output voltage. Thus, the amplifier re-
jects common-mode voltages. The input
does not control the output common-
mode voltage. Instead, the V

OCM
error

amplifier maintains the output com-
mon-mode voltage at the same voltage as
the V

OCM
pin by sampling the output

common-mode voltage, comparing it
with the voltage at V

OCM
, and adjusting

the internal feedback. If the external cir-
cuit leaves V

OCM
disconnected, the IC bi-

ases V
OCM

to the midpoint between V
CC

and V
EE

using an internal voltage divider.
Due to the change in phase between the
differential outputs, the dynamic range is
twice that of a single-ended output with
the same voltage swing (Figure 1b).

The two complementary amplifier
paths in Figure 3 share the same input
differential pair, and their characteristics
are well-matched. With symmetrical

feedback, the architecture keeps the op-
erating points close to each other. There-
fore, distortion in
the amplifiers is
closely matched,
resulting in sym-
metrical distortion
of the differential
signal. Symmetri-
cal distortions tend
to cancel even-or-
der harmonics. Lab testing of the Texas
Instruments THS4141 differential am-

plifier at 1 MHz shows
that the second har-
monic at the output de-
creases by approximate-
ly 6 dB when measuring
the signal differentially
compared with measur-
ing either output single-
ended. The third har-
monic remains un-
changed between a dif-
ferential and single-
ended measurement.

STUDY BASIC CIRCUITS

In a fully differential
amplifier, two feedback
paths, one for each side,

are possible in the main differential am-
plifier. This arrangement naturally forms

two inverting amplifiers, and you can
easily adapt inverting topologies to fully

Integrated fully differential amplifiers (a) are very similar to standard single-ended
op amps (b) but have differential outputs, use VOCM to set the output common-mode
voltage, and can have more than one feedback path.
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A fully differential amplifier uses currents from both sides of the input differential pair, Q1 and Q2,
to develop voltages at the high impedance nodes formed at the collectors of Q3/Q5 and Q4/Q6.
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TABLE 1—VOLTAGE DEFINITIONS
Voltage parameter Definition
Input differential voltage (VID) VID=VIN+-VIN11

Input common-mode voltage (VIC) VIC=(VIN+11VIN11
)/2

Output differential voltage (VOD) VOD=VOUT+11VOUT11

Output common-mode voltage (VOC) VOC=VOCM=(VOUT++VOUT11
)/2

Transfer function VOD=VID x a(f).
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differential amplifiers. Figure 4a shows
how to configure a fully differen-
tial amplifier with negative feed-
back to control the gain and maintain a
balanced amplifier. Symmetry in the two
feedback paths is important to have good
CMRR performance. CMRR is directly
proportional to the resistor-matching er-
ror, and an error of 0.1% results in 60 dB
of CMRR.

The V
OCM

error amplifier is independ-
ent of the main differential amplifier. The
purpose of the V

OCM
error amplifier is to

maintain the output common-mode
voltage at the same level as the voltage in-
put to the V

OCM
pin. With symmetrical

feedback, output balance is maintained,
and V

OUT
1 and V

OUT
2 swing symmet-

rically plus and minus from the voltage
at the V

OCM
input.

In the past, generating differential sig-
nals has been cumbersome. Designers
have used different means, often requir-
ing multiple amplifiers. The integrated
fully differential amplifier provides a
more elegant solution. Figure 4b shows
an example of converting single ended
signals to differential signals.

TERMINATE THE INPUT SOURCE

High-speed systems typically use dou-
ble termination to reduce reflections in
the transmission lines. Double termina-
tion implies that you terminate the
transmission line with the same imped-
ance as the source. Common values are
50, 75, and 100V. When the source is dif-
ferential, the termination is across the
line.When the source is single-ended, the
termination is from the line to ground.
The differential situation is balanced and
raises no further design issues. The sin-
gle-ended situation is not balanced and
needs further attention if a balanced sys-
tem, where b

1
5b

2
is desirable. b

1
and b

2

are the V
OUT

1 and V
OUT

2 feedback-re-
sistor ratios, and for a balanced amplifi-
er b

1
5b

2
5R

G
/(R

G
1R

F
) (Figure 5).

Figure 5a shows the source and termi-
nation resistors for a single-ended signal.
To calculate the feedback factor, short the
source. Figure 5b shows that the source
impedance, R

S
, and termination resistor,

R
T
, add to the calculation of the feedback

from V
OUT

2 to the positive input. To bal-
ance the amplifier, a resistor equal to
R

S
||R

T
is necessary in the upper feedback

path (Figure 5c). Given that R
T
5R

S
, then

R
S
||R

T
5R

T
/2.

Typical applications of fully differen-

tial amplifiers include driving ADC in-
puts and transmission lines. For the cir-
cuits that follow and any related equa-
tions, you can assume that the amplifier
is operating at frequencies for which
a(f)..1. Thus, the following equations
do not include a(f) and its effects. Also,
assume that the feedback is symmetrical,
or that b

1
5b

2
5R

G
/(R

G
1R

F
).

DRIVE AND FILTER ADC INPUTS

A major application for fully differen-
tial amplifiers is lowpass, antialias filters
for signal-conditioning ADCs with dif-
ferential inputs. You can easily create an
active, first-order, lowpass filter by
adding capacitors in the feedback paths
(Figure 6a). With balanced feedback, the
transfer function is:

The pole in the transfer function is a
real pole on the negative real axis in the
s-plane. Note that, for this circuit and all
others that follow, each power pin should
have a 6.8- to 10-mF tantalum capacitor
in parallel with a nearby 0.01- to 0.1-mF

ceramic capacitor. These circuits show
bypass capacitors of 10 and 0.1 mF.

To create a two-pole, lowpass filter, you
can add another passive real pole by plac-
ing R

O
and C

O
in the output (Figure 6b).

With balanced feedback, the transfer
function is:

The second pole in the transfer func-
tion is also a real pole on the negative real
axis in the s-plane.

The classic filter types, such as Butter-
worth, Bessel, and Chebyshev filters (sec-
ond-order and greater) are unrealizable
using real poles and require complex
poles. The MFB (multiple feedback) is a
good topology with which to create a
complex pole pair and is easily adaptable
to fully differential amplifiers (Figure 7).
Adding the two R

4
resistors and C

3
at the

output forms a third-order filter.
The transfer function for this filter cir-

cuit is:

A configuration with negative feedback provides for gain control and maintains a balanced amplifi-
er (a). Converting a single-ended signal to a differential one is also simple (b).
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where K5R
2
/R

1
,

and

K sets the passband gain, f
C

is the fil-
ter cutoff frequency, FSF is a frequency-
scaling factor, and Q is the quality factor,
where Re is the real part, and Im is the
imaginary part of the complex pole pair:

and 

Setting R
2
5R, R

3
5mR, C

1
5C, and

C
2
5nC, results in

and

To design the filter, you start by deter-
mining the ratios, m and n, necessary for
the gain and Q of the filter type. Then
you select C and calculate R for the de-
sired f

C
. Choose R

4
and C

3
to set the real

pole in a third-order filter.
Most ADCs with differential inputs

provide the proper V
OCM

as an output.
Typically, all you have to do is provide
bypass capacitors; 0.1- and 0.01-mF ca-
pacitors are useful choices. If the ADC
doesn’t provide V

OCM
, you can create it by

forming a summing node using the

ADC’s plus and minus reference voltages
to drive the amplifier’s V

OCM
pin (Figure

8). The voltage at the summing node is
the midpoint value between 1V

REF
and

2V
REF

.

POSITIVE FEEDBACK FOR ACTIVE TERMINATION

Driving transmission lines differen-
tially is a typical use for fully differential
amplifiers. By using positive feedback,
the amplifiers can provide active termi-
nation (Figure 9). The positive feedback
makes the output resistor appear to be a
larger value than it actually is when you
view it from the line. Still, the voltage
dropped across the resistor depends on
the actual resistor value. Thus, active ter-
mination provides for increased efficien-
cy. Note that it is important to use sym-
metrical feedback with this application.

For proper termination, the output
impedance of the amplifier, Z

O
, should

equal the characteristic impedance of the
transmission line, and the far end of the
line will terminate with the same value
resistor, so R

T
5Z

O
. To calculate the out-

For a single-ended signal, the termination resistor connects
from the line to ground (a). RS and RT add to the calculation
of feedback factor from VOUT2 (b). An equivalent resistor in
the upper feedback path balances the amplifier (c).
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A first-order, active, lowpass filter is easy to accomplish (a). Adding RO and CO creates
a second lowpass pole (b).
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put impedance, ground the inputs, insert
either a voltage or a current source
between V

OUT
1 and V

OUT
2, and

calculate the impedance from the cir-
cuit’s response.

Due to symmetry, Z
O
15 Z

O
2,

V
OUT

152V
OUT

2, and V
O
152V

O
2.

Calculation of the impedance of one side
provides the solution:

and

Looking back into the amplifier’s out-
puts, the impedance that each side of the
line sees will be the value of R

O
divided

by 1 minus the gain from the other side
of the line, or

The value of Z
O

is two times
this result.

The positive feedback also affects the
forward gain. Accounting for this effect
and the voltage divider between R

O
and

R
T
||2R

P
the gain, A, from V

ID
to V

OD
is:

You can easily accomplish the design
by first choosing the value of R

F
and R

O
.

Then, calculate the required value of R
P

to give the desired Z
O
. Then, calculate R

G

for the required gain.
For example, given that you want a

gain of 1 and to properly terminate a
100V line with R

F
51 kV and R

O
510V.

The proper value for Z
O

and R
T

is 100V
(Z

O
6550V).

Rearranging Equation 13 gives:

Then, rearranging Equation 14 gives:
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A third-order, lowpass filter drives an ADC’s differential inputs.
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If the ADC doesn’t provide the proper VOCM as
an output, you can create VOCM using the ADC’s
reference voltages.
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Differential amplifiers with positive feedback provide active termination.
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(Equation 13)

(Equation 14)


