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Application Note

Introduction

Engineers interested in precision signal processing will find
the HA-51X7, with its unique features, very interesting.
Utilizing an advanced design with special device geometries,
the HA-51X7 has moved the Intersil dielectric process into a
new arena of both speed and precision. Perhaps one of the
most remarkable features of the HA-51X7 is its ultra low
noise performance, which makes it the first monolithic
amplifier to combine speed, precision, and ultra low noise
operation (Figure 1).

To realize this device, intense attention was given to the
“total" design from input to output (Figure 2).

The input stage consists of a cross-coupled differential pair
which provides a very high CMRR (125dB) through the use
of CASCODE circuits. Effective use of the bias current
cancellation scheme also keeps the bias currents to a mere
10nA. By laser trimming the load resistors, R1 and R, the
offset voltage is kept below 25pV at 25°C. The entire input
stage has been optimized for low noise operation and is
largely responsible for the amplifier's ultra low noise voltage
of 3.0nV/VHz at 1kHz. Low frequency noise, on the other
hand, is particularly important in DC applications and the
HA-5147's 2.7Hz lower noise corner will prove quite
beneficial for many users.

The loading on R1 and R» is kept to a minimum through the
use of emitter followers between the input stage and the
second differential pair. C4 provides a feedforward path
around the second stage at high frequencies and feeds into
the level shifter and current mirror section. This portion of the
design provides a differential to single-ended conversion and
relies on C» to tailor the rolloff of the second stage. Two
vertically-constructed PNP transistors within the level shifter
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dramatically increase the frequency response of the
amplifier compared to that of other construction techniques.

Emitter followers in the fourth stage reduce the capacitive
loading effects of Cq by providing a separate driver for Cq
and the output stage. The output stage here is a high speed
buffer that employs complementary transistors as well as
short circuit protection.

The high performance features of the HA-5147 have quite
clearly moved this device closer to the “ideal” than any other
amplifier in its class. Yet, with some simple external
components, this device can be positioned even closer to the
“ideal." An offset nulling potentiometer can reduce Vpog
(Figure 3A), while the already hefty output stage

(loyt = 20mA Min) can be boosted without reducing the
excellent speed and bandwidth characteristics (Figure 3B).

Low Noise Design

Since the HA-51X7 is a very low noise operational amplifier,
low noise design techniques must be used to make the most
of this feature. There are two primary means of keeping
noise down, one requires the amplifier inputs to look into low
source resistances and the other requires bandwidth limiting
by filtering. A short outline of noise prediction will be
presented here to support these concepts.

Noise can be divided into several categories, which include
thermal noise (white noise) and flicker noise (pink noise or 1/F
noise). The feedback components are strongly dominated by
thermal noise making thermal noise the most important of
these from a system design standpoint (an exception to this are
high gain DC amplifiers which require low 1/F noise as
measured by the noise corner). Flicker noise is more a function
of the amplifier construction quality, and system design
variations are less effective in reducing this type of noise.

PRECISION
HA-5137
Vos 25pv
Vos DRIFT 1pVv/MO.
Vos TEMPCO | 0-2uv/°C
IBlAS +10nA
los +7nA
NOISE VOLTAGE 3.0nVWHz
NOISE CURRENT 0.4pANHz
OPEN LOOP GAIN 1.8V/ipv
CMRR 126dB
PSRR 120dB
GAIN BANDWIDTH 63MHz
SLEW RATE 17Vlus
POWER BANDWIDTH 270kHz
POWER CONSUMPTION 90mw
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HA-5147

PRECISION WIDEBAND

WIDEBAND HA-2620
25pv amV
1pV/MO. 10pV/MO.
0.6uv/°C 5uv/°C
+8nA +1nA
+10nA +1nA
3.0nVWHz 16nV/NHz
0.4pANHzZ 1.6pANHz
1.8V/ipv 0.15V/pv
125dB 100dB
130dB 90dB
120MHz < 100MHz
37V/us < 35V/us
560kHz < 550kHz
85mwW < 90mwW

FIGURE 1. THE HA-5147 COMBINES THE QUALITIES OF PRECISION OP AMPS WITH THOSE OF THE WIDEBAND SPEED CATEGORY
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FIGURE 2. INTENSE ATTENTION WAS GIVEN TO THE “TOTAL" DESIGN FROM INPUTS TO OUTPUT

Noise is usually rated in one of two ways. The first is RMS
voltage or current (a measure of peak-to-peak noise in a
given bandwidth) and the second is by noise density
spectrum in VWHz and A/YHz (a measure of the spectral
content of the noise in the frequency domain). The two rating
schemes are related, with RMS noise levels generated from
the integration of the noise density spectrum over a desired
frequency bandwidth.

As an illustration of noise prediction, the noise density for the
standard inverting amplifier configuration (Figure 4A) will be
determined. The total noise is derived from the combination
of several noise sources, only three of which are of any
significance. These are the amplifier's noise voltage, the
thermal noise of the feedback components, and the noise
generated by the noise current of the amplifier within the
feedback components.
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FIGURE 3A. NULLING THE HA-5147'S OFFSET VOLTAGE —_—
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NOTE: The HA-5147’s output current can be boosted to +100mA by NOTE: A reasonable estimate of noise levels can be generated with
using the HA-5033. AC performance is not affected. these two basic amplifier circuits.
FIGURE 3B. CURRENT BOOSTING THE HA-5147 FIGURE 4. NOISE PREDICTION CIRCUITS
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NOTE: The HA-5147’'s exceptional noise characteristics may be used to improve existing and new high quality audio systems. HA-5127 and
HA-5137 have identical noise characteristics.

FIGURE 5. HA-5147 NOISE CHARACTERISTICS

All Intersil semiconductor products are manufactured, assembled and tested under ISO9000 quality systems certification.

Intersil semiconductor products are sold by description only. Intersil Corporation reserves the right to make changes in circuit design and/or specifications at any time with-
out notice. Accordingly, the reader is cautioned to verify that data sheets are current before placing orders. Information furnished by Intersil is believed to be accurate and
reliable. However, no responsibility is assumed by Intersil or its subsidiaries for its use; nor for any infringements of patents or other rights of third parties which may result
from its use. No license is granted by implication or otherwise under any patent or patent rights of Intersil or its subsidiaries.

For information regarding Intersil Corporation and its products, see web site http://www.intersil.com
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The total noise is defined as the square root of the sum of
the squares of the individual noise terms.

2 2 2
En=6 A/(EAMP) *+ (Epgepeack) * (EnoisECURRENT IN)
NETWORK FEEDBACK NETWORK

E\ = TOTAL NOISE
G = GAIN OF STAGE

Eamp = AMPLIFIER NOISE VOLTAGE ..3.0nV//Hz AT f> 1kHz

Ereepsack = JAKTRgg WHERE... K= 1.381E-23

T =300
NETWORK -
Reo= RI|Rg

Enoise currenT IN = 'Noise Reo
FEEDBACK NETWORK Inoisg = 0.4pA/ /HZ AT f> 1kHz

OR MORE SPECIFICALLY .......

En = GA/(EAMP)Z + Reo4KT + (Iyoise Reo)2

Both the amplifier noise voltage and current noise are constant
above 1kHz and rise slightly for lower frequencies (Figure 5).
The resistor thermal noise is derived from the parallel
combination of the feedback network (Rgg) and several
constants (4KT). The third noise term again uses the equivalent
resistance of the feedback network (Rgg) as well as the noise
current generated at the input terminals of the ampilifier.

It should be evident from the above formula that extremely
large values of Rgg (especially over 10kQ) will dominate the
noise density while low values for Rgg will yield to the
amplifier's own noise characteristics. Note the asyptotic
convergence of the noise voltages in Figures 6A - 6C at low
values of Rgq.

A second circuit (Figure 4B) balances the effects of input
bias currents by placing a resistor R¢, equal to Rgq,
between the non-inverting input and ground. While reducing
DC errors, this configuration adds two additional terms to the
noise formula.

2 2
Ey =G J(EAMP) + Re4KT + (Iyoise Reo)

2
+ R 4KT + (Iyoise Re)

The original contributors to output noise remain as before and
the additional terms represent the thermal contribution by R¢
and the associated amplifier noise current seen through that
resistor. To optimize DC design, R Il Rg = Rgg = R, therefore
the noise density equation reduces to:

2 2
Ey=6 J(EAMP) *+ 2Rg4KT + 2(Iyoise Reg)

Again the relationship between large values of Rgg and a
high noise density spectrum remains.

RMS noise is derived in part as the integral of the noise
density spectrum over a given bandwidth. Below is the
complete expression:

f
_ R
Erms (FROM f5 TO f) = Ifo Enoise 2df
DENSITY
SPECTRUM

The strict integration assuming Ep, is constant, works well for
fo above = 1kHz. Both the amplifier's noise voltage and the
noise current increase for frequencies below 1kHz. This
makes for difficult integration since complicated expressions
for InoisE and Eapp must be generated. To avoid this
problem, graphical integration techniques or sampled
methods can be used with great success.

The curves in Figures 6A - 6C illustrate the relationship
between the RMS noise and Rgq for both amplifier designs.
It should be apparent from the predicted RMS noise curves
that increased bandwidth causes an increase in noise
voltage. An interesting effect of this relationship is that only
absolute bandwidth (f; - fg) is important. The general
frequencies of interest (if they are above 1kHz) are
irrelevant. More simply, 100Hz of bandwidth near 10kHz
contains as much noise as 100Hz of bandwidth near 1MHz.
This implies that bandwidth should be restricted with
appropriate high and low pass filtering, if the lowest noise
voltages are to be attained.

From the previous discussion, it is apparent that low noise
designs require low resistor values. This is not to say that
high gain should be avoided, just that low input and source
resistance values are required for low noise operation.
Closer examination of the RMS noise formula will also show
that limiting bandwidth, with filtering, will also reduce noise
levels. Additionally, metal film and wire-wound resistors have
lower excess noise (a component of resistor noise in
addition to thermal noise) than carbon resistors and are
therefore preferred.
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FIGURE 6A. PREDICTED NOISE FOR 10kHz TO 500kHz BANDWIDTH

m
HA-5147

)
Z 100
& 1004
w
7]
o
2
[
2 '
= 10u
2
)

1u

1 10 100 1K 10K 100K

Req Q)

FIGURE 6B. PREDICTED NOISE FOR 20Hz TO 20kHz BANDWIDTH
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FIGURE 7. INSTRUMENTATION AMPLIFIER
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FIGURE 6C. PREDICTED NOISE FOR 10Hz TO 100Hz BANDWIDTH
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FIGURE 8. HA-5147 CMRR vs FREQUENCY
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Applications

Heavily used throughout the world of sighal processing is the
instrumentation amplifier and it is this particular circuit that
can best utilize all of the features of the HA-5147. By using the
HA-5147, the standard 3 amplifier instrumentation circuit
(Figure 7) is now able to extend its bandwidth to 10MHz or its
power bandwidth to 500kHz. Additionally, the maximum
CMRR (> 120dB) is extended to higher frequencies (Figure
8). Other “error producing” input referred parameters of the
HA-5147 such as noise, Vog, Igjas, Vos drift and
temperature coefficients have been minimized, thus
maximizing the capabilities of this application.

Re
M

= Eo=Vrer (L+Rp/R) 04

NOTE: Very small bridge signals are sensed and amplified
accurately when using the precision performance of the HA-5147.

FIGURE 9. LOW LEVEL BRIDGE AMPLIFIER

Another circuit requiring very accurate amplification of its
signal is the transducer bridge amplifier (Figure 9). The
HA-5147, shown in an inverting bridge amplifier configuration,
is recommended when it is necessary to detect very small
level bridge signals. Its high open loop gain (>120dB), low
noise, and excellent values for Vog, Vog drift, and bias
current provide exceptional sensitivity to the smallest
transducer variations. Full scale calibration of this circuit is

made possible by placing a small valued potentiometer in
series with R;. Nulling is accomplished with R».

The high slew rate (37V/us) and the excellent output
current drive (20mA min.) make HA-5147 highly suitable
as an input or output buffer for analog multiplexers (Figure
10). The precision input characteristics of the HA-5147 help
simplify system “error budgets" while its speed and drive
capabilities provide fast charging of the multiplexer's output
capacitance. This eliminates any increased multiplexer
acquisition time, which can be induced by more limited
amplifiers. The HA-5147 accurately transfers information to
the next stage while effectively reducing any loading effects
on the multiplexer’s output.

Staying within the realm of signal processing, another standard
and much used circuit configuration can be enhanced by the
speed and precision of the HA-5147. A precision threshold
detector (Figure 11) requires low noise, low and stable offset
voltage, high open loop gain, and high speed. These
requirements are met by the HA-5147, while adding excellent
CMRR and PSRR to the list. The standard variations of this
circuit can easily be implemented using the HA-5147. For
example, hysteresis can be generated by adding R4 to provide
a small amount of positive feedback. The circuit becomes a
pulse width modulator if VReg and the input signal are left to
vary. Although the output drive capability of this device is
excellent, the optional buffering circuit may be used to drive
heavier loads while preventing loading effects on the amplifier.

Engineers working with professional audio designs will find the
HA-5147 highly desirable for many of their applications. With its
exceptional noise characteristics (Figure 5), wide power
bandwidth (500kHz), and modest power consumption (85mWw),
this device can be used as a high quality audio preamplifier or
as an intermediate stage gain block. A circuit similar to that in
Figure 3B can be incorporated into studio or stage monitors.

( ———MW——
R NFF
O_Wv
HA-5147
/ AV = -RF/R|
+
L
o—— \ Ay = 1+RE/R
HA-5137 * ANALOG TO SIH
/ MUX >
INPUTS
Re R
——\WA— =
R \ = —
Y HA-5127 MIN
Ry / Ay = Rg1/R1 -RE/R AMPLIFIER |STABLE GAIN| SLEW RATE
ADDRESS HA-5147 10 35
Re1 NPUTS HA-5137 5 20
HA-5127 1 10

.

NOTE: Reduced “error budgets” and higher speeds of operation are easily achieved when the combined speed and precision of the

HA-51X7 are used in these buffer amplifier applications.

FIGURE 10. HIGH SPEED INPUT/OUTPUT ANALOG MULTIPLEXER BUFFERING
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T INPUT RESISTORS NECESSARY

IF DIFFERENTIAL INPUT _——
VOLTAGE EXCEEDS #1V. 2N3904
OR 1
Rt | 2N2222 I
VREF 0—AMAN—] - I
HA-5147 -
Rt | | |
SIG. IN o—AAM—— +
| |
L= v — 4 o o —
Ry OPTIONAL OUTPUT

(OPTIONAL FOR HYSTERESIS) BUEFERING CIRCUIT

NOTE: This device can be used to increase response times while
maintaining precise detection.

FIGURE 11. PRECISION THRESHOLD DETECTOR
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NOTE: The additional drive capability of the power transistors allows
the HA-5147 to drive very heavy loads.

FIGURE 12. HIGH POWER AMPLIFIER

The audio preamplifier of Figure 3B has a limited output
current range. The audio power amplifier in Figure 12
overcomes this limitation and can provide an even greater
boost to the HA-5147. Q1 and Q2 are a complementary pair
arranged in a push pull manner, with R1 and R, providing
the necessary drive current. The maximum output voltage
corresponds to the minimum output current since:

(15-Vgg-Vo)/R,

is the drive current to the transistors. D1 and D5 ensure the
proper biasing of the transistors as well as a clean crossover

from Q1 to Q».

An audio circuit which can make maximum use of the speed,
bandwidth, and low noise of the HA-5147 is the NAB tape
playback preamplifier (Figure 13). This circuit is configured
to provide low frequency boost to 50Hz, flat response to
3kHz, and high frequency attenuation above 3kHz.
Compensation for variations in tape and tape head
performance can be achieved by trimming R1 and R».

Signal generation applications will also find this high
precision device useful. As an astable multivibrator (Figure
14) the power bandwidth of the HA-5147 extends the
circuit's frequency range to approximately 500kHz. Rt can
be made adjustable to vary the frequency if desired. Any

timing errors due to Vgg or Igjas have been minimized by
the precision characteristics of the HA-5147. D1 and Do, if
used, should be matched to prevent additional timing errors.
These clamping diodes may be omitted by tying Rt and the
positive feedback resistor Rg directly to the output.

T DC BLOCKING CAPACITOR, OPTIONAL, TO BLOCK OUTPUT
OFFSET VOLTAGE IF HA-5147 IS NOT NULLED.

NOTE: This NAB tape playback preamplifier fully utilizes the speed,
bandwidth, and noise features of the HA-5147.

FIGURE 13. PROFESSIONAL AUDIO NAB TAPE PLAYBACK
PREAMPLIFIER

o (~400kHz) WHERE fg ~ 1/2R7Ct

Rt HIGH POWER OUTPUT
J-C AVAVAY
T 5K LOW LEVEL
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- T = —A\AM\—$—0 ADDITIONAL
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>
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NOTE: Higher frequencies of operation and reduced timing errors
make the HA-5147 an attractive building block in signal generation
applications.

FIGURE 14. ASTABLE MULTIVIBRATOR

Often a circuit will be called upon to perform several functions.
In these situations the variable gain configuration of Figure 15
may be quite useful. This programmable gain stage depends
on CMOS analog switches to alter the amount of feedback and
thereby the gain of the stage. Placement of the switching
elements inside the relatively low current area of the feedback
loop, minimizes the effects of bias currents and switch
resistance on the calculated gain of the stage. Voltage spikes
may occur during the switching process, resulting in temporarily
reduced gain because of the make-before-break operation of
the switches. This can be minimized by providing a separate
voltage divider network for each level of gain.

Many signal processing applications depend on low noise
characteristics for their operation. One such application
involves logarithmic amplifiers. The input sensitivity range
is governed by the system noise in such a circuit. The HA-
5147, with its low noise characteristics, can extend the
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basic sensitivity of the common logarithmic amplifier
(Figure 16). The circuit uses a matched pair of transistors
to offset the effects of temperature and quiescent currents.
The final expression for Vot reduces to:

Vout =-0.026(1 + R5/Rg) IN[20V\/Vreg]
or using the schematic values:
Vourt =-In[2Vil

Rg should be temperature dependent if the expression for
VourT is to hold over an extended temperature range. The
overall sensitivity is from a few millivolts to about twice VRgE.

A high signal to noise ratio is important in signal construction
and combination. The HA-5147 aids in lowering overall
system noise and thereby raises system sensitivity. The
signal combination circuit in Figure 17 incorporates input
buffering with several other features to form a relatively
efficient mixer stage.

The potentiometer used for each channel allows for both
variable input levels as well as a constant impedance for the
driving source. The buffers serve mainly to prevent reverse
crosstalk back through the resistor network. This allows for the
combination of varying strength signals without reverse
contamination. The gain of the final stage is set at a minimum
of 10 and can be adjusted to as much as 20. This allows a great
deal of flexibility in combining a vast array of input signals.

+15

T VALUE CHOSEN TO PROVIDE
ADEQUATE DC BIAS CURRENT
50

10F 4 1 1

AOO ' 1L of%
U
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A0 [ AL [GAIN]| 1y 301HS SERIES SWITCHES =
0 0 1

0 X 10

X 0 100

X X 1000

NOTE: Variable gain of 1, 10, 100, 1000 is achieved by selecting the
proper amount of feedback with analog switches.

FIGURE 15. PROGRAMMABLE GAIN AMPLIFIER
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WITH Vi = 0 NULL V4 USING Ry
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NOTE: The matched pair of transistors makes this a very tempera-
ture stable logarithmic amplifier.

FIGURE 16. LOGARITHMIC AMPLIFIER

1K %4— . 5K 5K
— HA-5104 >—4-AA\—4 /

500

Ay =10TO 20

- 500
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NOTE: Several signals can be combined using this circuit with a min-
imum of channel crosstalk.

FIGURE 17. INPUT BUFFERED MIXER
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