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1. Linear Design Seminar Structure

This 1993 Texas Instruments Linear Design Seminar is intended to demonstrate how a wide variety of
problems frequently encountered by analogue, mixed-mode, and Data Transmission engineers can be
solved using T.1.'s latest Linear products.

In simple terms, Texas Instruments’ Linear products address the generic task of joining the real
analogue world we inhabit to the world of electronic digital processing. The structure of this seminar
reflects this by partitioning the general electronic 'system’ into functional blocks which form separate
seminar sections. For each block, major design principles and concepts will be reviewed, and then
illustrated practically with new products that address important application concerns.
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Introduction

The four parts of this seminar are:

Signal Conditioning
Data Conversion
Data Transmission

Power Drive Circuits

In the Signal Conditioning section we shall consider how to use products in ac, dc and single supply
applications. The use of Texas Instruments new range of 3 volt and high temperature analogue products
will be specifically discussed.

The Data Conversion section addresses the choice of A-D and D-A  converters for specific
applications. Both general and application specific converters will be described, including complete
acquisition systems on a single chip. Guidance will be given on how to use them. Included in this
section is an introduction to the Texas Instruments family of Video Interface Palettes.

The Data Transmission section discusses the key specifications of the EIA/TIA-232E, RS-485, and
SCSI data communication standards. Discussion will focus on the physical layer and on devices
operating within these communication standards. Specific topics covered will be the practical
relationship between data-rate and transmission distance, and transmission quality measurement.

At the output side of digital systems there is often the need to deliver significant power to a load; and to
protect the small-signal digital part of the system from damage from the high power levels in the world
outside. In the Power Drive Circuits section we shall discuss how to apply the latest Texas
Instruments integrated power devices to motor, lamp and solenoid loads.




1993 Linear Design Seminar

2. Integration and the Technology
Roadmap

Many of the products in this Linear Design Seminar are more than simply analogue devices. For
electronics systems to remain competitive in an increasingly global market. ever greater integration is
demanded to increase functionality and reduce both cost and size. Texas Instruments fully recognises
this and a common high-volume siticon technology roadmap has been laid down. This will enable the
integration of high performance analogue. digital, memory and processor core functions in the near
future. Further, significant investment has been made in high-volume, sub-micron geometry silicon
wafer processing capacity world wide.

In this Linear Design Seminar, we shall show. of course, new and purely analogue components such as
operational amplifiers and voltage regulators. These offer specific benefits to designers of classic
analogue circuits. However, and perhaps even more significantly, we shall also discuss products which
show the increasing integration on a single chip of the precision analogue world, and the high density
and high speed digital world. Moreover, this integration can increasingly be found in catalogue. as well
as custom products. Examples of complete sub-systems on a chip that will be discussed in detail are the
Video Interface Palettes, and Voice-Band Audio Processors.

Last, sub-micron silicon technology clearly essential for higher capacity memory and higher speed
digital processors, may seem at first sight to ofter little to the specialist analogue engineer. However,
we shall show that specific data conversion problems pose similar demands to high speed digital
processing. Further, even in the world of power drives we shall show how specific application benefits
can be derived from T.I's sub-micron silicon technologies.

Thus, we believe that through an integrated high density roadmap Texas Instruments will bring value to
the inhabitants of digital and 'real’ analogue world alike.
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1. Introduction

1.1.Signal Conditioning System

This section of the seminar will discuss some of Texas Instruments' high performance Linear signal
conditioning products

Signal Conditioning System

SWITCHING REGULATORS

_ LINEAR REGULATORS
~ ANALOGUE GROUNDS
SUPPLY | ANALOGUE REFERENCES

-

’

53 SIGNAL 8¢

Zz 0 wd

G2 CONDITIONING n >

| | ]
DUAL SUPPLY OP AMPS

SINGLE SUPPLY OP AMPS
HIGH SPEED OP AMPS
MICRO POWER OP AMPS

Figure 2.1.01. - Signal Conditioning System

Designing both Analogue and Digital systems entails some consideration of the supplies required. So,
when considering a whole signal conditioning system, be it just analogue or with analogue
preconditioning and digital processing of the data fed back from the sensors, the power supply must be
as carefully considered as the op amps used.
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Op amps will normally fall into two fundamental categories, although devices that fit into the same
category may vary enormously on other parameters. The simplest category is whether or not they can
function from a single supply. These categories can then be further split, with high speed op amps
fitting with the dual supply op amps, while micro-power op amps fit with the single supply op amps.

The power supply will come from one of two sources:- mains powered or battery powered, and with
the correct choice of regulator, the efficiency and board space savings can be maximised. The power
supply regulation will normally be done by switching regulators and/or linear regulators.

Switching regulators come into their own when dealing with either large drop-out voltages (the voltage
drop between the input and output), large output currents or where the output voltage must be increased
above the input voltage.

Linear regulators are normally much more easier to design with and are much less noisy. There are
however different forms of Linear regulators;- serial and shunt regulators. The serial regulator acts as a
variable resistor between the input and output; the resistance will decrease as the output increases. A
shunt regulator also works as a variable resistor, but this time the variable resistor is between the output
and ground with a fixed resistor between the input and the output. As the output current increases, the
variable resistor increases thus shunting less current to ground.

1.2.Designing the Right Device

TI is and will continue to be a leading supplier of cost effective performance operational amplifiers. To
maintain this position, performance products must be developed which satisfy the demands of both the
system design engineers and the end equipment. TI, must, therefore understand exactly what these
requirements are.

To be able to provide the right op amps for the market place, any company must have a clear
understanding of 'The Total Need'. This understanding must reach beyond the 'Quest for the Ideal op
amp ' - many other factors need to be considered.

TI has identified the following areas as being crucial in the development and supply of performance
amplifiers:

1.2.1. Market and System Understanding

TI focuses its products at particular applications and market segments. By understanding actual system
requirements it is possible to provide devices which are highly suited to the actual end equipment. TI
has op amps ideally suited to applications in the following areas;- Automotive, Telecom,
Instrumentation, Test and Measurement, Industrial Control, and Audio. By understanding the demands
of these systems, an op amps parameters can be fully optimised.

1.2.2. Characterisation and Design Support Material

Having an operational amplifier which performs well is not enough - it must also be easy to use and its
particular characteristics well understood. TI, like many other companies, is putting significant effort
into giving excellent support and design information. Characterisation data has meant that the datasheet
for a single op amp is now normally longer than 30 pages!
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Designing The Right Device

o

Figure 2.1.02. - Designing The Right Device

1.2.3. New Technologies

It is essential for design engineers to be able to use the most advanced and suitable technologies to
enable the development of performance products. Skilled designers can only do so much - eventually
the actual technology becomes the limiting factor. Throughout TI's history great emphasis has been
placed on developing leading technologies to enable the production of performance products. Texas
Instruments is the industry's leading supplier of products designed using Bifet and LinCMOSTM
processes. Excalibur, TT's new complementary Bipolar/Bifet technology, has enabled the development
of a number of precision, high speed, low power op amps - all of which are proving extremely popular
in a wide range of applications. The development of advanced, quality, performance technologies is
one of TI's strengths and these skills are being put to good use in all areas of linear products.

1.3.Bipolar Operational Amplifiers

Bipolar is still, by far, the most popular technology used to develop operational amplifiers and new
higher performance bipolar technologies are being developed continuously - the pa741 would not
recognise the technologies being used today
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Devices designed using bipolar technology have a number of benefits over Bifet or CMOS products.

Bipolar Operational Amplifiers

Key Products;

\ - TLE2021/2/4
©  High But Stable Bias Currents TLE2027/37
. TLE2141/2/4
' ® Reduced AC Performance TLE2227/37

Figure 2.1.03. - Bipolar Operational Amplifiers

1.3.1. Bipolar Advantages

Low and stable offsets;

Since bipolar transistors are relatively easy to match and their behaviour due to temperature and current
change is well understood, it is possible to develop operational amplifiers with low and stable offsets.
Offset voltage errors are due to Vbe mismatches and differing collector currents flowing through the
input stage transistors. By using various trimming techniques, bipolar designs are now available with
offset voltages as low as 10pV and will drift less than 0.1puV/°C.

Low Noise;

A low noise voltage is more important than low noise current specification is of most importance in the
majority of applications (e.g. audio, Telecom and many instrumentation systems). Bipolar op amps
offer the lowest noise voltage performance among commercially available devices. The noise voltage
from the input of a bipolar amplifier is dominated by the thermal noise from the base spread resistance
and the emitter small signal resistance. These, and other factors, can be optimised to achieve op amps

with <2nVAJHz noise voltage specification. This performance is impossible to achieve using a FET
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input amplifier. When interfacing to high impedance sources however, bipolar op amps become
inferior to CMOS designs, due to their high noise current specifications dominate noise errors.

High Gain;

The transconductance, gm, of the bipolar input stage is high and therefore the related open loop gain of
the amplifier is also high. This enables the design of circuit that are much more 'accurate’ than Bifet or
CMOS designs. The high gain, however, does mean that a complicated compensation networks need to
be used to ensure stability, a factor which lower gain JFETs have benefited from to achieve higher slew
rates.

1.3.2. Bipolar Disadvantages

High Offset and Bias Currents;

Due to the bipolar input stage, the bias currents (effectively the the input transistor's base current), of
bipolar op amps are high . Various design techniques such as SuperBeta NPNs, or bias current
cancellation circuits can be used to reduce these currents, However, it would be very unusual for a
bipolar device to be able to compete with a FET design at room temperature.

Bias currents for bipolar designs are, however, much more stable than for FET input designs. At high
temperatures it is possible for a FET input device to actually have higher bias currents than a good
bipolar design, particularly a super beta part.

Slow Lateral PNPs;

Lateral PNPs are much slower (and noisier) than the NPNs of the same process. A typical technology
would have PNPs with an FT (transistor bandwidth) of 3MHz, compared to NPNs which have an FT of
150MHz. As it is very difficult to design a device without using PNPs, the overall ac performance of
an amplifier is severely limited.

Realising this many manufacturers have developed 'Complementary Bipolar Technologies' which have
much faster PNPs who's FTs are similar to the NPNs. The result has been much faster bipolar op amps.

Excalibur is TI's new complementary bipolar process, and as well as having faster PNPs it includes a
number of other features necessary for the development of performance amplifiers.
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1.3.3. TI's Bipolar Op Amps

TLE2021 LM301 LT1014 OP07
TLE2022 LM307 LTI1037 OoP27
TLE2024 LM308 MC1458 OP37
TLE2027 LM324 MC1558 RC4156
TLE2037 1LM348 MC3303 RC4138
TLE2141 LM358 MC3403 RC4558
TLE2142 LM?2902 MC34071 RC4559
TLE2144 LM2904 MC34072 TL2828
TLE2227 LT1001 MC34074 TL2829
TLE2237 LT1007 NES532 uA741
LT1013 NES5534

1.4.Bifet Operational Amplifiers

Bifet operational amplifiers were first introduced in the early 1970's and today they are among the most
common op amp type. They are essentially bipolar op amps which use high voltage p-channel JFETs
on the input. These JFETs have a number of advantages and disadvantages;

1.4.1. BIFET Advantages

High input impedance and low bias currents;

The inherent high input impedance of JFET transistors enables op amps with extremely low bias
currents. This brings a number of significant advantages to many applications including integrators,
sample and holds and filter type circuits. Care must be taken however as the bias currents will double
for every 10°C increase in temperature. At high temperatures a Bifet's bias current may be higher than
some bipolar circuits!

Improved ac performance;

When JFETSs are used in an op amp's input, the resulting gain of the op amps differential input stage is
significantly reduced. The amplifier's internal compensation capacitor (which provides device stability)
can therefore be reduced giving a significant increase in slew rate. For the same supply current, a Bifet
op amp can easily have up to a five fold increase in slew rate over a bipolar equivalent.

Reduced Input Noise Current;

A benefit of both CMOS and Bifet operational amplifiers is their improved noise current. This is very
important when interfacing to sources of a very high impedance. The input noise current is determined
by the shot noise of the gate current - which is very low at 25°C.
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Bifet Operational Amplifiers

Typlcal Performance Levels

Technoiogy Beneﬁts
| ® owBias and Oftset Currents

> :improved Siew Ra%e

Alib/AT f'

SR
}' 4 hnology Ltmcts
. Poorand UnszabfeOﬁsets
Key Products;
® Linfed Mo Operating ange Excalibur Bifets
. b Supply Oniy TLE2061/2/4
L TLE2161
TLE2082
TLE2662

Figure 2.1.04. - Bifet Operational Ampifiers

1.4.2. BIFET Disadvantages

Poor and unstable offset voltages;

Bifet designs have typically far greater offset voltages than their bipolar equivalents. Their less
uniform dc characteristics and poor thermal drift makes the essential accurate matching of the input
transistors very difficult. They are also very prone to the induced stresses of plastic packages - real
precision Bifets are normally only available in ceramic, metal can or hybrid packages.

Typical standard selection Bifets in a plastic package may only achieve 2mV - 3mV offset voltage and
their stability will be poor. Newer designs, such as the TLO51 and TLO31 series have improved
processing and design techniques to achieve new levels of precision and stability.

Poorer CMRR, PSRR and Open Loop Gain specifications;

The reduced gain of the Bifet's input stage, which enables the improved ac performance, also causes a
reduction in various gain parameters of the device. This further reduces the suitability of the designs in
precision applications.

2.17




1993_Linear Design Seminar

Increased Noise Voltage;
A FET input stage will have a higher noise voltage and higher 1/f frequency when compared to bipolar
devices.

1.4.3. TI's Bifets

TLE2061/2/4 Family TLO71/2/4 Family LF411/2
TLE2161 TLO061/2/4 Family LF441/2
TLE2082 TLO081/2/4 Family LF347/9
TLE2662 TLO031/2/4 Family LF353

TLO051/2/4 Family

1.5.CMOS Operational Amplifiers

CMOS Operational Amplifiers

Typlcal Performance Levels

";«200 'VK 10 mV
: Ahb/AT '
SR
. Cﬁoppers Ytetd Ultxmate . Key Products;
~ Precision (Vio<14V) LincCMOS ™ Choppers
Technology Limits: TLC271/2/4  TLC251/2/4 ICL7652
s TLC277/9 TLC1078/9 LTC1052
{
Linstog: Vplages Range (16Y) TLC2201/2  TLV232X TLC2652
®  Bias Current Drift with Temp TLC2272 TLV233X TLC2654
TLC2274 TLV234X
TLV235X

Figure 2.1.05. - CMOS Operational Amplifiers
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Although originally considered to be too unstable for many linear functions, CMOS amplifiers are now
well accepted as a real alternative to many bipolar, Bifet and even dielectrically isolated op amps.

Texas Instruments was the first company to release linear devices designed using a CMOS process,
LinCMOS™, specifically developed for linear circuits. The first products were released in 1983, and
LinCMOS™ and its next generations are still being used today to realise a whole range of linear
functions - from op amps to A-D converters.

1.5.1. CMOS Advantages

Single supply operation;

By far one of the most significant advantages of using a device designed using CMOS technology is
their excellent single supply operation. By using PMOS on the input stage and an NMOS on the output
stage it is possible to develop a device with an input common mode range that includes the negative
rail and an output stage that swings all the way down to the negative supply - true single supply
operation! This feature obviously makes the devices extremely popular in battery powered
applications.

Low Voltage and low Supply current applications;

TI has low quiescent supply current op amps capable of operating with supply currents of less than
10pA and at supply voltages down to 1.4V. TI has also released a new family of op amps designed
specifically for 3 V applications. Single supply baitery powered applications particularly benefit from
using these parts.

High input impedance and low bias currents;

Like Bifet op amps, using MOS transistors on the input stage enables the design of op amps with high
input impedance and low offset and bias currents. Bias currents can be in the fA range, but difficulty in
testing, and various leakage currents mean that these levels of performance are rarely specified. A
typical LinCMOS™ op amp has a bias current at 25°C of 100fA. Over temperature, however, the bias
currents will double for every 10°C increase in temperature.

1.5.2. ESD (Electrostatic Discharge) Protection;

ESD is something that is perceived to be a problem with CMOS, but not with devices designed using
LinCMOS™. All devices produced using LinCMOS™ are designed to withstand 2kV ESD -
something many bipolar designs cannot claim. Protection circuits found in LinCMOS™ devices are
discussed in the System Protection section.

1.5.3. CMOS Disadvantages

Limited Supply Voltage range;

Although ideal for low supply voltage applications, most CMOS parts will not operate with supply
voltages greater than 16 or 18 Volts. This is a limitation in some wide supply, instrumentation
applications.

Limited Offset Voltages;

The best CMOS devices can achieve offset voltages as low as 200uV which is better than most Bifet
parts but does not compete with the best bipolar designs. Typical CMOS op amps will have an offset
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voltage specification of 2mV - 10mV. The stability of CMOS devices is however, improved over Bifet
designs.

Chopper stabilised op amps however, which are discussed in detail later, are designed using CMOS
technology and achieve the ultimate in dc precision. Maximum offsets as low as 1uV are realisable.

High Noise voltage;

Like Bifets, a MOS input stage causes devices to suffer from high input noise voltages and a high 1/f
corner frequency although their input noise current is normally extremely low. The TLC2201 however,
discussed later in the signal conditioning section, actually features a combination of low voltage and
current noise specifications.

1.5.4. TI's CMOS amplifiers

TLC2201/2 TLV2341 TLC271 TLC1078/9

TLC2272/4 TLV2322/4 TLC277/9 TLC272/4

TLC2652/4 TLV2332/4 TLC27L7/9 TLC27L.2/4
TLV2342/4 TLC27M7/9 TLC27M2/4

LinCMOS™ wags TI's first linear CMOS technology and the resulting products are now industry
standards. It has since been upgraded with Advanced LinCMOS™ which, because of smaller
geometries and more compact capacitors has enabled the true interface of digital and analogue
structures. The most obvious result has been high performance ADCs. LinBiCMOS™ s the latest
revision; featuring the CMOS structures as found in Advanced LinCMOS™ as well as true bipolar
transistors. This being used to great effect in TI's Data Transmission products.

1.6.Device Macro-Models and Simulations

Since the introduction of operational amplifiers, very much simplified models of their behaviour have
been used to try and predict the output of the device when stressed with various forms of inputs.

The simplest model is that of the virtual short between the inputs of the device. This assumes infinite
gain and infinite input impedance. The model works reasonably well on high performance op amps
with high open loop gains of more than one million. It proves unsatisfactory when trying to consider
other aspects in the performance of the op amp, such as the errors associated with its input and more
importantly the device's frequency response.

For dc applications, high input impedance is normally a very good assumption, since almost all op
amps have impedances greater than 1 MQ and the gains frequently used are low enough such that the
op amp is not used in open loop conditions. Taking into consideration all the offset voltages, input bias
and offset currents adds to the complications of the simplified model. Hence, a more complete model
has the virtual short across the inputs replaced with an offset voltage in series with the non-inverting
input and biasing current sources connected to the inputs of the device. These are all dc effects, and can
reflect the performance of the op amp reasonably well, however, modelling most of the ac aspects of
the op amp can be very difficult.
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Device Macro-Models and Simulations

Vout=__ A(s) *Vin
1+ A(s)p

S8 = Rs/(Rsn + RY)
Finite Gain-Ba

Vee+ 3 9 ! -
Differential [H rel c2 Differential Gain Model
Input stage Trp| 11 12 ve 2 din
Model ct Y

IN+— 01\ R reel O. 2
¥ — §53
IN 3 ol ree
’ re2 y =
[ 10 S
Vool iee S +98 | Output Swing 5 out
4 ve “54 Limit Model

T.l.'s SPICE compatible Op amp MACRO-MODEL

Figure 2.1.06. - Device Macro-Models And Simulations

The op amp can be considered as a low pass filter with enormous gain; the large gain minimises most
of the low pass filter effects at low frequencies, but at higher frequencies these effects must be taken
into account. The analysis can be made easier by use of the Bode plot, and by relating the circuit's ideal
gain to the op amp's actual gain. This will show the point where the open loop gain of the op amp takes
over from the ideal gain.

The whole model can be improved by considering the feedback equation of any system:-

_AQL

GeL = 1 +AQLB

Where G(L, is the closed loop gain, AQL is the open loop gain and B is the feedback around the
amplifier. Using this equation increases the accuracy of the model considerably but can also increase
the complexity to beyond that of pen, paper and calculator, especially for systems using several op
amps. The difficulty of ac analysis is compounded when operating the op amp with large signals,
which can drive the device out of its assumed linear mode.

With the advent of personal computers, a much simpler way of analysing op amp circuits has arrived:
op amp macro-models. The macro-model is a simplified model of the op amp taking into account all of
its key parameters. Texas Instruments has released macro-models of all its op amps and these are
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capable of operating with a wide variety of simulation packages, one example is Microsim's
PSPICE™.

The macro-model is a derivative of Boyle's model, which uses real transistors to model the actual input
stage of the op amp. Bias current errors and further input (ac and dc) errors can also be modelled.
Current and voltage sources, along with passives are used to model the gain and its roll-off over
frequency of the input and following stages. Each of the parameters are derived from the specifications
of the op amp and so simulate the performance of op amp to a much higher level of accuracy than the
designer, with only a pen and paper, can. The macro-models, as with most things, provide a
compromise between optimum performance and simulating speed, cost and ease of use. A full model
of the device will give a better representation of the device but would take much longer to simulate and
would also cost considerably more.

Note op amp manufacturers seldom release full SPICE simulation models of their devices, however;
Texas Instruments has now released a Macro-Model Data Manual. The manual contains model for each
of its op amps, with exception of the latest products which contain the model on their datasheet.
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2. DC Applications

2.1.DC Precision Design

Any signal conditioning circuit will be required to meet some given system specifications. This is true
even from most simple circuits to the most complicated circuits.

DC Precision Design

Maxium |
Signal Level A
Maximum Dynamic
Range
Totallput | Yy
Errors
Vio Drift lis Vner) | PSRR [CMRR | Gain Error

DC Input Referred Errors

Figure 2.2.01. - D.C. Precision Design

The dynamic range is one way of stating system specifications. It can also be used as a measure of
system errors. In most applications the devices having the greatest effect on the performance of the
whole system will be those in the input stage, since there is not any way of recovering the errors that
these devices introduce.
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The most basic internal configuration for an op amp is that shown below

4 Vee+
- + Vo
F Vce-

The transistors in the input stage are not perfectly matched and so have an offset between them. This
offset voltage is affected by the supply voltage and the input voltage that is common to both of them.
These effects are normally known as the Power Supply Rejection Ratio and the Common Mode
Rejection Ratio, and can have large effects on the overall offset voltage of the device if too small.

The input stage transistors also have current flowing through them and so draw input bias current. This
will once again affect the accuracy of the device by adding another offset voltage equivalent to the
product of the bias current and the equivalent source resistance as seen by the input. For a simple
inverting amplifier configuration, this source resistance will be equivalent to the parallel combination
of the source resistance and the feedback resistance.

Further input offset voltage errors arise from changes in junction temperature of the device as well as
during the lifetime of the device.

Further errors will be introduced by the limited open loop gain. Most approximations in the open loop
gain of an op amp assume it to be infinite. When designing systems requiring an accuracy better than
0.1%, the finite open loop gain can start to be a limiting factor in the performance of the op amp.

Low frequency noise can also be a problem in very low frequency, high precision applications. In most
cases only the flicker noise be need considered and in these applications it is important to use devices
with a very low flicker noise content.

2.2.Bits of Accuracy

One measure of a system's accuracy is its dynamic range which is normally measured in decibels (dB)
and is the ratio of the maximum output signal to the total output errors. This is normally used in ac
applications where wide-band noise can often be a limiting factor in the performance of the whole
system.

However, with the increase in digital signal processing another way of expressing the accuracy of a
system is to express it in the number of BITs that can be accurately recorded.
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BITs of Accuracy

D.C. Input Referred Errors

® |nput Offset Errors
lio=lig+ lig-

Vie =Vio + ey + Vpsrr + Vemrr

°
()
o
=]
)
@
.2
[o}
m
=]
w8
]

/

ﬁ 1 * Avnﬁ.:T

® Total Input Referred Errors V. = Ve - Rele. s v .
VIET =A—' RSI|0+I|B- (RFb 'RS) +VIE + IN s'iB+ IE ﬁ RF +RSH
T+Aypp Vo- V.= lg.+ V.&V.=VoB -l Rep
e Total Output Errors for Vomax) y RF—V v Rsn
ID = Y+~ V-
Voer= _Yoman - sl +le. (HF )+ Ve =VinRslio* . (ReB-Rs)+ Ve - Yo B
T+AnB B B/ B
® BITs of Accuracy = - Log( ) log2-1=- Lng( loET ) -1
Vomax) Vomax)

Figure 2.2.02. - BITs of Accuracy

Figure 2.2.02 shows an op amp, including all of its input errors, in a non-inverting configuration. The
voltage seen on the non-inverting input will be:-

Vi = Vin-Rglps +Vig

VIE includes the offset voltage of the device and also its power supply and common-mode rejection
ratio limits, as well as the low frequency noise.

VIE = Vio*Vnee) * Vesrr + VeMrR

Summing the currents flowing into the inverting input node:-

Vo -V V_
0~ - _ Ig_ +—
RE Rsy
The voltage on the inverting input will be:-
R
V. = VoB-Tg_REB oo Where p= ——>0
F+Rgy
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The differential input, Vp, is now equal to V-V:-

VIp = Vin—Rslo +lip (REB-Rg)+Vig - Vo
Where Igg = I1g,-Ip.
The output volitage, V,, equals V, multiplied by the op amp's open loop gain:-

Vo = Vip*Awp
V
LRV | '
p (1+AvpB)B
Referring this and the other input offset errors, the total input referred errors, V gy, are equal to
Vin

1+AypB

All these errors will be multiplied by the op amp's non-inverting gain, l/B to give the total output
referred errors, VopT,:-

.................... Ignoring input offset errors.

ViET ~Rslio +Ip- (REB—Rg)+Vig

Vin Rslio
Vogr = - +hp-| Rp——>

‘ (1+AvpB)B B
The maximum dynamic range will be reached when the output signal has reached its largest level, so
the total output referred errors at maximum output swing will be:-

Vomax)  Rglip Rg ). Vg
\% = - RS |+ E
OFT (1+AyoB) B ) B

The maximum dynamic range attainable by the system will therefore be equal to maximum output
voltage swing divided by the total output referred errors. Converting this to decibels we get:-

V,
Dynamic Range =  —20Log| —CET | e dB
Vomax)
Rl R V,
= -20Log - ..dB
(1+AypB) Vomax)
V,
BITs of Accuracy = —Log ~OET LOog2 — 1. BITs
Vomax)
B BITs
6.02

Dividing by the logarithm of 2 converts the equivalent base of the logarithm to 2. Subtracting 1 allows
for 0.5 BIT error.

This is another way of measuring the accuracy of a system, and can be used when relating the
performance of an op amp to an ADC. However, when the device is being as an ADC interface
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amplifier the maximum output swing will normally be limited to the reference voltages used by the
ADC.

Bearing this in mind the BITs of accuracy would become:-

V,
BITs of Accuracy = —Log[—oﬂ] /Log2—1 ................................................... BITs
VREE

2.3.TLE2027 and TLE2227 Precision Op Amps

The TLE2027 and TLE2227 are among the most recent op amps to be developed and fabricated using
the Excalibur technology. These devices have been optimised for precision and include a novel output
stage that features a 'Saturation Recovery Circuit' which enables much improved small signal response
and outstanding levels of distortion.

TLE2027 and TLE2227 - Precision Op Amps

Low Noise, High Precision with Speed
e Low Input Offset Voltage;

100
TLE2027A ....... 25 uV max o000 Em@ TLE2027
TLE2027 ........ 100 4V max 2 00| o TLE2227
TLE2227 ........ 100 uv ° v
® High Open Loop Gain 5 10 o
45 V/uV or 153 dB!!! s
e Low Noise Voltage; §1 (RO TAuv
3.3 nV//Hz @ 10 Hz S 100
25nV//Hz@ 1 kHz Q [50 'ﬂ 90 nV
e Wide Bandwidth; 10
TLE2027 ........ 15 MHz Vio Vnee) lig*600 PSRR CMRR
TLE2227 ........ 13 MHz PSRR at a 10% tolerance on 15 V supplies
X , CMRR on a 5 V common-mode input voitage
¢ |nput Bias Current Cancelling

Figure 2.2.03. - TLE2027 and TLE2227 - Precision Op Amps

Precision - The parameters of most importance in a precision application are; Offset Voltage, Drift,
Bias Currents and Open Loop Gain. The TLE2027A, single op amp, has a maximum offset voltage of
only 25uV and a maximum offset voltage drift of 1uV/°C and 1pV/month. While the TLE2227, dual
op amp) has an offset voltage of 100 pV, with similar offset voltage drifts to that of the TLE2027. Both
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devices have bias current cancellation circuitry to reduce bias currents to typically 15 nA enabling
larger external resistors without impacting overall dc accuracy.

The chart in figure 2.2.03 puts the precision of the device in perspective. Due to the devices' high open
loop gains the gain error in almost all dc applications can be ignored. While the PSRR and CMRR
effects are also reduced to levels far below that of similar op amps.

An outstanding parameter of both devices is their open loop gain, Avd; - at 153dB, it is probably the
highest in the world! This results in an improvement in the op amp's 'loop-gain’ even when used in
large closed loop gain applications, yielding an increase in overall performance.

ac Performance - Both Devices have an excellent unity gain bandwidth, 15 MHz, for the TLE2027
and 13 MHz for the TLE2227, with Slew Rates of better or equal to 2.5 V/ps.

Low Noise - A large input stage, and clever design and layout techniques has given the device an

extremely low noise voltage specification - 3.3 nV/\/ﬁz- at 10Hz, and 2.5 nV/\/ﬁ—z at 1kHz. The low
frequency noise and the low frequency 1/f corner give these devices a very small low frequency noise
figure, only 50 nV for the 0.1 Hz to 10 Hz bandwidth. The low overall noise is an obvious benefit to
precision measurement systems and audio applications.

Applications - The low offsets and excellent overall precision has enabled the parts to be used in
Instrumentation, Measurement and Test equipment applications, whilst the excellent ac performance
and low noise also makes the devices well suited to Audio and Telecom applications.

2.4.High Precision Differential Amplifier

As with any design, the input stage will have a significant effect on the overall performance of the
system, particularly noise levels, dc accuracy and ac accuracy. One configuration which needs
maximum performance is the instrumentation or difference amplifier, typically used in applications
that require the ability to pick-out small differential voltages which are super-imposed on large
common-mode signals. Two op amps ideal for such applications are the TLE2027and TLE2227
devices.

The ideal instrumentation amplifier has infinite input impedance, large differential voltage gain and
zero common-mode gain. The most simple instrumentation amplifier consists of a single amplifier
configured as amplifier B in figure 2.2.04. This has major drawbacks in:-

1) The input impedance is not infinite, but is equal to the sum of Rg and R7 on the non-
inverting input and varies with differential input voltage on the inverting input.

2) The common-mode gain depends largely on the matching of resistors Rg and R7 to Rg
and Rog.

These problems can be overcome by the configuration shown above. Amplifiers Al and A2 provide
high differential gain, and unity common-mode gain. Another advantage is that the input impedance of
the instrumentation amplifier is now the input impedance of the amplifiers.

The choice of amplifier will now have the largest effect on the total performance of the system, and for
optimum performance errors associated with each amplifier will need to be reduced. Op amps are
always used in a feedback loop and due to their finite open-loop gain and finite gain-bandwidth
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product, errors will be introduced. The feedback will reduce some of these problems and using a high
performance op-amp will set most problems at a much lower level than others.

2.4.1. Op amp considerations.

High Precision Differential Amplifier

Vi
Vio 1E+(2)

TLE2027
+15V

Figure 2.2.04. - High Precision Differential Amplifier

One consideration is input impedance, which is the input impedance of the op-amp multiplied by its
desensitising factor 1+AB; An op-amp with a large open loop gain will increase the input impedance
to the order of 1012Q. This means that the bias currents are a much more important problem,
especially when considering performance over temperature. The TLE2027 implements bias current
cancellation techniques, resulting in the op-amp having low bias currents coupled with high speed and
large open-loop gain.

Common-mode and power supply effects are another source of error and should not be neglected.
The op amps will normally be looking at very small differential signals superimposed on large
common-mode signals, which means that to preserve performance and accuracy the op amp needs to
have a large common-mode rejection ratio. The TLE2027 has a typical CMRR of 131 dB, which is
equal to 282 nV/V, and a PSRR of 144 dB equivalent to 63 nV/V.
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The gain error due to the op-amp can introduce further system performance limitations, especially
when operating at the high gains demanded by instrumentation amplifiers. The TLE2027 and TLE2227
has an open loop gain of 45 million! - hence with a gain of 1000 the gain error is still only 0.0022%.

Drift of the op amp's offset voltage can limit the overall accuracy of the system, in particular with time
and temperature, as this is one parameter which cannot be corrected or nulled out. The effects of both
these are normally technology dependent, and as already discussed the Excalibur process provides
stability in both domains. The TLE2027 and TLE2227 have a typical temperature co-efficient of input
offset voltage, 0V, of 400 nV/°C. When considering the drift with temperature there are two aspects
to take into account, the most obvious being the change in ambient temperature. The other is due to
changes in junction temperature caused by self heating of the integrated circuit. The ultimate drift in
offset voltage due to self heating will be package dependent due to differing thermal resistances.

2.4.2, Application errors

The configuration shown uses op amps Al and A2 to provide a large differential gain (201) whilst
providing a unity common mode gain. The errors associated with these op amps will be very similar.

The worst case values of CMRR and PSRR of the TLLE2227 reduces errors associated with a common-
mode voltage of 5V and a 15V supply (10% tolerance) tol6.5 uV. The quiescent supply current
dissipates a power of 219 mW, this coupled with power dissipated in the output stages to drive the
feedback and load resistors increases the junction temperature by 36°C. This increases the offset
voltages of Al and A2 by 14.4 pV. The cancellation circuitry for the bias currents reduces their related
errors to 2.6 uV; while the open loop gain of the TLE2027 reduces any gain error to 112 aV (for a
50 mV differential input voltage).

Taking these into account the errors referred to the non-inverting input, ViE+., is equal to:-
Vige = Vior +Iig.*R1 + ATaVio + Viy ¥ CMRR + 2V(#10%*PSRR.
For the TLE2227 the input referred errors should be:- Vg, = 123 pV

The feedback network around each op amp ensures that the inverting input will be equal to the non-
inverting input (the actual system input) plus or minus the errors, V[E+, discussed above. This results
in V[E4 also appearing as an input for the opposing op amp in the differential input pair. Therefore op
amp Al will multiply its offset errors by its normal non-inverting gain and it will also multiply the
offset errors of A2 by its inverting gain, (the converse is true for A2). Op amp A3 with its differential
gain will effectively result in the offset errors of A2 being multiplied by -201, and the offset errors of
Al multiplied by 201. The bias currents from the inverting input cause an offset voltage on the output
of each amplifier equal to the bias current multiplied by the feedback resistor (R5 or Rg), this can be
referred to the input of the op amp by dividing by the non-inverting gain.

This results in the output of amplifier A1, VOE], being equal to:-

R R
VOElI = Vi« *[1 + —i] -Iig.*Rs - Vig42 *(——5‘]
R, R;
while the output of amplifier A2, VQE2, will be:-
R R
VOE2 = Vns+2*[1+—i)- Iig.*Ry 'VIE+2*( : j
R; Rj
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These equations ignore the very small gain error of the TLE2027. The inverting input bias current
error, IIB-*Rs, equals 261 pV.

2.4.3. Differencing Amplifier

Op amp B should remove the common-mode signal still present on the outputs of Al and A2. It will
also introduce similar errors to Al and A2 except that the bias current error will be greater due to the
larger source resistors. Assuming true matching between resistors Rg, R7, Rg and Rg, the bias current
error will be reduced to the offset current error. When using op amps with bias current cancellation
techniques the benefits of matching source resistances are reduced and will actually reduce the
performance for low noise applications. The input stage has special circuitry, using matched transistors,
to provide the bias currents for the differential input transistors.

The self heating of op amp B will introduce errors due to changes in the by junction temperature. The
output of B will be approximately 10 V while its inputs should be about 5V, resulting in its output
sourcing 5 mA which dissipates a further 25 mW within its output. This extra power dissipation
coupled with quiescent power will cause a drift of 6.95 puV. Taking this drift and the offset current error
of 3 uV, (6 nA x 500 Q, into account the error introduced by A3 will be 31.6 uV; the non-inverting
gain of A3 doubles this to yield 63.2 uV, which in this configuration is negligible.

2.4.4. Total Errors

The non-inverting errors due to Al and A2 are multiplied by 201. This results in an error due to A1 of
201 x 123 uV - 261 uV =24.46 mV.

and an error due to A2 of:-
201 x 123 pV - 261 pV =24.46 mV.

However, because op amps Al and A2 are on the same die their input stage will be at similar
temperatures resulting in most of the offset drift due to temperature cancelling out. Although all the
other errors are common to the same integrated circuit the biasing circuitry within the device will be
separate, and are therefore uncorrelated. These errors will be less than on an op amp with similar
accuracies.

A way of minimising the probable overall error is to take a RMS sum of the remaining errors. If this is
done the error achieved is 30.2 mV. Relating this error to the input of the instrumentation amplifier
results in an offset error of only 150 pV.

The large common-mode signal has increased the errors due to the op amps' finite common mode
rejection ratio, and such a large common-mode signal applied to the third amplifier could add further
errors caused by mismatching between resistors Rg to Rg. Replacing R7 with a trimming variable
resistor allows for any further error adjustment.

2.5.Improved Linearity Strain Gauge Amplifier

One problem with most strain gauges is their relatively low resistance. This low resistance will cause a
compromise between the voltage used to drive the strain gauge itself and the voltage that can be
measured between its output.
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To increase the voltage that is read out of the strain gauge, the voltage used to drive the stain gauge can
be increased. This will increase the self heating within the strain gauge, and so affect the accuracy of
the system. To minimise this problem the TLE2227 is used to place a 5 V drive across the strain gauge.
To reduce the power dissipation within the TLE2227 its power supply rails have been reduced to
1.5 V.

The use of the TLE2227 in this application allows any temperature drift within each amplifier to cancel
out with the other.

2.5.1. Circuit Operation

Improved Linearity Strain Gauge Amplifier
Excellent DC accuracy of the TLE2227 Improve System Accuracy

— Reference to ADC or other Circuitry

R, 2MQ

-

Vees

T

Vee-

TLE2021

-R Without Ry
Effectof Ry: Vo= +1§22AWR Vref(%) Ra {
J_A

AR Using Ry =R,

Effectof Vig: Vo= +§R1F{V,ef+vlo1-vlog »{ ]V‘OB

Figure 2.2.05. - Improved Linearity Strain Gauge Amplifier

Op amp A, is used to buffer the output of a trimmed LT1009, providing a +2.5 V bias onto the strain
gauge. Op amp A, is configured as an inverting amplifier, and uses the strain gauge's resistors as its
source and feedback resistors. The voltage appearing on the output of A,, V,,will therefore be equal
to:-

R+ AR

Voo = ~Vor*
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Op amp B is configured as a single instrumentation amplifier, and is used amplify the difference
between the outputs of the strain gauge. The output of the strain gauge going to the non-inverting input
of the instrumentation amplifier will be essentially 0 V, the inverting input to the instrumentation
amplifier will measure the average of the outputs from A, and A,. So the inverting input to the
instrumentation amplifier, V., is equal to:-

1 R+AR 1
VIN- = VOI * E - V01 * R -
1 AR
= —V01 *5? ................................................. Where VO] = Vref
The output of op amp B, V5, would therefore ideally be:-
vV _ 1Ry AR
o T 3 R, R REF

But the source resistance is not just R1, but the resistance of the strain gauge must also be taken into
account. So the actual gain of the instrumentation amplifier is

1 R, AR
VvV, = -——2 SRy
o 2R, +R5 R REF

1 R, AR 1
_—_VREF* R
2 Rl R l+ﬁ*

A compromise between the ratio of R; to the resistance of the strain gauge, R, can clearly be seen. In
order to keep the offset current errors low the source resistance, R;, of the instrumentation amplifier
must be kept low as must the offset current of op amp B.

2.5.2. Bootstrapping

Another way to minimise the error due to op amp B's finite input impedance is the use of
bootstrapping. The extra resistor, Ry, provides positive feedback around op amp B, and increases the
effective input resistance of the instrumentation amplifier, and helps to eliminate any loading effects of
the strain gauge. Ry will have maximum effect when it is set equal to R,. Providing the variation in the
bridge resistance, AR, is small compared with R then Ry can reduce the loading errors of the strain
gauge to insignificant levels.
Considering Ry to be another source resistor with V as its input the equation for is modified to yield:-
1 Ry AR 1
\Y% = ——=—Vggp*—%
o REF AR
2R, R 1- R,

2.5.3. Op Amp Input Errors

The offset of op amp A, will appear on its output and will be amplified by A,. So the output of A will
be:-

Voi = Vet +Vior
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The output of A2 will be:-

R+ AR
R

R+ AR

Vo2 #(Veer + Vior) + ( 1+ )VIO2
The offset voltage of op amp A2 will appear on its inverting input, so the differential input to op amp B

will be:-

1 AR AR Vi +V
Vb = Voot 5(1 + ?)*(Vref +Vior )+ (2 + T]VIOZ -0l 5 =

= —}—[Vref +Vior - Vioz2 ]

This differential input will be multiplied by the inverting gain of op amp B. The errors of op amp be
must also be added to the errors due to op amps Al and A2. The errors due to op amp B are:-

RiR,

v = Viegtlip———
IEB I0B IOR,+R2

This will be multiplied by the non-inverting gain of op amp B to yield the output of op amp B
including offset errors:-

LR AR

\
© 2R R

Ry RiR,
Voot + Vigr - Vioo 1+ 142 [ Viop + 1o — 12—
[Veer + Vior - Vioz ] { R, }{ 108 +hio =g

Choosing an op amp with low offset current errors reduces the total errors of the system to:-

1 R, AR R,
Voer = E—R?—?[Vlorvloz]{HR—l}VmB

Using the TLE2021 as the instrumentation amplifier combines low supply voltage operation, low offset
voltage and its low input offset currents. The low offset current would normally yield an error of
60 uV. The offset current error could be further minimised by replacing the TLE2021 with the
TLC2201, which offers lower bias and offset currents along with a rail to rail output swing.

2.6.TLE2021/2/4 Low Power Precision op Amps

The TLE2021, TLE2022 and TLE2024 were the first operational amplifiers to be processed using the
Excalibur technology. These low power products were designed using the new high speed vertical
PNPs available in Excalibur, and the result is a family of devices that offer significant ac performance
with minimal supply currents.

2.6.1. Improved ac Performance

The graph above compares the Bandwidth and Supply current for a number of low power operational
amplifiers. It immediately shows that all TLE2021/2/4 devices achieve much improved bandwidth
without any increase in supply current. Performance in fact exceeds that of some Bifet and CMOS op
amps.
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Slew rate is also significantly improved when compared to low power industry standard alternatives -
typically 0.9 V/us from 235 uA. The device is now a viable alternative to Bifet and CMOS designs
which are often used for their improved ac performance.

TLE2021/2/4 - Low Power Precision Op Amps

Low Power, Precision AND Speed

e Vertical PNPs enable outstanding
Speed/Power Performance;

lcc =235 uA AC Performance vs Supply Current
BW = 2.8 MHz 8 Bandwidth(MHz)
SR =0.9 Vijus Icc(mA)

® | ow offset voltages; 21
TLE2021A = 100 uV (max)

e [ow Drift; 14
Vio = 2 uv/°C
Vio = 5 nV/month
Icc = 0.08 uA/°C 0 A\ AN

TLC271 TLO31 LT1013 TLE2021 TLE2022/4
® Single or Dual Supply operation to 40V

Figure 2.2.06. - TLE2021/2/4 - Low Power Precision Op Amps

2.6.2. Precision

What further makes this device stand out is its suitability for precision applications. The tightest
selection has a maximum offset of just 200 uV in a plastic package. This combined with a high Open
Loop Gain (Ay( equals 120dB), and superior stability with time and temperature results in an amplifier
ideal for low power instrumentation, test and measurement equipment. The op amps offsets will
typically vary by 2 pyV/°C and 5 nV/month - this equates to a Vjo change of 1 uV in 16 years!

The 'A’ selection part has 200 uV maximum offset voltage while the standard part has a Vio of 500 V.

2.6.3. Performance stability

In addition to low offset voltage drift, a patented bias circuit was designed using Excalibur's JFETs.
The result is that the supply current varies typically by 0.08 pV/°C. In fact all temperature versions
specify the same supply current spec. at both 25°C and over the full range.
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Supply current stability has a number of system benefits above its obvious advantage to low power
circuits. Supply current impacts the performance of most op amp parameters, including gains, slew
rate, bandwidth, offset voltage, bias currents and even the output drive capability. By maintaining a
relatively constant supply current, the drift with temperature of these other specifications is also
reduced. Well defined and constant system performance with temperature is very achievable.

2.6.4. Single or Dual Supply Operation

Using Excalibur's new PNPs, the devices have a common mode input range down to the negative
supply (OV to 3.2V from OV and 5V supplies) and so are the ideal choice for low level, single supply
single conditioning applications. The absolute maximum voltage range is +/-20V, so applications with
large supply voltages for increased dynamic range can also benefit.

2.6.5. Phase-Reversal Protection

All devices feature phase-reversal protection circuitry that eliminates unexpected change in output
states when one of the inputs goes below the negative rail.

2.6.6. Applications

Low power systems will benefit the most from using the TLE2021 family of op amps. Several hand-
held Telecom equipment gain a significant advantage from the combination of low power consumption
and good ac performance, while portable test and measurement applications can take full advantage of
the precision and stability of these designs. The parts have been used in magnetic sensors, process
monitoring and control equipment, and also single supply instrumentation systems such as interfacing
to a strain gauge.

2.7.Precision 2-Wire 4-20 mA Current Loop
2.7.1. What is a Current Loop?

Often information from an analogue sensor must be sent over a distance to the receiving circuitry. For
many applications, the most feasible method involves converting voltage information to a current
before transmission. The most commonly used current loop interface standard consists of a minimum
of two wires providing both the power supply for the sensor and signal conditioning circuit as well as
transferring the information sensed in form of a current, which varies proportionally with the measured
signal. The current in the loop varies usually from 4mA, corresponding to no signal, to 20mA for full
scale - referring to the well known 4 to 20mA current loop. Up to 4mA of the loop current can be used
for supplying the sensor, signal conditioning and voltage-to-current converter.

2.7.2. Precision 4 to 20mA Current Loop

The circuit presented provides a 4 to 20 mA output current for a 0 to 100 mV input voltage. By
modifying R, R2 and R3 the input range or the output current can be adjusted. The total error is kept
very low provided that the recommended precision components are used.

The employed Excalibur op amp, the TLE2021A, is a high performance op amp well suited for this
type of application. The TLE2021A is here configured as a voltage-to-current converter, transmitting a
very stable loop current, Ijoop, proportional with the input voltage, Vipn. The converter's
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transconductance or "gain" can be adjusted by Ry and its current-offset varies with R). Resistor Rq
reduces the influence of the op amp's input bias current to that of its input offset current.

The loop current is divided up in three major paths: The primary current path is through transistor Q{,
whilst the secondary paths are via the reference and through the op amp. All current flowing through
Ry is within the controlled and regulated 4 to 20 mA current loop. The current flowing through R3 is
outside the loop control and contributes to the circuit's total error. This current can be taken into
consideration in the design equations but with the chosen component values, its error becomes
insignificant.

Precision 2-Wire 4-20 mA Current Loop

5V = 2 X Vyef - Rs Voe = 15V
e
LT1000 3.3k
Dy
LT1009 TLE2021A 4-20mA

CURRENT
2N3904 LOOP
e +
Z'WEE; 15V
D
1N4148 T 3 Rioa
common =
loop

SV B T Re 1y Bl 1, 1], R
hoop 'Wnﬁ*‘,{j*“ﬂl}z—ﬂs*d V'ORs |}1+R2+RJ |\OHS

loop = Yin (0.16 + 0.0001) + (4 MA + 0.002 MA) £0.078 mA(max) +0.005 mA(max)
hoop™ Yin X 0.16 + 4 mA

Figure 2.2.07. - Precision 2 - Wire 4-20 mA Current Loop

High system accuracy and stability is achieved without trimming by using two LT1009 voltage
references in series producing a precision +5 V reference. This implementation not only provides a
stable 0.2% precision reference for the voltage-to-current converter but also ensures that picked up
noise and hum from long loop wires are suppressed from the op amp supply by the reference element's
low dynamic impedance. In addition, the reference and its +2.5V centre point are available for external
signal conditioning circuitry, provided that a limited current is taken. The converter itself needs a
minimum of 630 pA (400 pA for the reference and 230 pA for the op amp), leaving (4 - 0.63) mA =
3.37mA to be used by additional circuitry. If really low power is required, the LT1009 voltage
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references should be replaced by LT1004s reducing the quiescent current consumption to basically that
of the TLE2021A op amp or 240pA.

2.7.3. Why use the Excalibur TLE2021 Op Amp?

Common Mode Input Voltage to Negative Supply Rail
By analysing the application it is seen that the input common mode voltage is zero volt.

5 V Single Supply Capability
This op amp feature eliminates the need for a third negative supply wire or a charge-pump
creating a negative rail from the positive. Also, the low minimum operational voltage is
utilised.

Output Swing Close to the Negative Rail

By analysing the circuitry it is seen that an output swing down to two Vpe from the negative
rail is required. Few dual supply op amps can actually swing that low.

Low Power Consumption
A total of 4 mA is available for the converter and sensor interface. TLE2021 uses less than
230 pA leaving more current for other parts of the circuit.

Low and Stable Input Offset Voltage
From the output current expression on the figure, it is clear that low input offset voltage is
required. A ImV offset voltage would contribute with a current error of 0.17mA. The
TLE2021A with its maximum input offset voltage of 200 uV (300 uV max. @ 5V supply)
gives low error. Additionally, its offset voltage also remains stable with temperature and time
featuring 2 WV/°C and 5 nV/month typical drift.

2.7.4. Design Details
Assuming that the voltage at the non-inverting input terminal of the TLE2021A is of zero volt relative
to "Signal Common", and that IR = ljoop, the sum of the currents at the non-inverting terminal gives:

Vin Vief llmpﬁs_o,

Ri ¥ R R3

Solving this with respect to Ijgop gives:

- v, R R3
Lioop = Vin RiRs T Vref R> Ry (1)

The design equations specifying the resistor values can be derived from (1). Assuming

Vref = 2.5V and Vjj ranges from 0- to 100mV, it follows:

) = _R3 _ _ _R3 |

(@ Noop(min) = Vref R; Rg => 4mA = 235 R Ry’
o R3 N _ R3 )
(b) Iloop(max) = Vjn(max) R Rs + 4mA => 20mA = 0.1 R Ry + 4mA ;
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Equation (a) and (b) have in total four unknown resistor values. By choosing two of them the equations
decide on the other two. The basic guidelines applied for the choice of the resistor set satisfying (a) and
(b) are:

Rg should be small to minimise its voltage drop. Two problems are associated with a high voltage drop
across Rg. Firstly, it causes variation in the reference diodes current with the loop current and hence
affects their stability. Secondly, a high voltage drop increases the current flowing outside the control
loop through R3. However, very small resistor values are not available with high accuracy - say 0.1%,
but a good compromise is 100 Q.

R1's value is a compromise between minimising errors resulting from the op amp's input offset
currents, Ijg, to a level below that of the op amp's offset voltage, and simultaneously not loading the
source. With Ijp(max.) = 3 nA, a 10 k€ resistor gives only 30 uV offset error compared with the op
amp's 300UV (max.) offset voltage at 5V supply. R4 = R[lIR2IIR3 ensures that only input offset
current rather than input bias current contributes to the error.

R3 should maximum be 1 MQ to allow a 0.1% high precision resistor to be used.

R3 should be as high as possible to limit the current flowing outside the control loop but satisfy the
same criteria as for Ry

A set of values satisfying the above criteria and equation (a) and (b) is:
Rg =100 Q; R1 =10kQ; Ry =1MQ; R3 =160 kQ R4 =9.32kQ;

R35 delivers the current required for the LT1009 shunt references, the op amp plus additional current
for the sensor and its interface circuit. This current is stable with constant Vi but as the voltage drop
across Rg varies with Ijgop, the drop across Rs varies as well. This in turn causes the current through
the LT1009 references to shift accordingly. To avoid changes in the reference voltage this current
must be kept fairly stable; hence the drop change across R§ must be minimised placing constraints on a
minimum power supply voltage and the value of Rjgad. Choosing R5 = 3.3 kQ causes the current in
the LT1009 references to vary by only 700 pA, provided that Rjgad = 50 Q. This choice also allows for
up to 1.5 mA reference current to be used for the sensor and its interface.

2.7.5. Error budget

The op amp's offset error, Vg, modifies the loop current, Tloop: of equation (1) as the voltage at the
non-inverting input is +Vjq rather than zero volt with respect to Signal Common assumed for (1). If
the op amp's input offset current, Ij, is taken into consideration, it should be summed with the other
currents at the non-inverting terminal of the op amp. This yields:

Vin-Vig | Vref-Vio loop Rs + Vig L . _
Ri T Rz R3 “lio = 05 =>
. . I Ry o R3/1 1 1) ~R3.
lNoop = Vin R| R + Vref RoRg ~ Vio Rs \R| + R> + R3 ) lio Rs ° (2)

An additional error source adding to Ijopp of (2) is the current bypassing the control loop through R3.
All current passing through Ry is inside the control loop. In equation (1) we assumed that Ijoop = IRg
but a more correct expression is:

Noop = IR +IR3 or Ioop(3) = lipop(l) + 1IR3 ;
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where Ijgop(1) is lloop given by (1). By ignoring the insignificant effect from the op amp's offset
error on the bypass current error: VR3 = VRg = lloop(1) Ry resulting in:

Rq R«
lloop(3) = Tioop(1) + lioop(1) E': <=> lioop(3) = HOOP(I)(I + 1_2_:)
Substituting ljgop( 1) with Ijgop of (1) yields:

R3 | R3 |
loop(3) = Vin(Rl R " R_1)+ Vref (RZ R +E2_)1

By adding the errors contributed by Vijq and ljg in equation (2), ignoring the insignificant effect from
the bypassed loop current on these errors, we have:

v, (R3 1 Ry 1\, Ry/l 1 1)  R3
Iloop(3)—\/1n(Rl Rs+Rl)+ Vref(R2 Rs+R2 -Vio Rq \R] +R2+R3 lio R

The difference between the worst case l]pop(3) at 25°C and the ideal ljoop = Vin 0.16 + 4mA is
specified in the following error table:

Errors in 4- to 20mA Current Loop Circuit Worst Case Error

Error Tolerance Source | Low Full Scale

Relative or Absolute Level Unit
R1,R2, R3, Rg 0.1% 12.0 60.1 UA
Vref 0.2% 8.0 8.0 LA
Vio 200uV 343 343 A
lio 3nA 4.8 4.8 UA
IR3 (R¢/R3) Toop 2.5 12.5 HA
Total Worst Case Error in Ijoop +61.6 +119.7 UA
Total Worst Case Error in % of Ideal I1oop +1.5 +0.6 %

Note: Low Level =4 mA, Full Scale =20 mA.

The worst case untrimmed error of £0.6% for full scale at 25°C is mainly dominated by resistor
tolerances and the op amps input offset voltage. The chance of the individual errors being worst case
and contributing in the same direction or adding up with the same sign is unlikely - so typically, the
performance will be much better. However, by trimming R for low levels (4 mA) and R for full scale
(20 mA) all of the above errors can be eliminated, reducing inaccuracy to drift with time and
temperature of the same parameters. Such a trimmed circuit can achieve a similar accuracy as the
untrimmed one at 25°C but over a 0°C to 70°C temperature range.
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2.8.Low Power Temperature Sensor Amplifier

Most temperature sensors are not linear, and therefore require some form of linearisation. This
linearisation can be done via the biasing of the sensor, or via some post signal conditioning linearising.

Low Power Temperature Sensor Amplifier

VO= 25 X RLRT XR1R2+R1R3+R2R3 -5VXR3
Rs R +Rt RiRy Ry

Vo= 0.8Vto 4V

Figure 2.2.08. - Low Power Temperature Sensor Amplifier

The sensor used is made out of silicon and has a non-linear resistance versus temperature characteristic.
One way of linearising its characteristic is to bias it with a constant current while placing a linearisation
resistor in parallel with it. The value of linearisation resistor is determined by the temperature range
over which the device will measure.

The value of the linearisation resistor, Ry , can be determined from the following equation:-

Ry *(Ry +Rs)-2¥R4*Rs

R, =
R4 +Rs5-2%Ry
Where R, = Sensor resistance at minimum temperature point
Rs = Sensor resistance at maximum temperature point
Ry =  Sensor resistance value at the midpoint of temperature range
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For an operating temperature range of 0°C to 50°C, the values for R, R,, and Ry, are:-

R, = 8I35Q
Ry = 1211Q
Ry = 1000Q
R, = 2210Q

Op amp A, is used with the LT1009 and a PNP transistor to set up a current source. The current
sourced will nominally be equal to:-

Iy = VREE _ 25 e mA
R 4.99
= 501pA

To maximise the output swing at the output the gain of op amp A, should be set that at the maximum
temperature measured the output of A, should be at 4 V, and at the minimum temperature measured
the output of A, should be close t0 0.8 V.

In order to achieve this output swing extra biasing must be placed about the inverting input of A,. The
voltage appearing at the non-inverting input of A,, is equal to:-
2.5 RiRyp
V, = ——
RB RL + RT
At 25°C the parallel combination of R; and R is equal to 688.5 €, producing a voltage at the

non-inverting input of A, of 0.345 V. For symmetrical output swing the output voltage of A, should be
at24Vv.

The output of A,, V5, equals:-

RiR; +RjR3+R3Ry R;
VO = V+ —-5—=
RiR, R,
\Y 5-V, Vp-V
Implies 2+ o 22+ O T
R, R, Rj
Yielding 0.345 _ 4.66 + 2.06
R, Ry R
Repeating the same equations for the minimum temperature and maximum temperature yields:-
0.298 4.70 0.502
i x,, © ® R
2 1 3
0.392 4.61 3.0l
max R, ~ R R
2 1 3

Solving these three equations to get values for R, R, and R; gives:-

R, = 160kQ
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R,

Z

953 Q
3.00 kQ

R,

The TLE2022 provides good accuracy whilst maintaining an overall low power consumption, and even
when working off a single 5 V rail the offset voltage of the TLE2022A is still below 400 pV. Very few
other devices can maintain these levels of accuracy while consuming only 450 pA of supply current.

2.9.TLC2201/2 - Ultra Low Noise CMOS Op Amp

The TLC2201 and TLC2202 are probably the WORLDS lowest noise CMOS or JFET input
operational amplifiers. Designed using Advanced LinCMOS™ technology, these precision op amps
have proved extremely popular in a number of different applications.

TLC2201/2 - Ultra Low Noise CMOS Op Amp

Lowest Noise CMOS op amp!!
TLC2201 Noise Performance

Low Noise Operation;

S
o

—
V,:8nV//Hz @ 1kHz GUARANTEED ON
'B' SELECTION

ln: 0.6 fAL/Hz

Noise is 100% tested on 'B’ Selection

wW
o

AN
mz:zm\ x

-

® Precision CMOS;

Vio = 200 1V max for TLC2201
500 uV max for TLC2202
0.5 uv/°C drift

® Rail-to-Rail Output Swing

e
o

o

10 100 1k
f - Frequency - Hz
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Figure 2.2.09 - TLC2201/2 - Ultra Low Noise CMOS Op Amp

2.9.1. Noise Performance

CMOS devices typically suffer from relatively high noise voltage and high 1/f frequency. Normally
performing worse than Bifet op amps, they are typically not used in critical low noise applications.
What all FET input devices benefit from, however, is a low noise current specification.
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The TLC2201 and TLC2202 are unique because they combine low noise voltage (Vn) with extremely
low noise current (In). A Vn specification of 8nVA[Hz (@ 1kHz) easily compares with some bipolar
op amps, while I equal to 0.6fAA/Hz, matches the very best FET input amplifiers. The result is an op
amp which can now be used in a wide range of low noise applications. It achieves outstanding
performance when interfacing to even medium impedance sources and can replace discreet JFETs or
matching transformers to achieved improved performance and lower costs.

The noise performance is specified with single(SV) or dual supplies (higher supply voltages are more
typical) and its performance is guarantied for the 'A" and 'B’ selections ('A’ by sample test, 'B' by 100%
test).

Precision - The TLC2201 is one of the worlds most precise CMOS op amps (non chopper stabilised).
A maximum offset voltage of 200uV combined with its obvious low offset and bias currents enables
the device to be used in many precision applications.

Rail to Rail Output Swing - Like other LinCMOS™ op amps, the TLC2201 and TLC2202 are
ideally suited to single supply applications - under normal conditions the output is guarantied to swing
within 50mV of the negative rail. A further benefit of these devices is the ability of the output to
actually swing to each rail - With +/- 5V supplies the output will swing to +/-4.7V. In single supply
applications dynamic range is often crucial and the ability of these devices to provide an increased
output signal significantly improves the performance of single supply circuits.

Applications - Both devices offer a number of benefits to a wide range of applications. Low noise
enables the device to be used as an interface to high impedance sensors including piezoelectric
transducers, pH meters and pin diodes. The devices are therefore ideal for test and measurement
equipment. Rail to Rail output swing increases the performance and capability of single supply circuits,
and when combined with its precision the device is ideal as an accurate signal conditioning interface in
data acquisition circuits.

2.10. Low Noise PIN Diode Amplifier

When interfacing to a wide variety of sensors the key factors in deciding which op amp will be used in
the application are high input impedance, low input offset voltages and low noise voltages. A device
perfect for applications requiring these specifications is the TLC2201.

No application shows the need for such parameters more clearly than when interfacing to a PIN photo-
diode. Once again as in most applications requiring high input impedances it is the bias currents which
are of importance, as feedback will multiply the op amp's input impedance by the circuit's loop-gain.

When using a PIN diode a small “dark’ current will flow through it. This dark current is the bias current
of the PIN diode. In parallel with the dark current is the current which is due to the light shining onto
the device. It is the dark current along with the current noise which decides the error floor of the
system. So if the dynamic range is not to be severely degraded the input bias currents of the op amp
should be smaller than the dark current of the PIN diode. A typical PIN diode such as hp's 5082-4204
has maximum dark current of 100pA (at zero voltage bias and at 25°C). The TLC2201 with a
maximum bias current of 20pA (calculated from the maximum bias current specifications over
temperature) at 25°C provides a good safety margin.

The PIN diode is a light power to current converter and as such needs to interface to a trans-impedance
amplifier. The result is that in order to get the required gain the feedback resistor of the op amp will
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normally have to be large. This feedback resistor will form a pole with the shunt capacitance of the
diode and the op amp's input capacitance, which can lead to instability. Although this effect may well
be reduced by the parasitic board capacitance which is in effect in parallel with the feedback resistor.
This “feedback' capacitor can be increased to reduce the circuit's wide band noise, but this will reduce
the application's bandwidth. Hence the required gain decides the value of Rf and the required signal
bandwidth decides Cy. As well as converting the signal current to a voltage, the large feedback resistor
adds to the offset voltage of the op amp by multiplying the bias currents of the op amp and the dark
current of the PIN diode by its value.

Low Noise PIN Diode Application
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Figure 2.2.10 - Low Noise PIN Diode Application

The equivalent model of a PIN diode contains a shunt resistance, Rgh, which coupled to the feedback
resistor gives the op amp a non-inverting gain of 1+Rf/Rgh (which frequently exceeds unity). It is
therefore very important to use an op amp with low offset voltages and drift. The PIN diode's shunt
capacitor also provides a limit to the range of frequencies over which the diode can be operated. Like

all semiconductor barrier capacitances it is very voltage dependent, and can be reduced by placing a
negative voltage across the diode.
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The overall low frequency output voltage will therefore consist of the following factors:-

R
Vo = Rf*Rw*Plight+Rf*ID+Vio*[1+Rf)"’Rf*lib
sh

where Ry is the responsitivity of the diode to light power (in amperes per watt), and Plight is the
amount of light falling onto the diode's sensitive area (in watts).

The temperature effects of the PIN diode dominates any drift effects of the op amp's VIQ. Rgh will
tend to halve every 10°C, just as the bias currents will tend to increase. The 0.5uV/°C (typical) drift of
the TLC2201 will be swamped by the change in gain due to Rgp.

As with all high impedance applications, the input stage is very susceptible to interference and leakage
from the board. Any current injection into the input can be converted into millivolts of offset error. For
this reason, it is standard practice for guard rings to be placed around the inputs of the op amp,
reducing the influence of interference around the board. To decrease leakage of the board a Teflon
based board will normally give the best performance.

In addition to offset errors, which are dc, noise errors will be introduced due to the PIN diode's noise
and the op amp's noise.

The noise current will be the shot noise due to the dark current of the PIN diode and the bias current of
the op amp. The noise current of the TLC2201 is 2.53fA/\/H—z while the dark current of the PIN diode
would generate 5.66fA/\/Ez. The feedback resistor will generate noise due to the noise currents of the
PIN diode and the op amp and also its own thermal noise. A 10MQ resistor generates 62nV/\/H_z (due
to shot noise of the PIN diode and op amp) and 406nV/@ (due to thermal noise). At these values the

noise voltage of the TLC2201 (guaranteed to 25nV/\/E at 10Hz) would seem to be negligible, but the
shot noise and thermal noise appear directly on the output of the op amp while the op amp's noise
voltage will be multiplied by the op amp's gain. The op amp's gain will increase above the low
frequency gain to 1 + Cgh/Cf. This gain will only be band-limited by the op amp's unity gain
bandwidth. The non-inverting gain can rapidly increase over temperature (due to the large variance in
Rgh. at a faster rate than the current noise, so a low noise voltage device is the best solution.

The non-inverting gain of the TLC2201 is:-

Gl = Gy =1+ Ry o L+ s* Rop * Cyp
1+S*Rf*Cf Rsh

At low frequencies the Rf/Rgp ratio will dominate, and at higher frequencies the Cgh/Ct ratio will
decide the noise and ac gain. The poles of the circuit will be at:-

f] _ _1_ 1 * Rsh + Rf
21 Csh + Cf Rsh* Rf
f2 = __—I—
2m *R; * Cp
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With Rgy = 100MQ, Rf =10MQ, Csp, = 20pF and Cf = 2pF the poles are at f1 =731 Hz and
fy =7.96kHz. {7 will also be the frequency when the trans-impedance gain of the TLC2201 starts to
roll off.

At low frequencies the noise voltage of the TLC2201 will be amplified by 1.1 but at the higher
frequencies it will be amplified by 10. This splits the noise curve into three distinct parts; the low
frequency gain, transition gain and the high frequency gain. At higher frequencies the gain bandwidth
product will reduce the gain. A further complication to the noise analysis is the flicker effect of the op
amp's noise voltage, and so making 4 regions to the curve.

The first region is from virtually dc to the 1/f corner frequency of the TLC2201B which is of the order
of 33Hz. Over this region the noise voltage of the TLC2201 follows this approximate equation:-

v -V 2 -18
vl = (___num Tt *lo)= 10+ 1070

Where vp(10) is the noise voltage specification at 10Hz, vp([k) is the specification at 1kHz.

Calculating the noise over the region of 0.01Hz to 33Hz (ignoring the noise below 0.01Hz) and
adapting that equation yields

2
R f
Vpi2 = 4810+ 10"8»{1 + —fj *ln(—CJ
Rsh fa
;
1
Vat = 69.35 * 1+£* ln-ﬂ ...................................... nV
108 0.01
= 231.5nV.

The second region will cover the frequency range 33Hz to 731Hz. Over this frequency range the noise
voltage is “white’ and so has equal power per unit frequency and so the noise included over this range is
calculated as follows:-

R
Vn2 = Vnwhite*(] + Rf J*Vfl ’fc

sh

7
= 12%1 + 108 o T31-33 nVv
10

= 348.7nV

The third region is where the resistances are being shunted out by their parallel capacitances, here the
gain is increasing by 20 decibels per decade. By extrapolating this curve down to the 1Hz point the
noise produced can be considered as increasing with frequency, simplifying the calculation. The
equation of this line is:-

Rf Vn(1kH:
Vn(lHz) = (l+ﬁ)*(—”(f1 Z)]
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The noise content within the f1 to 7 band will be the area under this curve, the actual integration will
be of the noise voltage squared. Therefore the noise content over this region results in the following

equation:-
1o Re ) [ Ynakho) |, f fp
Ry, f; 3 3

_l_Z_*J(7.96*103)3 7313
731

3 3
7.40pV

Vi3

1]

1.1 *

Over the fourth region the noise is flat, but the gain then starts to follow the open loop characteristic of
the op amp. This introduces a bandwidth limit of:-

BW = —L .

BW will be multiplied by 7/2 to achieve the noise bandwidth, hence the noise voltage contained in the
fourth region has this characteristic:-

C‘h I
Vn4 Vn(lkHz)*[l + CS ]* 5 *BW

f

12*[1+—29)*1/£*174*103
2 J V2

69.0 uv

In addition to the noise voltage from the amplifier, there will be the noise voltage due to the thermal
noise of the feedback impedance and to the noise voltage generated by noise current through the
feedback impedance.

Only the real part of the feedback impedance produces noise and just as the signal gain rolled off at 2
so will the thermal noise. The thermal noise will therefore follow this characteristic:-

JAKTR * 6y *g

45.4 pv

1l

an‘

The noise current will generate a noise voltage equal to:-

Ve

I
~
*
ol
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*
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The total noise voltage will be the RMS sum of all noise voltages:-

Vnt = ang + VIIZZ + Vn32 + Vn4z + Vm_z + Vnc2

V0.2312 40.349+7.40% +69.02 + 45.42 +6.932
83.22 uV

Comparing each of the noise voltages over each region, the overall output noise voltage is dominated
by the thermal noise of Rf and the out of frequency of interest bandwidth noise voltage of the op amp.

The signal to noise ratio relative to Rf is \fRf, so as Rf increases the output increases, the thermal
noise increases but at a much reduced rate.

The noise of the op amp in region 4 can be reduced by increasing Cf, but this reduces the bandwidth of
the application, and Cf will normally have been chosen to meet the application's requirements. A better
way of reducing this high frequency noise is to reduce the op amp's high frequency gain by reducing
the value of Cgp. This can be done by applying a negative voltage across the diode. The effect of this is
to raise the frequency of f] whilst lowering the high frequency gain of the op amp.

In the application shown the common mode range of the TLC2201 is being exploited in a single rail
circuit making the application of a negative voltage across the diode impossible.

Another point to note is that the speed of this application is limited by Cf and not the op amp, if a faster
application was required the trans-impedance gain would need to be reduced, but this would also
reduce the signal to noise ratio of the application.

2.11. Opto Sensor Considerations

An important application for signal conditioning, is to amplify sensor signals from the outside 'real’
world; and to generate appropriate signals for conversion to digital processing. In this section are two
examples of how light sensing functions can be easily realised by integrated opto sensors. Current-
mode light sensors can be combined on a single chip with appropriate operational amplifiers, and then
with data conversion elements to make high performance light sensing devices.

In a photo diode, incident radiation is absorbed by the silicon, to generate hole-electron pairs. These in
turn give a photo-current across a reverse-biased p-n junction.

For a photo diode current-mode sensor, the current is proportional to the light intensity.

The Texas Instruments' LinCMOS(TM) process, used extensively for low input-offset operational
amplifiers, can be easily adapted by the addition of light shields to make integrated photo sensor
structures. A photo diode made by this process is responsive from 400nm to 1100nm (visible and short
infra-red) when encapsulated in transparent plastic. The TSL250 and TSL220 integrated light sensors
respond over this entire spectral range. However, by modified encapsulation a more restricted response
(visible only, or infra-red only) can be achieved.
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2.12. TSL250 Light-To-Voltage Converter

TSL250 Light to Voltage Sensor

__}

Voltage
Output

¢ PIN 1 GND
1 PIN 2 Vdd
PIN 3 OUT

Figure 2.2.11. - TSL250 LIGHT-TO-VOLTAGE CONVERTER

Overview

In this section , we shall describe how a current mode sensor is combined on a chip with relatively
simple signal conditioning elements, to make a useful device. The device, the TSL250 light-to-voltage
converter, solves some basic application needs. It is particularly suitable for analogue measurement of
low light levels in an electrically noisy environment.

In the TSL250, a large area photo diode is combined with a transimpedance amplifier, so the photo
diode current output is converted to an output voltage.

Three versions of the device are produced, with different photo diode areas, and internal feedback
resistor values.
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Sensitivity Variants
TSL250 gives 2V output for 25 microwatts/cm2

TSL251 " " for 60 microwatts/cm2
TSL252 " " for 425 microwatts/cm?2

To get some idea of what these incident light levels mean, we can consider a photometric equivalence
(for visible radiation) of 90 lux = 14 microwatts/cm2.

Dusk, when street lights are turned on, is about 70 lux. The TSL250 gives 2V output at 150 lux. Office
lighting at a work surface is typically 300-400 lux, where a TSL251 would give 2V output. The
TSL.252 would give 2V output in outdoor daylight illumination.

Application

The TLS250 family is appropriate for a wide range of light sensing applications in light level control
over a wide range of light levels, for security applications, and for boiler flame control in gas or oil
heaters.

Characteristics

The LinCMOS™ transimpedance amplifier (similar to the well-established Texas Instruments
operational amplifier TLC272 ) provides stable low input offset. The TSL250 offers high dynamic
range, with linear output up to 3V, with only 3 mV output in the dark.

The TSL250 has a significant advantage over discrete photo diode light sensors under low illumination,
since the high impedance output node of the diode is internal to the device. This makes the TSL250
inherently less sensitive to external electrical noise, so a highly stable sensitive detector can be realised
without expensive and cumbersome screening techniques. Similarly the TSL250 is inherently less
prone to current leakage problems in detector circuit assemblies.

In summary, the TSL250 family has a highly linear, stable, low-impedance voltage output. The
TSL250 output is stable with temperature, changing by 1 micro volt per degree Celsius. This is because
the temperature coefficient of the polycrystalline silicon feedback resistor compensates the temperature
coefficient of the photo diode.

The TSL250 operates off a single supply voltage ( it is characterised at VDD= 5V , but will operate
between 3V and 9V ), and consumes little current ( 800 micro amps at VDD=5V when illuminated ).

The TSL250 family is offered in a high-volume clear plastic sidelooker package.
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TSL 250 Output Voltage

10

0.01 / /

0.001
0.1 1 Irradiance Microwatt/err? 10 100

Figure 2.2.12. - TSL250 OUTPUT CHARACTERISTICS.

Speed Vs Responsivity

Figure 2.2.12 shows the linear output characteristics of the TSL250, TSL251 and TSL252. The internal
feedback increases from the TSL252 to the TSL250. As the feedback is increased the speed is reduced.
The TSL252 output rise and fall times are typically 7 microseconds, for the TSL251 they increase to 90
microseconds, and for the TSL250 they are 360 microseconds. The basic design could be extended to
higher speed operation, trading responsivity for speed, by reducing the diode area and the feedback
resistor and capacitor values -- the extremely low dark voltage resulting from the LinCMOS (T™M)
technology would permit this.

2.13. TSL220 Light-To-Frequency Converter

Overview

The TSL220 is a light-to-frequency converter, and combines a large area photo diode with a patented
light-to-frequency converter to provide an output that is very convenient for a microcomputer, or
indeed any digital technique, to handle.
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TSL220 Light to Frequency Converter

Light

C(Ext)

Figure 2.2.13. - TSL220 LIGHT-TO-FREQUENCY CONVERTER

Characteristics

The output of the TSL220 consists of a train of 4-volt pulses, the output frequency being proportional,
over a wide range , to the intensity of the light incident on the photo diode surface. The TSL220 is
extremely linear from 1Hz to IMHz, and has an extremely high dynamic range -- under office
illumination the output frequency is typically 150 kHz, while in the dark the frequency is typically
1Hz!

The TSL220 operates off a single supply voltage (guaranteed performance at 5V, operable between 4
and 10 volts) , and the output is CMOS compatible. The TSL220 is offered in a high volume clear
plastic 8-pin dual-in-line package.

Applications

The TSL220 is very suitable for precise measurement of light level. Since one can measure how much
of the photo diode area is covered, the TSL220 can also be used as a precision (0.2 micron ) analogue
edge sensor.

The form of the output is very easy to handle, as pulses can be easily counted over a measured time set
by a clock circuit.
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The TLS220 is thus particularly suitable for applications where precision light or position measurement
forms parts of a microprocessor- or digital- control system. Such applications include light metering,
mechanical registration, printer paper positioning, smoke and dust detection, vibration detection, and
coin control.

TSL220 Output Frequency

1000

0.1

0.01
100 1000

1 10

Iradiance uW/cm®
Figure 2.2.14. - TSL220 Output Frequency

Frequency Adjust

Many low cost digital and microprocessor techniques are not capable of being run at the high output
frequency rates of which the TSL220 is capable. The frequency range of the TSL220 can be adjusted
by means of a single external capacitor.

TSL220 Metering Application

Many simple application examples of the use of the TSL220 are given in the data sheet. A further
example of the ease with which the TSL220 output can be handled by a microcomputer is given in
Figure 2.2.15

In this example the low-cost Texas Instruments field programmable 8-bit micro controller
TMS370C710 is used.
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TheTMS370C710 features 4k bytes of program EPROM, 256 bytes RAM, 256 bytes data EPROM, a
16-bit timer and an on-chip watchdog for system integrity. It is supplied in a low cost 28-pin PLCC
package.

Light Meter with Display

Vece
Vce
Led Display
0.1uF ACAT IHSD.
TMS370C710
Reset >
MC GND ULN
20MHz 1 | Ds-D7 2004
15pF 15pF
I I

Figure 2.2.15. - TSL220 LIGHT METERING USING A PROGRAMMABLE
MICRO CONTROLLER

TSL220 Metering Schematic

In this example of a calibrated light-(Iux-)meter, the pulse train from the TSL220 is fed directly to the
Timer I input capture pin of the micro controller. A 20MHz crystal is supplied to the micro controller,
and the external capacitor of the TSL220 is set to 0.1 micro farad. The timer prescale is set to 2eel8
(/4) , giving a 16 bit overflow at 0.052 seconds.

70 lux (20Hz) resolution is 15 bits, and at 3000 lux (1kHz) resolution is 10 bits.

The 5 digit multiplexed LED display is driven by the micro controller. Spare CPU power of the micro
controller would allow lux level to be directly displayed and film speed to be entered. Calibration
parameters can be stored in EEPROM to make use of the high resolution. A 5 x 3 user keypad can be
attached to the system, and strobed using interrupts 1, 2, 3 and the 5 remaining spare I/O's.
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2.14. TLC2652 - Chopper Stabilised Op Amp

Chopper stabilised operational amplifiers have been available for many years but when they were first
released there was much resistance, by design engineers, to using them. It was felt they were too noisy
as an op amp and also generated too much extra noise within a circuit. Recently however, engineers
have started to appreciate the outstanding levels of performance that can be achieved by using a
'chopper'. It was realised that the so called noise problems were not such a real issue and that the
performance and relative low cost of newer products was just too good to miss!

TLC2652 - Chopper Stabilised Op Amp

The ldeal Precision Amplifier

e Low and Stable Offsets

OFFSET VOLTAGE AND-
TLC2652A : 1uV max Vio DRIFT
TLC2652 : 3uV max e
] i 50-8 WM Vio Max (uV)
® Vio Drift; 30nV/°C max w0 Vio/°C Max (nV)
20nV/month max “
e |ow Bias Currents; 100pA max 20
10
e High Gains ; Avd = 135dB 0 b=
TLC

Which Chopper??

Figure 2.2.16. - TLC2652 - Chopper Stabilised Op Amp

The ideal precision op amp would require; ultra low offset voltages with negligible drift, bias and
offset currents as low as those achieved by FET input amplifiers plus open loop gains, PSRR and
CMRR would be high and noise would have to be at a minimum. Chopper stabilised op amps very
nearly achieve the required level of performance to be the ideal precision amplifiers! If bandwidth is
limited to reduce noise errors, then the precision of a circuit is determined more by external
components and parameters (board layout, temperature gradients etc.) than the op amp itself.

Newer designs in particular are getting closer still to the ideal. The latest choppers released by TI are
the TLC2652/A and TL.C2654/A - both are world leaders.
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The TLC2652, shown above, is a chopper stabilised op amp optimised for precision. The 'A’ selection
part has a maximum offset voltage of just IpV and maximum drift specifications of 30nV/°C and
20nV/month. Short and long term errors due to offset voltage are rarely a problem! The device is also
CMOS so its bias currents are low causing minimal errors due to currenfs flowing in external resistors.
A further benefit of chopper design techniques (see Figure 2.2.18) , is that they also benefit from
extremely high gains, Avd is 135dB, and both the Power Supply and Common Mode Rejection Ratios
are 120dB. The device easily meets the requirements of an 18 bit system.

If there is a limitation to choppers then it occurs in three areas: Noise voltage is typically high
(although 1/f noise is practically removed) in most designs (see TLC2654, Figure 2.2.17, for something
new!) and so care must be taken to limit the circuits bandwidth of operation. It should be noted
however that with very low bandwidths, <0.25Hz, the noise from a chopper is often less than the noise
of a bipolar op amp (this is because of their almost zero 1/f frequency). Secondly, because the devices
are fabricated using CMOS technology then supply voltages are most commonly limited to +/- 8V.
Thirdly, they are often just too good! Errors are typically introduced due to external factors, and these
must be carefully considered when depending upon the precision available from these parts.

If you are looking for a device that achieves outstanding levels of precision the TLC2652A should be
seriously considered.

2.15. TLC2654 - Low Noise Chopper Op Amp

Previous figures have discussed the limitations placed upon chopper stabilised amplifiers due to their
relatively high noise voltage - at low frequencies the noise voltage of a typical chopper may be
100nVAfHz, significantly higher than most amplifiers. In practice this means that the circuit bandwidth
needs to be limited to ensure that dc errors are dominated by the offset voltage of the amplifier and not
by the noise of the op amp. When using the TLC2652A with an offset voltage of 1uV the circuit
bandwidth needs to be limited to 1Hz.

Realising that this can cause problems in some applications TI has put significant effort into
developing a chopper with much lower noise - the TLC2654 was the result. By increasing the chopping
frequency from 450Hz (for TLC2652) to 10kHz it was possible to reduce the total noise of the
amplifier by a half. This has been tried in the past but has always proved unsuccessful due to the
resulting large increase in offset voltage and drift. Patented techniques used in the TLC2654 enabled its
offsets voltages to stay at a minimum - 10uV is the maximum for the TLC2654A. Drift is also low at
0.05uV/°C and 0.06uV/month. It is not surprising that the TLC2654 won the "Product of the Year"
Award from the US magazine Electronics.
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TLC2654 - Low Noise Chopper Op Amp

By Increasing the Chopping Frequency to »  Chopper Noise Performance
10 kHz, Noise for the TLC2654 has been ST T T
Significantly Reduced. Resulting in: 3 \ L i
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'DCto10Hz 2.8 uV 15UV
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Figure 2.2.17. - TLC2654 - Low Noise Chopper Op Amp

In practice, choppers are often used as much for their low drift as for their absolute offset. By using the
TLC2654 precision can be maintained and the usable bandwidth of the device can be increased. In
practice this means that precision measurement applications, like weigh scales, can be designed with
much improved response times.

2.16. High Performance Low Noise Choppers

Previous figures have discussed the limitations placed upon chopper stabilised amplifiers due to their
relatively high noise voltage - at low frequencies the noise voltage of a typical chopper may be
100nVA/Hz. significantly higher than most amplifiers. In practice this means that the circuit bandwidth
needs to be limited to ensure that dc errors are dominated by the offset voltage of the amplifier and not
by the noise of the op amp. When using the TLC2652A with an offset voltage of 1uV the circuit
bandwidth needs to be limited to 1Hz.

Realising that this can cause problems in some applications TI has put significant effort into
developing a chopper with much lower noise - the TLC2654 was the result. By increasing the chopping
frequency from 450Hz (for TLC2652) to 10kHz it was possible to reduce the total noise of the
amplifier by a half. This has been tried in the past but has always proved unsuccessful due to the
resulting large increase in offset voltage and drift. Patented techniques used in the TLC2654 enabled
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offsets its voltages to stay at a minimum - 10uV is the maximum for the TLC2654A. Drift is also low
at 0.05uV/°C and 0.06uV/month. It is not surprising that the TLC2654 won the "Product of the Year"
Award from the US magazine Electronics.

High Performance Low Noise Choppers

lsv —— 100 kQ Input referred noise vs frequency
L
1 \ Chopping
frequency
noise and
\ aliasing
\ below nois
\ floor
] Reduced \\ N
nulling &
| amp noise
(unchopped)

10 100 Tk 3Kk 7K 10K
Frequency - Hz

e Choppers offer the Ultimate in Precision in Low Frequency Applications
® Chopping and aliasing errors are Reduced to be below Noise Floor

® T.I’s Choppers offer better Noise and Offset Accuracy

Figure 2.2.18. - Low Noise Choppers

In practice, choppers are often used as much for their low drift as for their absolute offset. By using the
TLC2654 precision can be maintained and the usable bandwidth of the device can be increased. In
practice this means that precision measurement applications, like weigh scales, can be designed with
much improved response times.

2.17. Chopper Design Careabouts

When an application requires the absolute best performance from the chopper stabilised op amp, a
number of factors and design considerations should be considered.
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Chopper Design Careabouts

Noise
Limit Bandwidth... <1Hz
OVERLOAD RECOVERY
Intermodulation.... Vin < Fch/2
ST A
Variable Chopping Frequency l— : *‘ /{ V? - Volts |
5 = —-— ! T\ i
External Components 1 ‘ﬁ ‘T J
0 I
; N
External Capacitors sl o |
- Low Leakage and Low Dielectric Absorption i ' F'Vin - millivolts J
- 0.1 4F or 14F to Vdd- or CR 50 L e
0 10 20 30 40 50 60 70
Overload Recovery t- Time - ms

- CLAMP typically not required
Thermoelectric Effects

ESD and Latcup Protecction Circuits included

Figure 2.2.19. - Chopper Design Careabouts

Noise

Noise will be discussed in detail in sections 3.3 and 3.4 of signal conditioning, but the key points to
remember are;

Limit Bandwidth:

The bandwidth of the op amp should be limited to reduce dc errors associated with the relatively high
noise voltage of the amplifier. Take advantage of the device's low 1/f frequency however, as over very
small frequencies (<1Hz), the choppers noise are less than many bipolar op amps!

Intermodulation effects:

If an input signal has a frequency component equal to greater than half the chopping frequency then
intermodulation errors may be caused. In practice, chopper design techniques have minimised these
errors (<70dB down on input signal) but it may be necessary, depending upon the frequency and
magnitude of input signal, to filter out these components using an extra filter stage before the chopper.

Chopping Frequency:
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The standard selection chopper op amps are available in an 8 pin package and have a predetermined
internal clock frequency which defines the noise performance and offset voltage of the op amps. There
are however, options available in a 14 pin package which have the capability of changing the clock
frequency by the use of an external clock. This external clock signal can be fed directly into the CLK
IN input and the INT/EXT pin is attached to Vpp.. When operated in a single supply configuration the
device can be driven directly by TTL or CMOS logic without the need for extra level shifting.
Although not critical, the duty cycle of the external clock should be kept between 30% and 60%.

The advantages of being able to modify the clock frequency of these choppers are essentially two fold.
Firstly the noise and offset of the op amp can be optimised for your particular circuit and secondly the
clock frequency can be matched to other clock signals present within your circuit.

2.17.1. External Components
Choosing and using the Right Capacitors:

The external capacitors, Cxa and Cxg, should be carefully chosen to ensure best operation of the
amplifier. Specifically, special attention should be given to the leakage and dielectric absorption of
these components.

Degradation from capacitor leakage becomes more apparent with increasing temperatures. Low-
leakage capacitors and stand-offs are recommended for operation at TA = 125°C. In addition,
guardbands are recommended around the capacitor connections on both sides of the printed board to
alleviate problems caused by surface leakage on circuit boards. Very thorough cleaning of the circuit
board using alcohol or similar cleaning fluids is also recommended and errors can be further reduced
by guarding the inputs of the amplifier with a ring connected to a low impedance node, normally
ground.

Capacitors with high dielectric absorption tend to take several seconds to settle upon application of
power, which directly affects input offset voltage. In applications where fast settling of input offset is
needed, it is recommended that high quality film capacitors, such as mylar, polystyrene. or
polypropylene, be used. in other applications, however, a ceramic or other low-grade capacitor may
suffice.

The TLC2652 and TL.C2654 have been designed to function with values of Cxa and Cxp in the range
of 0.1uF to 1pF without degradation to input offset voltage or input noise voltage. These capacitors
should be located as closely as possible to the Cxa and Cxg pins and returned to either the Vpp. pin or
the C RETURN pin. Note that in many choppers, connecting these capacitors to the YDD- pin will
degrade the noise performance. This problem has been eliminated with these designs.

Overload Recovery Time/Output Clamp:

When large differential input voltage conditions are applied to the TLC2652 and TLC2654 choppers,
the nulling loop will attempt to prevent the output from saturating by driving Cxa and Cyp to
internally-clamped voltage levels. Once the overdrive condition is removed, a period of time is
required to allow the built-up charge to dissipate. This time period is defined as overload recovery
time. Typical recovery times are significantly faster for the TLC2652 and TLC2654 when compared to
competitive products; however, if required, this time can be reduced further by using internal circuitry
accessible through the clamp pin.
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This Clamp circuit stops the output circuit from going into saturation due to a reduction in the closed-
loop gain of the device (activated when the output is with 1V of cach rail). The CLAMP pin is simply
connected to the inverting input of the op amp, and it may, however, cause a slight degradation in the
maximum output swing.

Thermoelectric effects:

To take advantage of the extremely low offset voltage drift of any chopper op amp, care must be taken
to compensate for the thermoelectric effects present when two dissimilar metals are brought into
contact with each other (such as device leads being soldered to a printed circuit board). Dissimilar
metal junctions can produce thermoelectric voltages in the range of several microvolts per degree
Celsius, which are orders of magnitude greater than the 0.003 uV/°C typical drift of the TLC2652).

To help minimise thermoelectric effects, careful attention should be paid to component selection and
circuit board layout. Avoid the use of non-soldered connections (such as sockets, relays, switches etc.)
in the input signal path. Cancel thermoelectric affects by duplicating the number of components and
junctions in each device input. The use of low-thermoelectric-coefticient components, such as wire
wound resistors, is also beneficial. It is also recommended to try and minimise excessive power
dissipation and temperature gradients across a circuit board. Large power dissipating devices should be
kept well away from precision components and air movement should ideally be kept at a minimum.

Electrostatic Discharge and Latchup avoidance:
Both these topics are discussed in detail in figure 2.6.02, but points to note are;

ESD - Care must be taken when using these devices, but both the TLC2652 and TLC2654 have been
designed to withstand ESD voltages up to 2000V without causing functional damage.

Latchup - Both products have been designed to withstand 100 mA surge currents without sustaining
latchup.

For more details on both see figure 2.6.02.

2.18. High Precision Thermocouple Amplifier

A thermocouple is a temperature sensor made from two dissimilar metals. When the junction is heated,
a small thermo-electric voltage is produced which increases with temperature.

Thermocouples are very small signal devices. For an S-type thermocouple, the average output voltage
variation over its 0-1500°C temperature range is only 10.38 pV/°C. Although the linearity is poor, the
temperature and voltage relationships are predictable and repeatable, which allows for downstream
digital linearisation.

Two thermocouples are always present; a measurement junction and a reference junction. It can be
proved that the temperature drift of the reference and the measurement junctions are equal. It is
therefore only necessary to compensate for the drift with ambient temperature of the reference
thermocouple. This technique is known as "cold junction compensation”.
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High Precision Thermocouple Amplifier

1.0 kQ
e
0.05%

ISOTHERMAL BLOCK

:COLD JUNCTION :
: COMPENSATION = = =L L

® 25 - 100°C Temperature Sensing
® Vo = 3 mV/°C approx
@ Single +5V Supply Voltage Operation

Figure 2.2.20. - High Precision Thermocouple Amplifier

In this example the approximate 2 mV/°C change of a low cost diodes forward voltage is resistively
divided down to match the thermocouple's sensitivity (6 pV/°C) at 25°C ambient temperature. This
counteracts any change in the reference junction temperature.

The circuit produces an output of 4.5 V for full scale. As the circuit is operating from a single 5 V
supply, the op amp cannot swing quite to 0 V, thus limiting the lower end of the measuring range to
25°C. Ideal'y the 0°C would produce an output voltage of 0 V. The need for very highly accurate
resistors can be avoided by using an additional gain setting trimmer.

Signal conditioning at such low levels is not trivial. Careful choice of components, PCB layout,
grounding and consideration of thermoelectric effects at all junctions are of utmost importance.
Mistakes in overlooking these could lead to external errors swamping any of those introduced by the op
amp. When dealing with such small signals low frequency noise can be a real problem. The reference
as well as the op amp should be filtered.

Due to the very small signals involved a very high performance op amp offering high open loop gain,
low offset and low drift is required. These carcabouts, at low frequencies. are best met by chopper
stabilised op amps, ideally the TLC2652A.
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To take advantage of the extremely low offset voltage drift of the TLC2652A - 30 nV/C maximum -
care must be taken to compensate for the thermoelectric effects present when two dissimilar metals are
brought into contact with one another. This includes device leads being soldered to a printed circuit
board. Dissimilar meal junctions can produce thermoelectric potentials in the range of several pV/°C,
which is several orders of magnitude greater than the chopper's offset drift. Special care should also be
given to air circulation around the op amp, as they can cause thermal gradients to appear across the
PCB and metal junctions.
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3. AC Applications

3.1.AC Precision Design

The dynamic range is one way of stating the system's performance. It can also be used as a measure of
the system's errors. In most applications the devices having the greatest effect on the performance of
the whole system will be those in the input stage, since there is not any way of recovering the errors
that these devices introduce.

AC Precision Design

Maxiwrm | _
Signal Level A
Maximum Dynamic
Range
Totallput ( Yy
Errors
W |THD.| In S.R. | PSRR |CMRR |Gain Error

AC Related Errors

Figure 2.3.01. - AC Precision Design
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The most basic internal configuration for an op amp is that shown below:

A d Vee+
C
- + N Vo
4 Vee-
Input stage second stage output stage

The transistors in the input stage are not truly linear devices and will therefore introduce distortion as
they are driven with sinusoid input signals. The output stage with finite output impedance and output
drive capabilities will also introduce distortion.

The current flowing through the input stage transistors will generate noise due to their bias currents and
their dynamic resistances, and will appear on the inputs as noise currents and noise voltages. Further
input offset voltage errors will arise from the changes in junction temperature of the device and during
the lifetime of the device, all these must be taken into account when trying to sum all of the input
ITOrS.

To ensure high frequency stability, the open loop gain of the op amp at these frequencies must be
reduced to unity before the phase shift exceeds 180°C (for unity gain stability). The most common way
of doing this is via dominant pole compensation. This is done by placing a capacitor, Cc, between the
output of the input stage and the output of the second stage (see diagram above). This limits the
gain-bandwidth product of the op amp, causing its open loop gain to decrease at a rate of 20 dB/decade.
This limits the device's accuracy over frequency.

The limited gain-bandwidth product of the op amp also reduces its Power Supply Rejection Ratio and
Common Mode Rejection Ratio over frequency. This increases the effect of higher frequency noise on
the supplies, as well as the errors due to higher frequency common mode input signals.

The compensation capacitor also limits the rate at which the second stage's output voltage can change,
introducing a slew rate limit on the device. This is another possible limit to ac accuracy.

If the output signal's rate of change with time exceeds the device's slew rate capabilities then the output
will be tied to the slew rate of the device and can cause the input to go into saturation generating
further errors.

3.2.Dynamic Range and BITs of Accuracy

In order to determine the dynamic range of a system all of the effects discussed above should be
considered.
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Dynamic Range and BITs of Accuracy

® Noise

The Noise are —
V, = Viy+V3 +4kTRg+I2R2 ‘ ¢ 4KTRgy =
» = VNt W HKTRsEINRS  pis Additions.
Vo =V.x 1 +I3RE + 4KTR; + 4kTRZ
B Rgn

. Re|ating Noise to Non-inverting Input:
ERr=Vi +4KTRg+ IFR% +4KTReRgy, + I RERG,
Re+Rsy  (Re +Rgy)?

® A.C. Input Errors

Vit =Véwar +VEsan
e Total Output Errors for Vo pmax)
1

TRERARE VoA
(8 5]

BITs of Accuracy = - Log( OFT > log2-1=- |_092< Vot ) A
0<MAX) O(MAX)

Maximum Dynamic Range

V3er = VA + EZBW2:[1-

p

=-20 Log ==L Yoer_ 4
O(MAX)

Figure 2.3.02. - Dynamic Range and BITs of Accuracy

3.2.1. Noise Analysis

The noise appearing on the non-inverting will be due to the noise voltage of the op amp itself and the
thermal noise of the source resistance plus the voltage produced across the source resistor by the noise
current. So neglecting other ac errors the potential at the non-inverting terminal will be:-

V. = Vin+[VR +4KTRg +I3R]]
Where the notise is an rms addition.
The easiest way of taking into account of the noise appearing on the output which is due to the noise
on the inverting input is by considering noise to be noise currents. So the output voltage, Vo, will be:-
1 4
Vo = V_#—+IZRE+4kTRg +( kT JRF
B Rsn

Both the noise current, Iy, on the inverting input and the thermal noise current of the shunt resistor,
Rgy, will generate noise voltage across the feedback resistor, Ri. The noise voltage appearing on the
output due to the noise from the inverting input, can be referred to the non-inverting input by dividing
it by the non-inverting closed loop gain to give:-
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4KTRpRgp I3R#R3y

V{ +4KTRg +14R3 +
Rp+Rgy (R +Rgy)’

2
ENT

V3 +4KT(Rg +Rp|Rgy )+ IzN(Ré +(Re|Rsy )2)

3.2.2. AC Input Errors
In addition to the noise there are the errors due to the power supply rejection ratio and common mode
rejection ratio. These errors are normally uncorrelated and so should be RMS summed.
2 2 2
Vie = Vémrr + VPskr

So the total errors appearing on the output of the op amp will be the RMS sum of the ac input errors,
total noise errors and the gain errors.

3.2.3. Gain Errors
The gain errors this time will be slightly different to the dc gain errors due to the phase shift in the open

loop gain. The open loop gain of an op amp with single dominant pole compensation is:-
Avp
A = ———23J
OL X -
Jf if
(1 + f—p)(l + ﬁ)
Where £, is the frequency of one or more other poles in the op amps frequency response.

Assuming that the frequency of interest is at frequencies where the phase shift of the other poles do not
affect the op amp the open loop gain gets modified to:-
B,
A = 1
oL fo +3f

Using the op amp with feedback equal to 3 reduces the closed loop gain to:-
B
f, +if

/b /b

£, it 1), it
(”BTB}BIB (”AVDB)*BJ&

So the gain error, Vg, that appears on the output at maximum output swing is:-
1

Voge = 1- > = Vo(MaXx)
[+ 50t) *(58)
AvpP BB

AcL

Simplifies to
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3.2.4. Total Output Errors

This results in the total output errors, Ve, for maximum output swing:-
2
) V& +E4rBW? 1 V2
Voer = — g F - 5 = | Vomax)
1 _f
Jrests) (o)

Where BW is the noise bandwidth of the op amp.

Having determined the total output errors the maximum dynamic range and/or the BITs of accuracy
can be calculated from the equations defined in dc Applications section.

—-Log _Voer LOg2 — 1 BITs
Vomax)

Dynamic Range |~ BITs
6.02

BITs of Accuracy

The total harmonic distortion introduced by the device is another parameter that can be added to the ac
input errors. It will normally be at a relatively low level until the loop-gain, Ay B, about the op amp
has decreased to less than 100, when it will start to increase. The level of distortion is very much
design and technology dependent with high performance bipolar op amps giving the best performance

The effect of slew rate on the performance of the system is harder to quantify, as it will normally
restrict the usable bandwidth, rather than introducing direct distortion at lower frequencies.

3.3.Noise Considerations

There are a number of factors to consider when developing a low noise circuit using operational
amplifiers, these are discussed below:

3.3.1. Sources of noise

Johnson (or Thermal) Noise;

A resistor lying on a table will have a particular noise associated with it. Known as "Johnson Noise",
this figure is not related to the quality of the resistor and its noise voltage is equal to;

Vi = J4kTRB
Where k = Boltzmann's Constant = 138x1023JK
T =  Absolute temperature in Kelvin = (298 @ 25°C)
R = Resistance value
B = Noise Bandwidth in Hz.

It is often usetul to remember that a 100kQ resistor has a Johnson Noise equal to 40nV rms over a 1 Hz
bandwidth.
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Johnson Noise is unpredictable but has a gaussian distribution, giving it a flat spectrum over frequency.
It must also be remembered that this Johnson Noise is independent and extra to the errors caused by
current flowing through the resistor.

In a low noise circuit the Johnson Noise of the external source resistor is often the limiting factor and it
is one which can not readily be reduced. An alternative source may be the only solution!

Noise Considerations

What Op Amp and External Components?

Vn = Voltage Noise of Op Amp

I,= Current Noise Flowing in
external resistors

,\‘4KTRB = "Johnson Noise" of

External resistors

What Frequency Range?

VI"I
\ Flicker Noise
" (Op Amp Quality) 5 55
Var =«/(vn 4 4KTRgy+ 12 Royt)B
R Vout = AcL W7
1/f Corner Freq. "Spot Noise' = 4kTRB of input
Frequency
Figure 2.3.03. - Noise Considerations
Shot Noise;

Shot Noise(or schottky noise) is associated with the current flowing through a p.n. junction and is
actually due to fluctuations in current. Shot noise becomes more dominant the lower the value of the
actual current;

I, = \2qloB
Where q = Electron Charge = 1.6*10-19C

Io = dc operating Current

os]
Il

Noise Bandwidth in Hz
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Like Johnson Noise, Shot Noise is unpredictable and is gaussian in distribution and fs referred to as
having a 'white' spectrum..

1/f or Flicker Noise;

Both operational amplifiers and resistors have noise characteristics different to what is expected from
the Johnson Noise calculations. At low frequencies, noise is significantly increased, and follows a 1/f
characteristic - i.e. the noise spectrum has an equal amount of power per decade of frequency. This
noise, known as Flicker Noise, is very much dependent upon the quality of both the op amp and
resistor. A Wire-wound resistor will have a lower noise than a carbon equivalent.

With operational amplifiers the amount of Flicker noise is very dependant upon the quality of the op
amp and the level of care put into the design as well as the actual process being used. The point at
which the flicker noise crosses the constant 'Spot Noise' of the op amp is known as the 'corner
frequency'.

Popcorn Noise;

Popcorn Noise sounds like noise popping when played through a speaker. It is characterised by
"hopping” between different noise levels, and can last from milliseconds to seconds. The source is not
clearly understood but is reduced by cleaner processing. Good low noise processes should have no
popcorn noise.

Summing Noise Sources

Noise Sources are random and therefore should be geometrically or RMS summed. The most well
recognised formula for working out the total noise of an operational amplifier circuit which includes
the different noise sources is;

Vit =  A(Vp2+4kTRexi2 + In2Rext2)B oovvooevecers oo, (1)
Where Va = Voltage Noise of Op Amp
In = Current Noise of Op Amp
4kTRext =  Johnson Noise of external Resistors.

3.3.2. Noise Related to an Op Amp

There are typically two parameters specified in the datasheet of an operational amplifier, noise voltage
and noise current;

Noise Voltage;

The noise voltage of a bipolar op amp is due to the Johnson noise of the base spreading resistor rpp and
the Shot noise of the collector current in the input transistors. There is also an error due to the flicker
noise, associated with the input transistors base current flowing through the base resistors. At low
frequencies the noise is dominated by the Flicker noise whilst at high frequencies, the Johnson noise is
the major factor.

The noise voltage of a FET input amplifier is dominated by the Johnson noise of the channel resistance
and is normally significantly higher than a bipolar design.

The noise voltage characteristics for both parts have a 1/f characteristic although the 'corner frequency’
of FET input designs is typically much higher than for bipolar. It should also be noted that CMOS
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designs have a worse I/f noise compared with Bifet op amps, but newer products developed using
‘cleaner’ CMOS technologies such as LinCMOS™ have greatly improved the noise performance and
lowered the 1/f corner frequencies.

The 1/f region of the noise curve of an amplifier is particularly critical when designing precision
circuits which operate at relatively low frequencies - very common in instrumentation equipment. An
op amp with a low 1/f corner frequency is essential.

Current Noise;

For operational amplifiers with a bipolar input stage, the noise current is caused by Shot noise
variations of the base current and flicker noise of rph. FET input amplifiers have a noise current
specification caused by the shot noise associated with the gate leakage of the input FETs, this is
significantly lower than for bipolar designs.

An op amp's noise current flows through the external resistors of an op amp generating an error source

equal to \In2 Rex¢2 B - therefore the larger the external source resistors the larger the error due to
noise current. Because the base current of a bipolar transistor is much higher than the leakage current
of a FET transistor, the noise current of a CMOS or Bifet part is much lower than a bipolar design.
FET input amplifiers are therefore normally used if a circuit has a large source resistance. As the bias
current of a FET input part doubles for every 10°C increase in temperature, the noise current, I,

increases by \/5 for every 10°C increase.

Equation (1) above, shows how these parameters are combined. The result from this equation is in fact
an RMS term which is often preferred in its peak to peak form. If the RMS noise voltage is multiplied
by 6.6, you have a 99.7% certainty that the peak to peak value will not exceed the result.

Further examination of equation (1) shows that there is a point at which the noise of a system is
dominated by the external resistors. A term, of particular use when talking about bipolar op amps is the
"Equivalent Noise resistance’, equal to Vp/I, shows when the errors due to the noise current are than
that due to the noise voltage

3.3.3. Noise Bandwidth

It can be seen from equation (1), that the Noise Bandwidth of the operational amplifier circuit is critical
- the wider the frequency of operation the larger the amount of noise within that system. A low noise
circuit must therefore have its noise bandwidth limited as much as is possible.

The Noise Bandwidth of an operational amplifier circuit is normally limited by using a filter network.
It must be remembered, however, that the Noise Bandwidth is often very different to the RC
Bandwidth of the filter which is limiting the noise. If a filter has a slow rolloff then the noise
contribution by the signals with a higher frequency than the RC bandwidth can be significant. The
Noise Bandwidth of a 1st order low pass filter (butterworth) is 1.57 x fy of the filter. This is an
increase of over 50%. A filter is of least 2 orders is normally recommended.

272



Signal Conditioning

FILTER ORDER NOISE BANDWIDTH
1 1.57 x £
2 111 x £
3 1.05 x fip
4 1.03 X f345
"Brick Wall" 1.00 x f35

Noise on OQutput

Most noise calculations will work out the equivalent total noise on the input of the op amp. Like other
errors this noise error is multiplied by the closed loop gain to give the equivalent noise on the output of

the op amp.

3.4.Noise versus Technology

Technology

TLE2027 TLE2082 TLC2272

Rs only

Noise Vs
‘ epltotal) = /V2+ (i, x R2) + 4kTR,
‘ 100E3 1
Vh
10E3 1 €n (total)
N
i 1E3 1
S

@f=1kHz

10 Source
TLE2027 Resistance,
1 r r v r v ep ey
| 100 1k 10k 100k 1M 10M 100M 1G 10G 100G ohm
Process BIPOLAR | BIFET |LinCMOS
} Parameter TLE2027 | TLE2082 | TLC2272 | UNIT
| Noise Voltage| 2.5 13 9 nV/[Hz
Noise Current{ 400 2.8 06 |fAfHz
1/f Corner 3 1000 100 Hz

Figure 2.3.04. - Noise Vs Technology
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The figure 2.3.03 discussed the relevance of noise voltage and noise current and how depending upon
the source impedance each or both may be of importance. The graph and table in the figure 2.3.04
above compares the overall noise performance of low noise op amps from each major technology. The
formula to remember is;

Vot = \(Vn2 + 4kTRexi? + In?Rexi2)B
Vn = Noise Voltage of Op Amp
In = Noise Current of Op Amp
4kTRext = Noise of Resistors.

Figure 2.3.04 shows that bipolar amplifiers are the best for a, providing the source resistance is small,
low noise voltage. Amplifiers like the TLE2027 have extremely low noise voltage specifications which
means that, providing the source resistance is small, they achieve the best overall noise performance.

As the size of the external resistors increase, the Johnson noise of these components begin to dominate
the total noise equation. Not surprisingly, the lower the value of the op amps noise voltage, the smaller
the resistor needs to be before it begins to prevail - resistor size can prove a severe limitation when
designing low noise circuits with low noise op amps.

As the source impedance increases, there comes a point when the noise current, In, flowing through
these resistors dominates the total noise equation. Because bipolar resistors have a significantly higher
noise current than FET input amplifiers, this error term can quickly cause the largest error. Low noise
CMOS designs like the TLC2201 have such a low noise current specification, combined with a
relatively low noise voltage, that it is often the best choice even with medium sized external source
impedances.

The other specification highlighted by this figure is the 1/f corner frequency of the op amp. Low noise
bipolar designs will normally have much lower specifications than FET input designs (3Hz for the
TLE2027), although again, the TLC2201 has a very good specification relative to other FET input
designs. It is worth noting that the NE5534 has a high 1/f corner frequency and yet it is still recognised
as a low noise part - 1/f should not necessarily be used to compare the performance of different
amplifiers.

3.5.Low Noise Differential Amplifier

When designing low noise systems the voltage noise of the amplifier is not the only important
parameter. The wide variety of transducers, and their resistances, can often make the noise voltage of
the op amp negligible when compared to the Johnson noise of these resistances. With very high
impedance transducers the noise current of the amplifier dominates the total circuit noise.

In most applications involving the TLC2201B and TLC2202B operational amplifiers the thermal noise
of the source and/or feedback resistors will be the most important. This is due the TLC2201/2 having
a maximum noise voltage of only l2nV/\[}—I_z and a noise current of 2.53fA/\/I—-I_Z (@25°C), giving it an
effective noise resistance (ratio of noise voltage to noise current) of above 4M. This means that only
when dealing with impedances above 4M(Q is the effect of the noise current of the TLC2201 going to
be larger than its noise voltage. The offset error that this impedance would create would be 80uV.
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The 3 op amp instrumentation amplifier is a versatile configuration and can be used to yield the best
performance from an op amp; in particular the TLC2201 with its high input impedance, good
common-mode rejection ratio as well as its excellent input and output swings.

Low Noise Differential Amplifier

Total Noise Qut, Vnot

-
o

1/f Corner @ 10.2Hz

ge - uv Rz
)

vn(2201/2) = 25 uV
l vn(2201/2) = 12V

Noise Volta
o

vn(20kQ) = 18.1 uV

N~—_ Y
T T T T T 1

1 10/]\100 1k 10k 100k 1M
33Frequency - Hz

1/f Corner Frequency

0.01

Figure 2.3.05. - Low Noise Differential Amplifier

As in most low noise systems the input stage will have the largest effect on the signal to noise ratio.
Using the TLC2202 in the input stage makes use of its very low noise currents and noise voltages as
well as its very low offset voltage. The common-mode range down to the negative rail adds further
versatility to the application whilst maintaining the accuracy required.

When working out the noise of a system it is best to relate each stage's noise to its input. This will
normally make analysis easier, as both the input signal and the input referred noise will be multiplied
by the op amp's non-inverting gain, 1+ Rf/Rgh, (signals via the inverting input will be multiplied by -
Rf/Rgh). The instrumentation amplifier configuration adds some further complexity to the analysis;
with the input stage sharing a resistor, Rgp, between its two op amps' inverting input terminals. The use
of Rgp is two-fold; A, Rgh provides the instrumentation amplifier with its good common-mode
rejection characteristics, and B, Rgh sets the gain at 1+2Rf/Rgh. With the input stage sharing Rgp
between the two op amps it is easier to consider the thermal noise of Rgj to be in the form of a current
(4kT/Rgp), which adds to the noise current of each op amp's inverting input.
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The sources of noise for both input stage op amps will be the same. The non-inverting input will
exhibit the noise voltage, vy, of the op amp itself, in addition will be the thermal noise of the source
resistor, 4kTRg, and the noise generated by the noise current, iy, through Rg. These voltages are
uncorrelated and will therefore RMS sum together. Due to the virtual short across the op amps' inputs
(the very high open loop gain forces the two inputs together) the noise voltage at the non-inverting
input will appear at the inverting input. This means that the total noise on the non-inverting input will
be multiplied by the inverting gain of the opposing op amp in the input stage. So the noise generated on
the non-inverting input, vpi4, of each op amp will be:-

Vni+ = Vnz ‘l"“(TRs + ianSZ

The noise current on the inverting input will flow through the feedback resistor, R, creating a noise
voltage at each op amp's output, which sums together with the thermal noise voltage of Rt. The noise
current on the inverting input will be the noise current of the device plus the thermal noise current of
Rsh. As this noise voltage is at the output of the op amp (just as the bias current error is added to the
output of the op amp), referring it to the non-inverting input entails dividing it by the non-inverting
gain. The resultant is the noise generated by a resistance equivalent to Rgh in parallel with R¢. This
extra source generates further non-inverting input referred noise. However it will not appear at the
inverting input, as the noise is actually being generated at the output.

Therefore the total noise voltage referred to the input, vpri(1), of amplifier Al will be the noise
generated at the non-inverting input summed with the noise due to the parallel combination of feedback
resistor, Rf, and shunt resistor, Rgp. Therefore:-

2
. R; * R R¢ * R
Vari(l) = Vaay F e’ ¥ [ S| 4 4KT| b
Rsh +Rf Rsh +Rf

and the input referred voltage, vpri(2), of amplifier A2 will be:-

2
Rf * R Rp *R
, . 2 f sh f sh
vori(2) = \/Vni+(2)2 )" " (Rgh +Rl J * 4kT(R h +1£fJ
S N

The third amplifier will have a similar equation except that Rg will be replaced with %2 Ry and
RshRf/(Rgp+R¢) will be replaced with Y2 R1, yielding:

vVori(3) = \/Vn(S)Z + 2#4kT(R ) + 2 * inz* (l/zR1)2

The output of Al (and for A2) will be vnri(1) (vari(2)) multiplied by the non-inverting gains RMS
summed with vpi+(2) (vui+(])) multiplied by its inverting gain. Assuming all op amps have the same
worst case noise voltages and currents, the output noise voltage, Vpo(1) of Al will be:-

2 2
R ;2 R 2
Vno(l) = 1 + _f_ % Vorie + f % Vnis
Rsn Rin

Op amp A2 will have a similar output noise voltage. The third op amp A3 will multiply the noise
voltages from Al and A2 by its inverting gain. It will RMS sum these together with its own noise

2.76



Signal Conditioning

voltage (which is multiplied by its own non-inverting gain), yielding a total output noise voltage, Vyot,

of:-
R 2 R 2
Vnot = *[1 + —f] *V,2m+ +2*[ ! ] *Vrzm +2*Vr2m(3)
Rsh Rsh

To maximise noise rejection, the gain of the first stage will normally be large while the gain of the last
stage will be small (frequently, as here, unity to minimise any common-mode errors), and so reducing
the effect of the final stage's noise. Using bipolar input op amps in the final stage will have a greater
effect on the noise level due to their much larger noise currents. These larger noise currents place a
compromise on the limit on the range of values for A3's source resistors, smaller source resistors
generate less noise voltages, but load the input stage op amps' outputs introducing distortion.

With Rp=20kQ, Rgh=200Q, R=20k€2, R¢=20kQ2 the non-inverting gain of the input stage will be 101
and the inverting gain will be 100. These values coupled with the TLC2201B/2B’s maximum noise
voltage of 12nV/\/H_z (guaranteed at 1kHz) and noise current of 2.53fA/\/E ( calculated for 1kHz)
the following values are achieved.

For Al and A2

Vpis = 21.7nVA[Hz Vari = 21.8nVA[Hz
Vio = 3. IO;JV/‘\[ Hz
and for A3 Vori = 21 .7nV/\/Hz

The resulting output noise voltage, Vo, spectral density for the TLC2201/2 instrumentation amplifier
will be:-

Viot = 4.39uVA[Hz.

Referring this value to the input (dividing by the signal gain = 201) implies an input referred noise
voltage of 21.8nV/\/E. This value is dominated by the thermal noise of the source resistor, with a low
noise bipolar op amp the noise would be dominated by the noise current of the device. So when
interfacing to high impedances the TLC2201/2 provides a very low noise and a highly accurate
solution.

3.6.TLC2272/4 Dual and Quad Rail-to-Rail Op Amps

Most op amps will have been designed to work in either single rail or dual rail applications. This will
normally limit the common-mode input range and the output voltage swing.

Bifet op amps have been designed for dual supply rails and hence their outputs cannot swing to either
rail, while their inputs can only typically swing to the positive rail. High performance bipolar op amps
have been designed for dual supply applications, and so will not normally allow their inputs or outputs
to go to either rail. Most single supply op amps have had their inputs and outputs designed so that they
can swing to ground. This is at the expense of their outputs being able to sink and source current.

To get over the problems of output swing the TLC2272 and TLC2274 use a push-pull output stage.
The push-pull output stage enables the TLC2272/4 to swing within millivolts of both rails while
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sinking and sourcing current. This capability enables the device to work in both single supply
applications (operating in Class A) and dual supply applications (operating in Class AB). This is very
important when providing signal conditioning for A-D converters, normal single supply op amps have
their outputs clipped 1 V from the positive supply, which reduces the dynamic range of the A-D
converter by 20%.

TLC2272/4 Dual and Quad Rail-Rail Op Amps

Specified for SINGLE and DUAL Suppy Operation!

e OQutput Swing Includes Both
Supply Rails

v
>

=
N
AN
N

® Common Mode Input Voltage Range -2 i /
Includes Negative Rail $° lg=*50uA
2510 -4
® | ow Input Offset Errors g 3 8 //%oc +500 uA
..VIo = 950 uV @ 25°C 3 V
..IB =1pA@25°C g 6 //r
S /
>
® LOWNOISE 4 6 8 10 12 12 16

..Vn=9nV//Hz@ 25°C Vop- - Supply voltage - V
.In=281AJHz @25°C

Figure 2.3.06. - TLC2272/4 Dual and Quad Rail-Rail Op Amps

,The wide output swing and low input offset errors Vi < 1 mV and Ijg = 1 pA (Typ), make it suitable
for high impedance transducer interfacing. Its capability for use in these applications is enhanced by its
_low noise specification.

All these features give it one huge advantage over other general purpose CMOS amplifiers.

3.7.Measure Piezo A.C. Signals with Charge Amplifier

3.7.1. Piezo Transducer Interfaces

When interfacing op amps to piezo transducers, two basic modes are employed; Voltage mode or
Charge mode. Both principles require an op amp with very high input impedance and low bias current,
which limits the choice to JFET or CMOS input op amps. The dynamic range of such interfaces to
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piezo transducers that exhibits ac signals is usually limited by the noise produced by the op amp. The
TLC2201 and TLC2272 are Advanced LinCMOS op amps that challenge the input noise of the very
best JFET input op amps and are simultaneously capable of operation from low supply voltages.

Measure Piezo AC Signals with Charge Amplifier

Low Noise Accelerometer Amplifier
Charge Amplifier Gain Stage 10 Hz to 10 kHz Bandpass Filter

182 .
Ra Cs| . TLC2272

+

TLC2272

Accelerometer Sensor

da = ACgx Vg Measuring Ranges:- =
-S. xa 1.8 mms-2 to 35 ms-2
- Va

S, = 1pC/ms2

All resistor values in kQ
unless otherwise stated.

a = Acceleration (ms-2)

Figure 2.3.07. - Measure Piezo AC Signals with Charge Amplifier

Voltage mode operation requires that the op amp is placed very close to the sensor as parasitic load
capacitance on the sensor output will change its sensitivity. A cable between the sensor and the op amp
will not only attenuate the sensor's output - but variations in the cable capacitance due to mechanical
influence easily modulates the desired signal. When voltage mode configuration is used, the amplifier
is usually encapsulated together with the sensor such as in electric microphones.

Charge mode operation is widely used, primarily because the influence from any shunt capacitance
across the sensor is eliminated. Consequently, the length of a connected cable will not influence the
sensitivity but affect only the maximum bandwidth of the measuring system.

3.7.2. Accelerometer Application

The illustrated application converts an acceleration input, a, measured by a piezo electric acceleration
sensor and conditioned by an accelerometer amplifier, to an output voltage, Vgut, proportional with the
sensed acceleration. The circuit provides a wide dynamic range thanks to the very low input noise and
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rail-to-rail output swing of the Advanced LinCMOS op amps, TLC2201 and TLC2272 used.
Additionally, the entire circuit operates from 5V supplies, ensuring overall low power consumption.

The accelerometer amplifier consist of three sections, a charge amplifier that converts the sensor output
charge to a voltage, a gain stage and a 10Hz to 10kHz bandpass filter, which limits the amplifier's noise
bandwidth.

If an accelerometer sensor with a sensitivity of 1pC/ms‘2 is employed, a maximum full scale rms
acceleration of 35ms~2, or approximately 36g can be measured. The lowest acceleration that can be
detected is determined by the charge amplifier's noise. Assuming typical system noise with a minimum
of 5dB S/N ratio, vibration or acceleration levels down to 1.7mms™= corresponding to 0.17mg are
theoretical measurable.

Sensor

The equivalent electrical model of a piezo electric acceleration sensor can be thought of as a voltage
source, Vg, in series with a small sensor capacitor, Cs. Variations in capacitance due to physical
deformation will cause charge, qa, to be dumped into the charge amplifiers summing junction.
Characteristic parameters for such a sensor are the sensitivity, Sa, and the sensor capacitance, Cs.Their
relationship to the produced charge, q,, is given by:

. = AC.*V, = S, *a; where a=acceleration ;
9a s™ Vs a

The sensor (B&K type 4384) used in this application has the following typical parameter values:
Sy = 1pC/ms™2 and Cg = InF.

Charge Amplifier

The purpose of the charge amplifier is to transform the high output impedance of the acceleration
sensor and amplify its relatively weak signal. A basic charge amplifier consists of a high gain
operational amplifier with a feedback capacitor. When charge is dumped into the amplifier's summing
junction from the sensor, the amplifier manipulates its output voltage to maintain the charge in the
feedback capacitor equal to the charge dumped into the input, so that the voltage in the summing
junction tends to be at null. For the actual application, A is acting as charge amplifier and C] is the
feedback capacitor. Ignoring the effect from Ry, C2 and the 100Q input resistor, the transfer function
from acceleration input to A's output voltage, Eq| becomes:

Eo1 = da §a‘>2<a <=> ]—3°'L= Sy (H

- Cy = o] a ) Cy ’
By insertion of actual component and parameter values, (1) becomes:
-2
Egr _ IpCims™= 2.
a = 100pF 10mV/ms™=; (2)

If higher vibration or acceleration levels than 36g have to be measured, C| can be increased to reduce
the gain of the charge amplifier.

A large feedback resistor, Ry, provides a leakage path for Aj's input bias current and prevents the op
amp's output from being driven into saturation. As Ry together with C| forms a highpass filter with a
3 dB frequency, fo = 1/(21t R{C}) = 1.59 Hz; the value of R needs to be vary large if low frequencies
are of interest. The exceptional large value of 1 GQ is chosen because the effect of its thermal noise
decreases as R increases. This is discussed in the noise evaluation section. An upper limit of R is
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given by the offset produced when A|'s input bias current passes through it. With TLC2201's 100 pA
maximum input bias current over temperature, a worst case offset of (1GQ * 100 pA) = 100 mV is
generated. However, as the maximum signal output from A7 is only 500mV peak, no limitations on the
op amp's output swing follows. To prevent swing limitations on the succeeding gain stage, the charge
amplifier's output is ac coupled.

To avoid A1's input bias current from contributing to the charging of C|, a dc blocking capacitor C7 is
placed between the very high impedance ac summing junction and the op amp's inverting input
terminal. The effect of Cp on the transfer function can be ignored with the value chosen. A 100Q
resistor in series with the charge amplifier's input provides some protection, when the sensor is
disconnected. A lowpass filter is formed together with C| but at frequencies beyond interest. Thermal
noise from 100Q2 will not affect the overall accelerometer amplifier's noise performance.

Charge amplifiers very high input impedance require carefully layout, PCB cleaning and guarding. The
summing junction would benefit from Teflon stands. Both capacitors should be of a low leakage type
such as polypropylene, polystyrene or Teflon.

3.7.3. Gain Stage

A simple non-inverting gain stage is implemented by one half of a low noise TLC2272 op amp to boost
the charge amplifier's output voltage five fold. Additionally, the gain stage around A7 allows for +10%
gain adjustment with P to accommodate variations in the sensitivity of the sensor. The gain should be
adjusted to yield an overall accelerometer amplifier output voltage, Vgyt, of 100 mV/ms~2. Thermal
noise from the potential voltage divider, does not contribute to the total system noise.

TLC2272's output stage features rail-to-rail output swing with the load impedance provided.

Filter

Following the gain stage is a 10 Hz to 10 kHz bandpass filter. implemented around the second half of
TLC2272. The purpose of this filter is to remove low frequency excess noise and limit the upper noise
bandwidth. In fact, the bandpass filter consists of a combined 2nd order 10 Hz highpass and 2nd order
10 kHz lowpass filters with Butterworth characteristics. Design of this filter section assumes no mutual
interaction between the two filter sections. This is only possible because the cut off frequencies are so
far apart and that an impedance level has be chosen to minimise interaction.

Design details of the filter are trivial and only covered briefly. Assumptions: Wqgpyp = 1/(21 * 10 Hz),
Worp = /(21 * 10 kHz), a midband gain of two and a 2nd order maximum flat or Butterworth Q

factor, Q = 1/A{2. The transfer function, H(s), can then be shown to be given by:
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&2
H(s) =
B | 1 1 1
sT+ + - s+
R,C3  R,Cs RiCy)  R3R4C5C4
N
* RsReCsCe 3)
N 1 1 1 1
§2 4| - s+
RsCs ReCs RgCq ) Rs5ReCsCq
2 2
S w
H(s) = 5 *— OLE e, )
OHP 2 2, Q0 2

52+T’S+0)OHP ST+

Comparing (3) and (4) yield the following design equations and component values:

Highpass: Choose C3=C4= C=100nF;
1 1
Q + 62 +38
Ry = = 182.1kQ = 182kQ (E96 value) ;
3 4wogp C
4 1
Ry = = 139.1kQ = 140kQ (E96 value) ;
47 woupC 1
62 +8+ 6
Lowpass: Choose C5 = Cq = C = InF;
1
Rg = QugLpC = 22.51kQ = 22.6kQ (E96 value)
Rg= —51-2— = 11.25kQ = 11.3kQ (E96 value) ;
Re C ooLp

3.7.4. Why use Advanced LinCMOS TLC2201 and TLC2272 Op Amps?

The charge amplifier requires a CMOS or JFET input op amp with very low input voltage and noise
current. In addition, the input bias current should be as low as possible to avoid excess offset that limits
the dynamic range.

For the gain stage and filter section, a relatively low voltage and current input noise is still required.
But more important is the low distortion rail-to-rail output swing providing output voltage levels, that
easily interface to a connected sample & hold plus a/d converter circuitry.

If these essential needs are added to the demand for low cost, low power and low supply operation
(£5V), the TLC2201 and TLC2272 are about the only op amps available meeting these requirements.
For even higher performance the TLC2272 could be replaced by the TLC2202.

3.7.5. Noise Considerations

If a multi-stage amplifier is constructed such, that the input noise of the first stage multiplied with its
gain is larger that the input noise of the succeeding stage etc., the first stage will dominate the noise of
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the total multi-stage amplifier. Following this principle, the charge amplifier's gain has been chosen to
produce an output noise, Ep, significantly higher than the input noise of the gain stage. Consequently,
the noise evaluation is focused on the noise produced by the charge amplifier in the bandwidth limited
by the filter section. Wideband noise generated by A3, (which is only limited by its falling open loop
gain), is low and can be ignored.

Three sources dominates the output noise from the charge amplifier:

. €y, input noise voltage density from A, TLC2201; (e, = 8 nVAJHz typical)

. I, input noise current density from A, TLC2201 ; (i, = 0.6 fA/\/H—z)

. Ry, thermal noise density generated by R (1 GQ), and equal tom ;

Where k = 1.38 * 1023 J/K (Boltzmann's constant; and T =298 K (absolute temperature @ 25°C).

Assuming that the charge amplifier's input is shorted by the sensor's characteristic capacitance, Cg, and
that C» and the 100 Q input resistor does not influence the noise, the charge amplifiers output noise
density, E  (s), is given by:

2 N
R]nCL 2 ravLirem
2 5 2 2 Lo s'Cgs
Ef(s) = | 1+——L [+ e +i” (Rylim=li=— | + 4kTR,| —L—5"— | |.
n L n n ClS CSS R L“__]_.
Cys 1+Cls Cgs
2 YRUC, +Cs 1Y 2 2( 1Y Y
_ RC +Cos+TY — S S
En®) = en( RiC s+1 ) P RilRye s+ 1) YT RIlR e 5+ 1

The total rms noise measured on the charge amplifiers output can now be calculated from:

+00

E, (rms) = f E Genfidd):  s=jo=jnt

-00

. . . 2 . . .
To simplify this task, we will analyse the three components of En(s) , and determine which dominate

in the frequency band of interest.

2 2 2 2 . .
En(s) = Een(s) + Ein(s) + ERl(s), s=jo=12nf =>

E_(2n D2 = E. (2n D2 + [E. 2r D12 + [E, (2r D2 ;
n en ip R

ted S E _ Ri(C1+Cos+ 1Y)
e, generated noise: en(s) =e, RiCys+1 ;
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IEen(JZTt Hl = e,

. l
Zero frequency: f oo = m = (0.14Hz

1
Pole frequency: fpole = 2MR|C; = 1.59Hz

Noise; f << f,orgi€y = 8nV/\/Hz (typical)

. . Cq .
Noise; f >> fpo]e:en(] +a) = 88nV/\/Hz (typical)

. . N Y.
iy, generated noise: Eei(s) = 'nRI(RlCl < 1) ;

E, G270l = i, R,

]
Pole frequency: fpole = 2MR(C = 1.59Hz

Noise; f << fpole:in Ry = 600nV/\/Hz (typical)

. S .
R generated noise: ER](S) = \4KT R (RICI s+ 1)

IERl(j2Tc Ol = '\’4kT R}

1
T 2R Gy

Noise; f << fpje: \/4kTR1 = 4.1pV/\/Hz;

Clearly, the current and thermal generated noise dominates at very low frequencies. The amplitude of
the current generated noise, IEj (2 f)l, is reduced by -20dB/decade above fpole. Consequently, it has
shrunken to the same level as the amplitude of the voltage generated noise, [Eg,(j27 I, at:

Pole frequency: fpole = 1.59Hz;
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iy Ry L iy ~ 600nV ) .
_Cl4Cy MRIC| ~ 2men (Ci+Cy) ~ sV - 1 = 108K
n Cl

Current generated noise has therefore no effect on the total noise in the 10Hz to 10KHz frequency band
at 25°C. Note that the 10.8Hz frequency remains constant with changes in R].

Similarly, the amplitude of the thermal generated noise, IER{(j2r f)l, equals the amplitude of the
voltage generated noise, [Eg,(j27 f)l, at:

\J4KTR | L [ 1 _41pv
L C1tC 2mRC T Ry 2men(C+Cy ~ 88nV
n Cl

* 1.59Hz = 74Hz;

Consequently, thermal generated noise as well as current generated noise has little or insignificant
effect on the total noise in the 10Hz to 10kHz frequency band. Note that the 74Hz frequency decreases
proportionally with increasing value of \/R_l The interesting point about Ry is, that the current
generated noise in the frequency range considered is unaffected and that a higher value reduces the
thermal noise!

The conducted noise analysis clearly shows, that the charge amplifier's output noise density in the
frequency range of interest is totally dominated by the noise voltage, [Ee(j27 ) generated by the
TLC2201 op amp's input noise voltage, e,,. Calculating the total rms noise, [E;(rms)l, on the output of
the charge amplifier now becomes a simple task, as |[Eep(j27 f)! is constant from 10Hz to 10kHz.
Integration of the noise density over the frequency band of interest can now be accomplished with a
simple multiplication, yielding:

E(rms)l = \/ IE, (i2nf)2 * Noise Bandwidth ;
n

Where IE'e (G2r )l is equal to IEe (G2r ) for 10Hz < f < 10kHz. Inserting numbers gives:
n n

IE,(rms)l = \/188nVA/HzI2 * (10kHz -10Hz) * .11 = 9.27uV rms;

Re-arranging the transfer function (1) for the charge amplifier can now be used to determine the
corresponding input accelerations, ap:

a _En(rms)C _ 927uv
n— s 1 = 1pC/ms2

100pF = 0.927mms™2 ;
a

Assuming a minimum 5dB S/N ratio, the typical lowest theoretical acceleration, ap,;, that can be
measured is given by:

SNR / 5 5 .
apin = a,*10 720 = 0.927 mms™“*10720 = 1.65mms™ = 0.17mg acceleration ;

However, these figures are reduced somewhat if a worst case calculation is performed. The major
additional noise comes from:

2.85



1993_Linear Design Seminar

. Worst case TLC2201A noise voltage is 50% higher and equal to 12nVAJHz, which raises the
flat noise floor.

. Worst case TL.C2201 noise current over temperature is much higher than the typical 0.6fA @
25°C, as it tends to double for every 10°C temperature increase. This temperature dependent
effect results in an increasing low frequency noise with increasing temperature.

. Thermal noise from the feedback resistor increases with the square root of the temperature
again adding to the low frequency noise.

. Noise sources from the succeeding gain op amp and filter contribute slightly to the total noise
with the component values and gain chosen.

3.8.TLE2037 and TLE2237 - High Speed Op Amps

The TLE2037 and TLE2237 are among the most recent op amps to be developed and fabricated using
the Excalibur technology. These devices have been optimised for precision and high speed
performance. They include a novel output stage that features a 'Saturation Recovery Circuit’ which
enables much improved small signal response and outstanding levels of distortion.

Precision - The parameters of most importance in a precision application are; Offset Voltage, Drift,
Bias Currents and Open Loop Gain. The TLE2037A, single op amp, has a maximum offset voltage of
only 25uV and a maximum offset voltage drift of 1pV/°C and 1pV/month. While the TLE22237, dual
op amp) has an offset voltage of 100 uV, with similar offset voltage drifts to that of the TLE2037..
Both devices have bias current cancellation circuitry to reduce bias currents to typically 15 nA enabling
larger external resistors without impacting overall dc accuracy.

An outstanding parameter of both devices is their open loop gain, Avd; - at 153dB, it is probably the
highest in the world! The resulting improvement in the op amps circuits 'loop-gain' causes an increase
in overall performance - everything from offset voltage, input impedance and distortion are improved.

AC Performance - The TLE2037 and TLE2237 are decompensated versions of the TLE2027 and
TLE2237 respectively. Both should be used with a minimum closed loop gain, Acl, of 5, but the gain
bandwidth product for the TLE2037 is 76 MHz and 50 MHz for the TLE2237, (compared with
15MHz and for the TLE2027). Slew Rates for the TLE2037 and TLE2237 are 7.5 V/ps and 5 V/ps
respectively.

Low Distortion - Linked to an increase in ac performance both devices feature a Saturation Recovery
Circuit which improves the small signal response and enables the device to be used at much higher
frequencies with increased output swings - see figure 2.3.09 A further advantage is the extremely low
levels of distortion even when driving loads as low as 600€2, (see figure 2.3.10) which has enabled the
device to be used in low noise applications such as Audio systems.

Low Noise - A large input stage, and clever design and layout techniques has given the device an
extremely low noise voltage specification - 3.3nV/\/Hz at 10Hz, and 2.5nV/\[HZ at 1kHz. This is an
obvious further benefit to precision measurement systems and audio applications.

Applications - The excellent ac performance and low noise makes the devices ideally suited to Audio
and Telecom applications, whilst the low offsets and excellent overall precision has enabled the parts to
be used in Instrumentation, Measurement and Test equipment.

2.86



Signal Conditioning

TLE2037 and TLE2237 - High Speed Op Amps

Low Noise, High Speed and Precision

® Low Noise Voltage; Large-Signal
3.3nVAHz@ 10 Hz Differential Voltage Amplification
2.5nVA/Hz @ 1 kHz

160
® Wide Bandwidth;

TLE2037 ........ 76 MHz
TLE2237 ........ 50 MHz

120

80

® [ow Input Offset Voltage;
TLE2037A ........ 25 uV max
TLE2237 ........ 100 pV

40

0 AN
0.1 100 100k 100M
f - Frequency - Hz

[ ]
Avd - Differential Voltage Gain - dB

High Open Loop Gain
45 V/uV or 153 dB!!!

Output Features Low Distortion and
Saturation Recovery

Figure 2.3.08. - TLE2037 and TLE2237 - High Speed Op Amps

3.9.Distortion Measurements

Figure 2.3.09 compares the 'Total Harmonic Distortion + Noise' of 3 different op amps, -over
frequency, whilst driving 100 kQ and 600 Q loads.

The three amplifiers highlighted in the graphs (the NE5534, OP37 and TLE2037) are all bipolar
designs and have been chosen because of their specified low levels of noise and distortion. These
graphs highlight the superior performance of the TLE2037 Excalibur op amp.

The THD of an amplifier is dependent upon many parameters, specifically the open loop gain,
bandwidth, siew rate, load and the input signal magnitude. The circuit used to compare these three
amplifiers emphasises many of these points. A non-inverting gain of 40dB has been chosen to highlight
the importance of the loop-gain of the op amp. To ensure that noise does not conceal the THD of the op
amps a 22kHz noise filter has been introduced - ‘this explains the shape of ali curves at high
frequencies. This frequency is, however, wide enough to highlight any problems due to slew rate
limiting.

Loop gain, AB, ( approximately the difference between the open loop and closed loop gain curves) is a
crucial factor in low distortion circuits. This, combined with the obviously low levels of noise for

2.87




1993_Linear Design Seminar

bipolar op amps, explains why CMOS or Bifet designs suffer from relatively poor distortion compared
to bipolar. The TLE2037 has a typical open loop gain of 153dB (45 million!) and so distortion is
significantly reduced. Slew rate is another crucial factor in low distortion circuits as at high frequencies
and high gains an op amp may not be capable of operating without clipping or distorting the output
signal.

TLE2037 Distortion Measurements

Total Harmonic Distortion + Noise Vs Frequency

1 R =600chm R, =100kohm
' FHH 0003 | | "W
* i = : * ailh
[ c
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} i .
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':E = \ = I
TLE2037 R ‘
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f - Frequency Hz f - Frequency Hz
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Figure 2.3.09. - TLE2037 Distortion Measurements

The second graph, examines how a load affects an op amps distortion. The impedance used in these
measurements is 600  and it shows that the OP-37 device is really not suited for applications with
loads as heavy as this. What the graph does highlight is the outstanding performance the TLE2037, it
has significantly better distortion than its competitor, the OP-37 and also outshines the NE5534.

The TLE2037 is therefore an ideal op amp in applications driving high impedance nodes and can be
used for driving cables as well as multiple paralleled loads. The overall low distortion of this part also
makes it particularly useful in audio applications including microphone pre-amps, filters and

equalisation circuits.
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3.10. Saturation Recovery

In conventional OP-27 type amplifiers the output voltage remains predictable only if it stays within the
Vom (maximum Vout) specification. If an input signal is applied which tries to force the output voltage
beyond the Vgom limit, the output may not respond correctly to subsequent input signals until after a
given amount of time has passed. This time is the "Output Saturation Recovery Time".

TLE2037 Saturation Recovery

.. 68k
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Freq = 250kHz 0 o
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OUTPUT (V) - ol la q:t;‘:{‘___jﬁ Saturated
8
8
4
LTi037 o Partial Signal
OUTPUT (V) “ Response
-8
8 : :
TLE2037 4 i AF
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Figure 2.3.10. - TLE2037 Saturation Recovery

There are three things that can cause the OP-27 type amplifiers to exhibit output saturation recovery
problems. First, in some of the amplifiers, the final common emitter gain stage is allowed to be driven
heavily into saturation. the excess base charge built up on the device can only be removed via a high
value pull down resistor. Therefore a finite time must pass before enough charge is removed to assume
normal operation.

Secondly, the current sources in the class AB output stage are also allowed to saturate. These are not
driven as heavily into saturation, but they still take a finite amount of time to recover.

Thirdly, and perhaps most importantly, the bias generator for the entire circuit can be disturbed from its
equilibrium point when the output stage current sources saturate. If disturbed enough, the bias circuit
can shut off completely until the start-up circuit engages. If this happens the entire circuit loses power
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and the output signals will not become valid again until the bias generator recovers from its
equilibrium point. This results in a huge output saturation recovery time.

In the TLE2027/37 and TLE2227/37 devices, special circuitry has been added to keep the final gain
stage and the output stage current sources out of saturation. Therefore, no saturation recovery time is
needed enabling the devices to continue to operate in their normal, stable and predictable manner.

3.11. High Performance Low Noise Pre-Amp

A system requiring the ultimate in ac performance is audio hi-fi, CD Players, with a dynamic range
exceeding 90 dB, are pushing the performance of amplifiers to new levels.

Phonographic recording/replay is still the standard for many good hi-fi and they require the ultimate in
high performance amplifiers. The TLE2037 with an open-loop gain of 153 dB, an offset of 25 uV and
an 80 MHz gain-bandwidth product of 76 MHz is an excellent choice in audio applications. The low
distortion and excellent output saturation recovery, discussed earlier, endorse the TLE2037s audio
capabilities.

High Performance Low Noise Pre-Amp
High Gain Bandwidth Product and Low Noise Make The TLE2037

Best in Class
GAIN Vs Frequency
60 —.Bode# t+——4——————F
V
N R - o
1000F 255kQ 267 kQ 0r-—r7 | TLEZ037 T\ |
' B 40
z
< 30
—o—ii °©
33nF 120F PYR 7/ NNl RS G
10
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Figure 2.3.11. - High Performance Low Noise Pre-Amp

Record equalisation circuits illustrate the importance of high gain and wide bandwidth in an ac
application. The RIAA specification defines the characteristic of the phono replay pre-amplifier, and
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takes into account, the frequency response of magnetic pick-ups. The pre-amp must match and cancel
out the pick-ups response. The result is roll-offs at 50 Hz and 2120 Hz with a zero at 500 Hz. The
circuit incorporates a low frequency pole and a corresponding zero at 20 Hz to remove rumble and low
frequency effects.

For a gain of 1000, the op amp needs a large gain-bandwidth product to remove any gain error. The
chosen op amp, TLE2037, has a loop-gain in excess of 40 dB at 20 kHz. Equally as important to low
distortion is the device's 100 kHz full power bandwidth.

To achieve these levels the op amp has been decompensated. This means, as described in section 3.7
of signal conditioning, that the compensation capacitor has been reduced to allow faster slew rates and
higher bandwidth. However, the decompensated op amp should only be used with closed loop gains of
greater than 5, preserving the AP phase margin. Therefore, the high frequency gain of the circuit has
been designed to flatten out with a gain of 5. This is done by introducing a zero at 40 kHz.

The types of components used must also be considered. The circuit has been purposely configured so
as not to require the use of noisy, low performance electrolytic capacitors.

Polypropylene capacitors with their very low tan 8, give very good performance and have been used
throughout, except for the lowest frequency zero where polycarbonate capacitors have been used.

The resistors used are all metal film, giving high precision and low flicker noise. They are readily
available in E96 series values and hence provide a cheap and accurate solution to the pre-amp's
requirements.

3.12. High Speed Single Ended to Differential Converter

Differential lines are quite frequently used in professional audio systems. The differential signal will
often be used to drive the output stage increasing the available output power when using class AB
output stages. However most transducers and pre-amps will only produce single ended signals (they
will, however, be stereo; left and right).

So in order to produce the differential signal a high performance single ended to differential converter
is required. This converter can also be used to introduce gain into the system.

A single ended-input, differential-output converter can be constructed by parallel coupling of two
differential input amplifiers, and a high speed buffer amplifier. However, the single ended-input,
differential-output converter shown in figure 2.3.12 is more than just two cross coupled differential
input amplifiers - the circuits unique configuration is widely used in professional audio applications.
The cross coupled feedback approach ensures that the output of the differential line driver looks
exactly like a transformer. Either output can be shorted to ground without changing the circuit gain of
20dB, This enables the converter to be set for inverting, non-inverting or differential operation. The
configuration even allows the device to drive unbalanced load, like a true transformer.

3.12.1. TLE2237 and TLE2027 Op Amps

Similar circuits can be implemented with several different amplifiers, all of which must be capable of
driving low impedance loads over the speech or audio frequency range. However if low distortion is to
be maintained a large loop-gain must be maintained over the required bandwidth.
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Normal unity-gain stable op amps have their bandwidth reduced to ensure stability at unity gain.
However if the application requires some gain adding to the system, the true speed of the op amp has
been wasted. This where de-compensated op amps come into their element. The TLE2237 is not unity
gain stable, but is stable (with a healthy phase margin) for gains greater than 5 and this provides it with
a factor of 4 improvement over the TLE2227. An even greater improvement can be attained with using
two TLE2037s in place of the TLE2237.

High Speed Single Ended to Differential Converter

12kQ R,
15V
N 50 Q
. - ouT-
Ro [] * TlEooz7
1.2kQ 12kQ
Rg

TLE2027

10 kQ

Figure 2.3.12. - High Speed Single Ended to Differential Converter

In order maintain low distortion the excess loop-gain, over the required bandwidth, about the op amp
must be kept above 100. The TLE2237, with its 50 MHz bandwidth, at a gain of 10 maintains this level
of loop-gain up to 50 kHz, which is well above the audio frequency range. The TLE2227 would only
be able to maintain this up to 13 kHz, which clearly shows the benefit of the TLE2237 when used with
gains above 5.

The TLE2027 configured as a unity gain buffer keeps its loop-gain above 100 for frequencies up to
150 kHz.
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3.12.2. Design Details

Ignoring the influence of R1(, R}, R|5, Rj3and R4 on the differential output voltage, V oyt (assuming
ideal op amps), the voltage transfer function of the circuit can be derived from:

R R R R

Vous = V[N—5 1+—2 +Vout——3 1+-2

R3+R5 R6 R3+R5 R()
R, R4 Ry
v = VN RV —L | 144
out- IN Rz out+ R7+R8[ R2
v vy R [ Re)_[Re))
out+ out- = IN R3+R5 Re R J

R R R R

+ Voo ——— 1+ =2 |V e — L 1+ =2 | (1)
R3+R5 R6 R7+R8 R2

Assuming R; =Rg=R; =R, and Ry =Rg =Ry =R4. Cross multiplying and cancelling out yields:-

A% Vv

out+ ~ Y out-

R
= 2ViN R_4 + (Vout— - Vout+ )

\% \Y%

out+ ~ Y out-
If one of the differential outputs nodes - say Voyt- is loaded heavily to ground by an unbalanced load
or even shorted to ground, the opposite output amplifier senses the decrease in Vgy.'s output voltage
and compensates by boosting its own output, Voyt+. The sense feedback ensures that the gain remains
as given by (2).

In order to ensure that one output can drive the total output swing, when the other is shorted, the output
swing under normal balanced load conditions must be held below half the maximum swing. With an
input signal, Vip = 2Vpp. the output swing, Voyg = 20Vpp. This level can easily be sustained by one op
amp if the other 's output is shorted to ground.

3.13. TLE2082 Dual High Speed Bifet Op Amp

The latest member of Texas Instruments' vast family of Bifets is the TLE2082. This is a high speed,
low noise dual Bifet. In common with all the most recent releases of Texas Instruments’ Bifets the
TLE2082 is constructed using the Excalibur technology.

Texas Instruments was one of the first semiconductor manufacturers to supply Bifets (Fairchild were
the first with their 100 mV offset offering). One of Texas Instruments' great strengths in their Linear
product range is its family of Bifets. In the mid-eighties, this was reinforced by the introduction of the
TLO30s and TLOS50s. The derivation of Excalibur Texas Instruments, has enabled to continue this long
history in Bifet op amps with the TLE2060s, and now the TLE2080s.

The TLE2082 has been developed to meet the higher requirements of today's new applications. This
covers audio applications as well as high speed control applications. The strength of all Bifets is their
very high slew rate. The TLE2082 has taken this a stage further with its 10 MHz unity gain bandwidth
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and large 40 V/ps slew rate. The specifications are further added to by its low noise voltage of 13.7
nV/AJHz making it ideal for high speed low noise transducer interface.

TLE2082 Dual High Speed Bifet

High Speed and Low Distortion

e HIGH-GAIN BANDWIDTH PRODUCT 1
...... 10 MHz Q
5 ®
€
® HIGH UNITY GAIN SLEW RATE § 3 OTEa- 10076000 L
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Figure 2.3.13. - TLE2082 Dual High Speed Bifet

The very low Total Harmonic Distortion (THD) figures make it ideal for audio applications, replacing
the TLO50s and TLO70s which had become standard members in many high performance audio
systems.

The low noise and high speed make the TLE2082 well suited to industrial control applications. The
high slew rate is equally well matched by its very fast settling time. The TLE2082 takes just 400 ns to
settle within 10 mV of its final state value for a 10 V, and just 1.5 ps to within 1 mV.

With audio and control applications in mind, the TLE2082 was designed to have a large output current
drive capability, exceeding that of the TLE2060s and the TLE2037. This is realised in a minimum
output current capability of +30 mA, enabling the device to drive long cables, and even some heavy
and demanding audio loads.
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3.14. Fast Logarithmic Converter

The TLE2082 was designed for high speed applications which require high stability or high drive
capability. Another application well suited to the TLE2082 is a Log Amplifier.

A log amplifier exploits the logarithmic dependence of Vg on I¢, and produces an output voltage
equal to the logarithm of the input voltage.

Fast Logarithmic Converter

= Vout = = =
-1.0V/ decade
—
I
2kQ

Figure 2.3.14. - Fast Logarithmic Converter

The basis of a log converter is an op amp configured as

Rs an inverter that has a NPN transistor as its feedback

loop. This results in the input being converted into a

current via the source resistor, Rg. The input current

Vin Vout then flows through the transistor's collector causing the
base-emitter voltage to change with the input voltage.

The base of the transistor is tied to ground so the output
will be I base emitter voltage below ground.
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Assuming the op amp has a virtual short between its inputs, the collector current will be:

V,
Ie = e Neglecting I;5
RS
qVse
kT
But IC = Igs€ Vo=-Vgg
This establishes the link between Vi and Vi,
Vo = - ! *k—T*Log IN
Log€ q Rslss

The logarithmic relationship between the output voltage and the input voltage can clearly be seen. The
temperature effects can also be seen, first of all in the kT/q factor, but also in Igg.Igg has a negative co-
efficient while kT/q has a positive co-efficient. These normally react to give Vg its normal negative
temperature co-efficient. This is where the subtleties of log amplifiers come into play.

Figure 2.3.14 shows one way of overcoming some of the temperature drift problems of the log
amplifier. This is very similar to the fundamental log amplifier shown earlier except that two very
accurately matched transistors are used, instead of just one transistor. Another difference is that the
TLE2082 is driving the base of the second transistor (ignoring resistors Ry and R,), placing both
transistors within the feedback loop. The output of op amp Al will be the base-emitter drop of Q2
minus the base-emitter drop of Q1, this fact will be exploited to reduce the temperature effects.

Once again, the input voltage will be converted into current by Rg, this current flows into the collector
of Ql, causing its emitter to drop by 59 mV/decade of collector current. The emitter of Q2 is
connected to the emitter Q1.

The LT1009 and the virtual earth of op amp A2 set up a fixed current source of 100 yA. This is used to
bias Transistor Q2 setting up a constant Vg (at any fixed temperature). Transistors Q1 and Q2 are part
of highly matched transistor pair, which share the silicon and so should be at the same junction
temperature. This also means that they should have the same Igg.

The Vgg; of Q1 will be as follows:-
\"
v - 1 *E*Log[%]

While Vg, of Q2 will be:

Veey = *—*Log—=

The voltage at the output of the TLE2082 is Vggy-VgE|, and so subtracting Vgg | from Vgg, gives:-
1 kT I, 1 kT [ Vin ]

*—xLog—=—-——x—=Log

VsV
BE2" BEI Log€ q gISS Log€ g
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| kT le \Y
Factorising:  Vpp»-Vgg, = LoeC *:#{Logﬁ— Log[ Rglll\;g )}
= ! rl(L()g[RSl(z)
Log€ ¢ IN
I KT Vin
Or Vee2VBEl =~ LogC *}‘*Log[?)

By using two similar transistors, the effects of Igg has been cancelled out. the effect of kT/q has not.
The effect of it, however, can be cancelled by using a ptc (positive thermal co-efficient) resistor for R2.

kT A"
At 25°C Veer-Vee = _0,059*_*L0g(¢]
q slea

Setting Rg = 10 kQ and Iy = 100 pA, Rg*lcp = 1 V. The output of op amp Al would be Vgg; -
VgE|- but in order to achieve an output of I V per decade of input voltage, potential divider R; and R,
is added. Placing the potential divider between the output and the base of the second transistor
increases the gain and is also used to cancel out the temperature drift effects of kT/q, by R,.

In order to achieve an output to input ratio of | V/decade, a potential divider of approximately 1/16.9 is
required, this is best achieved by using a 15.8 kQ resistor for R| and a 1.0 k€2 for R5.

The PTC resistor must be a temperature measurement and control type, and not a temperature sensitive
switching type. One suitable resistor is a Tel labs type Q81, which has a temperature co-efficient of
+0.3%/°C.

Feedback capacitors must be included around the op amps to ensure stability, as for each op amp, the
transistors are adding gain within their feedback loop. For added protection, a diode could be added
across transistor QI to protect it from being destroyed should negative input be applied to the op amp's
input.

The offset of the TLE2082 can be nulled out by an additional op amp, A3, which either adds/subtracts
current to/from I¢.

The TLE2082 is well suited to this application because of its very low noise, and its very low bias
currents. The log amp can typically deal with currents varying from 1 nA to 10 mA, or over 7 decades.
Amplifier A3 can be used to see the zero output voltage point. When dealing with the higher levels of
current, it is important that op amp Al should not go into current limit, the TLE2082 can supply more
than 30 mA and so there is not any possibility of this occurring.

3.15. Precision Peak Detector

3.15.1. Basic Peak Detector

Peak detectors measure the maximum value of a fluctuating voltage. A basic peak detector consists of
an ideal diode through which a capacitor is charged to a voltage equal to the peak input voltage. As
long as the peak input voltage is higher than the stored voltage on the capacitor, the diode conducts and
charges the capacitor. When the input voltage decreases, the diode turns off, and the maximum input
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peak voltage is stored on the capacitor. To measure a new and lower peak value, the peak-hold circuit
must be reset by a switch discharging the capacitor. If defined slopes of the peak detector are required,
a resistor in series with the capacitor limits the charge current, and a bleed resistor across the capacitor
ensures a defined discharge rate.

A near ideal diode with no voltage drop is implemented using a real diode in the feedback loop of an
op amp. To avoid unwanted discharge of the capacitor from loading, this is normally buffered with an
op amp with low input bias current.

3.15.2. Improved Peak Detector

The shown low droop precision positive peak detector uses a TLE2082A dual JFET-input op amp to
achieve very low dc errors and good holding characteristics. A bootstrapped diode circuit prolongs the
holding time. The reset circuit is provided with a simple 5V logic interface. With A configured as a
non-inverting follower peak detector, this circuit stores the input voltage's positive peak across C3. A2
buffers the output. Note that leakage of the buffer op amp input, charging diode J1, discharging switch
Jo, and storage capacitor C3, are all potential problem areas when accurate peak voltage levels have to
be stored for long time periods.

Precision Peak Detector

inpuT 22K

Cq
! $ 00pF
A A

RESET Gl
(o)

2N3906

Figure 2.3.15. - Precision Peak Detector
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In the actual notch filter shown in this application n and q are implemented as follows:

R,) R; , 1 _
n=[l+ R[ ]m;fnotch =f0‘/H: (O =E=2nt0 .

P} can be used to set 0.95 < n < 1.05 placing a variation in fhotch of £2.5% relative to f, with the
shown component values.

q = Fractional potentiometer value of Py Qnotch = —q)
P2 can be used to vary the steepness of the notch. To avoid instability when q = 1, a 27Q resistor can
be placed in series with P).

Rs
Ry

The ratio, r, is chosen to be 2 in this application. If r is exactly 2. a maximum notch depth can be
obtained. A notch depth of 70dB was measured using % components tor the actual circuit. Ultimately,
the maximum notch depth is determined by the matching of the two resistors, R, the two capacitors, C,
and the op amps open loop gain. If 0 <r< 2 a pair of complex conjugated zeros appear. If desired, R5
can be made adjustable, allowing for adjustment of the notch depth. For r > 2 the circuit produces
sinusoidal oscillations at the frequency. fo.

A1 is acting as impedance converter but is really uncommitted - it can be used to provide other sensor
signal conditioning functions as required.

3.17. High Performance Band-Pass Filter

When designing bandpass filters it is quite often easier to convert them into a low pass equivalent. This
then makes it possible to make a lowpass prototype which can then be converted into a prototype
bandpass filter with unity centre frequency. This can then be converted into the required filter.
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region to avoid distortion of the desired signal. This is particularly important where ac-signals, such as
electrophysiological parameters are measured. The shown high-Q tuned active notch filter
implementation uses two dual Excalibur Bifet op amps, the TLE2082, and has a minimum phase
distortion.

3.16.2. Basic Hum Notch Filter

Traditional, simple band-stop filters using only a single op amp configured for a parallel-T Notch Filter
have the following disadvantages:

1. Even accurate components, say 1%, still give a worst case variation in the notch frequency of
a few percent. This variation from the ideal frequency, combined with a deep notch with high-Q,
easily results in a filter which is not tuned for the right frequency at the deepest part of the notch.
Ageing and temperature drift of filter components cause similar problems. If the notch frequency
differs - say 2-3% from the theoretical value - due to component tolerances lower hum rejection can be
expected. A maximum attenuation of 20-30 times compared with the desired signal can be achieved
nearly independent of the chosen Q value for the notch filter.

2. Trimming of the filter's notch frequency to match the hum frequency is not a trivial task with
a simple parallel-T active notch filter as the notch frequency and filter Q usually interact.

3.16.3. High-Q Tuned Hum Notch Filter

The shown Bridged-T active notch filter configuration overcomes problem 1. and 2. It features
independent tuning of the notch frequency, fhotch and the notch depth Qpotch. Initial trimming of
fnotch With P] to match the mains frequency allows the tolerance of the filter determining components
to be ignored. Residual component drift will now only cause minimal shift in the filter's notch
frequency. Assuming 50ppm/°C drift of R and C over a #25°C temperature range gives a minimum
50dB (300 times) hum attenuation compared with the previous discussed 26-30dB (20-30 times) for
the simple parallel-T implementation - a ten fold improvement in terms of hum rejection.

In addition, the filter configuration allows for independent Qpotch tuning with P2 if required.
However, a fixed Q,, ., factor is often desired for simplicity and can be set to a maximum stable value
using a fixed resistor for Pp. With the TLO034 in the shown configuration a Q, ., factor in excess of
1000 can be realised corresponding to more than 63dB hum rejection when trimmed exactly to S0Hz or
60Hz respectively.

3.16.4. Filter Design Details
Basic RC Bridged-T Active Notch Filter:

e
nvi —éI(:RI—— Vo

C
I3qvo-2Vi—_]_ n and g are constants

Using superposition technique the transfer function can be derived as:
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1
2nR3Cpy’

where Cpy; is the shunt capacitance of D2. If required, a capacitor can be placed across A1 to optimise
stability due to the load effect of C3. Adjust this capacitor for minimum settling time. The circuit can
be modified to capture negative peak values by reversing D1, D7 and substituting p-channel JFETs for
J1 and Jo. These alterations need, however, a modified reset circuit.

3.16. High Q Tuned Notch Filter Removes Hum
3.16.1. What is a Hum Notch Filter?

A frequent problem when measuring signals from sensors is the presence of 50 Hz or 60 Hz mains hum
in the signal. In severe cases the interference can completely obliterate the signal of interest. When
different signal conditioning amplifiers with high common mode rejection ratios fail to solve the
problem or where they are not used, filter techniques are often employed.

High Q Tuned Notch Filter F}emoves Hum

60Hz: 681k 681k

50Hz: 816k 816k +5V

AllRand C
are 1%
components

® LOWPOWER-6.8mW
® GOOD AC PERFORMANCE
® JFET INPUT - Allows High Inpedance Levels

Figure 2.3.16. - High Q Tuned Notch Filter Removes Hum

A Notch or Band-Stop filter in the signal path - tuned to the hum frequency - effectively reduces or
eliminates SOHz or 60Hz interference. Such a filter must have a linear phase response outside the notch
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3.15.3. Circuit Features

The actual circuit includes several features that minimise such leakage. J| is a low leakage 2N4118 n-
channel JFET, that serves as a diode. Its small leakage is further reduced by minimising the voltage
across it; i.e. C3 charges through D7 and J1, but because R3 provides J| with a bootstrapped version of
C3's voltage, only D7 sees a reverse voltage, maintaining the voltage across J| at the millivolt level
resulting from D9's leakage current through R3. As the discharge switch's leakage current also
represents a main leakage path for C3 an n-channel JFET device with a low leakage off-state and low
on-state impedance is selected for Jo. The storage capacitor needs to be a low leakage type with a low
dielectric absorption specification to prevent recovery errors in the stored voltage. Polystyrene,
polypropylene or Teflon are the most suitable dielectrics for this application. The above features used
to reduce the leakage of C3 place the majority of the leakage to come from the buffer op amp's input
bias current. TLE2082A has a max. input bias current of 200pA at 25°C. For a 2.2nF capacitor, this
leakage level leads to a maximum output voltage decay error given by:
g_ I leakage

= ——— =91 pV/ms
dt Cy

Because of the overall feedback loop, the circuit achieves a high dc accuracy. A2's offset and drift
errors are servoed out in the peak sample period but do appear in the peak-hold mode. E.g. A}
determines the peak output offset error in the acquisition period and A2 in the hold mode.
Consequently, dc precision op amps are required for both A1 and A). As a dual op amp is more likely
to have a closer offset matching, the output error due to offset shift between the peak sample and peak
hold mode is reduced. TLE2082A has a typical offset voltage of 650 uV 25°C.

3.15.4. Design Details

The circuit has an inherent potential to detect unwanted transient peaks, which simply lock out
subsequent desired peaks. This characteristic justifies a low-pass filter formed by R and Cy to remove
fast erroneous glitches on the input. The chosen time constant, R1C} = 220ns should not have a major
impact on the peak detector's speed. The rate of the voltage rise across C3 is either,

1 L
1 _@Cn;m (where Ijax is A1's short-circuit output current) or,
2 The slew rate of Aq,

whichever is smaller. With TLE2082A's 40mA typical short-circuit current and C3 = 2.2nF a
maximum voltage rise of,

40mA

2.2nF

=18.2V/ps

can be calculated. This is well below the op amp's specified 40 V/us slew rate, and so the op amp's
slew rate exceeds that set by the capacitor. A high value of C3 minimises error due to parasitic leakage.
Diode D1 clamps the output voltage of A| to (Vin - VD7) to improve speed and to limit the reverse
bias voltage of D2. If Dj is conducting under negative input conditions, R2 ensures that the voltage
value held on the capacitor C3 is still present on the output of the peak detector. To ensure correct and
stable operation, the maximum input frequency should be much lower than,
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The filter here uses a TLE2082 op amp, and makes use of its good unity gain bandwidth and high
stability. The filter is to be a chebyshev filter and have the following specifications:-

Centre frequency fp, = 1kHz
Pass Bandwidth BW = 300Hz
Stop Bandwidth SBW = 3000 Hz
Pass attenuation Oyax = L.5dB
Stop attenuation oy = 40dB

3.17.1. Chebyshev Filter

Chebyshev fil

ters have an equal ripple passband frequency response, and a monotonic stopband roll-

off. The location of its poles are based around an ellipse, giving it its equal ripple passband, whereas
the butterworth filter has its poles based around a circle. However the location of their poles for similar

order filters w

ill have the angle from the y-axis in the complex plane.

Fourth Order Cascaded Delyiannis-Friend Chebyshev Filter

High Performance Bandpass Filter

fo 1kHz | fq| 881 Hz Prototype Filter
ook | el x0f | % =i
z . - 02 _
oM | 40 dB Rs 'gq Cs =12q
omax| 1.5 dB
Rc =4Q?
0.1 uF,Cg1 c
26 1kQ 0.1uF), vB2
—T——¢ 1205kQ
v 1.33 kQ O-m Rc1 o1 uF ————4
IN 1.02kQ [0-1H
Rat b Ca >—-||-—J
R1th37 Q Raz ) Cro

1 L Rpol1107 Q

Ay o= TLE2082

Figure 2.3.17. - High Performance Bandpass Filter
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The maximum attenuation in the passband follows Lissajous patterns, giving it the equal ripple. The
transfer function of the Chebysheyv filter follows this equation:-

1
1+82Cﬁ(m)

T, (joo)|

Where Co(@) = oS (NCOST O) corroiiriiii e o] <1

And n is the order of the filter and € determines the depth of ripple. For values of ® greater than 1 the
cos functions become imaginary or follow cosh functions.

3.17.2. Determining Prototype

The order of filter required can be determined from nomographs or from the following equation:-
1/2
=1 10%ma /10 _ % /10 _ ]
cosh [(10 1) /(10 1)]
cosh™ ' (SBW/BW)
/ / 172
cosh™ [(1040/‘0 —1) /(101510 1)}

= —~ =192
cosh™'(3000/300)

This should be rounded up to the nearest whole number, to give 2.

The poles of the prototype filter can either found from filter tables, or found using the following
equations:-

The ripple in the passband is 1.5 dB, resulting in an € of:-
12
e = [10%/0-1]"" = 0642

The location of the prototype filter's poles will be at:-

real part o= SIn O SINh A and
imaginary part +Q = cosf cosha
(1 180° °
Where a = -l—sinh ](—] and 9, = Kk 80 i& ................ fork=0ton-1
n € n n

This set a values for a of 0.613 and 6, of 45°, and 135° which is greater than 90° and is ignored.
This gives the prototype low pass filter the following poles:- -0.46 £ 0.844

3.17.3. Bandpass Prototype

The prototype low pass filter's poles form a complex conjugate pair, and using a complex algorithm,
they will get converted into two further complex conjugate poles.

f .
Let q. = s Where BW is the pass bandwidth
BW
C = Z24Q% s ¥ and Q are the real and imaginary

......................................... parts of the prototype low pass poles
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b oo 2
9
E = 4+£2
qc
G = <VE?-4D?
1 1
= —.—(E+G
Q = S 5(E+G)
K = XX
9e
W = K+vVK?-1
foo = Wiy
fOl = fo/W ...............
Inserting the values for X, Q, f; and BW yields:-
q. = 333
b = 0277
G = 405
K = 101

......................................... Q is the quality factor

.................................................. of the new filters

................... Upper centre frequency of new filter

................. Lower centre frequency of new filter

C = 0925

E = 408
Q = 729
W= 113
f)y = 881

So the two second order chebyshev bandpass filters will have their centre frequencies at 1135 Hz and

881 Hz, with a quality factor, Q, of 7.29.

3.17.4. Delyiannis-Friend Bandpass Filter

One accepted way of producing bandpass filters is the Delyiannis-Friend circuit. This circuit can be
considered to consist of an inner differentiator and an outer integrator.

Integrator |C|E
1r
Rp Ca R¢
—E____I"-;X'—l — Yo
— Differentiator

he relationship between V, and V is:-
VO = _RCCBSVX

IUsing Thevenin's Law and superposition the
equation relating Vyy to V, becomes:-
Vo
Vin
(=/RpC)s
2 2
s +(2/RcC)s+1/RpR¢C

Where C, =Cg=C
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This means that

. | I R 2
fo = e Q = -—[|-& BW = —“_
nC RDRC 2 RD RCC

This provides the filter with orthogonal tuning; by altering both capacitors together the centre
frequency can varied with altering the Q of the filter. So that resistors R and Ry, can be altered to set
the Q or bandwidth of the filter, and then the capacitors can be adjusted to set the centre frequency.

Analysing the actual component values and setting Ry and w, to 1 yields:-
R = 4Q? C = 1Ing

This shows that the gain at the centre frequency is actually equal to 2Q2. To account for this and to
give the circuit unity gain at its centre frequency a potential divider must be placed on its input. In
order to maintain the same relationships between the capacitors and resistors, the potential dividing
resistors must have the following relationship:-

2 2
RAng Ry = —3

By using orthogonal tuning , the values of the capacitors can be defined, and from these the values for
R4, Rp, and R(- and be set.

The relationship between the prototype capacitor values and the final filter's values is:-

1
Cnew = ————Cpror Ryew = ky*Rprot

2nxfy*ky
Setting Cypw to 0.1 pF, defines ky; and so sets Ry Using these factors set the resistor values shown
in figure 2.3.17.

One important thing to bear in mind is the relatively large closed loop gain used about the op amp. If
the device is provide low distortion and gain and signal accuracy over the frequency range chosen then
the device must have a large bandwidth. The effective gain around the op amp is close to 100, and so if
the op amp is maintain low distortion at its centre frequency then it gain bandwidth product needs to be
of the order of 10 MHz. The TLE2082 has a bandwidth of 10 MHz and an equally high slew rate to
match its bandwidth, allowing it to perform to its full without it being the limiting factor in the circuit.

3.18. TLE2061/2/4 and TLE2161 Bifets

The first Excalibur Bifets to be released by Texas Instruments were the TLE2061 family of low. power,
high output drive op amps

The designer's task when developing these products was to produce a family of Bifets with microwatt
power consumption but with the ability to drive heavy resistive and capacitive loads. The result is a
part which typically consumes less than 300pA of supply current but can also deliver in excess of
25mA of output current! The device is guaranteed to drive 100ohm resistive loads and will remain
stable when driving capacitances up to 80nF! A further feature of its excellent output performance is
its relatively low distortion. Even with microampere supply currents, the total harmonic distortion is
0.025%, (Avd=2, f=10kHz, Ry =10kQ2).
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The excellent output drive has ‘enabled these devices to be used extensively in low power Telecom
circuits - the parts are particularly well suited in the 2 Wire - to - 4 Wire hybrid circuit found in line
card and modem circuits which has a typical impedance of 600€2.

[ DC wise the TLE2060's also perform outstandingly, the maximum offset voltage for the TLE2061B is
S00puV, with a specified Vio drift of 0.005uV/month and 6uV/°C.

Although achieving a very respectable 2.1MHz bandwidth and a 3.4V/ps slew rate, a decompensated
version, the TLE2161 is also available to satisfy the more demanding ac requirements.

TLE2061/2/4 and TLE2161 Bifets

Low Power and Still Packs a Punch !

\

| e LIPOWER OPERATION BIFET OUTPUT DRIVE

| - 320 uA/channel Max > 1% Vee=+/-15V

| 312138 Tiraoek

| ® HIGH OUTPUT DRIVE CAPABILITY SO

| -25mA Mininto 100 ohmload & ° 7 PN TLOTX

| - >100 Q Resistive Load S 67 : o

- <80 nF Capacitive Load 5 : N
3 31  Tloex ~
3 .
o .
® EXCELLENT AC PERFORMANCE 0 5 10 20 30 40

- 2.1 MHz Bandwidth (TLE206X) Output Current - mA
- 6.6 MHz Bandwidth (TLE2161)

- 3.4 V/us Slewrate (TLE206X)
- 10 V/us Slewrate (TLE2161)

Figure 2.3.18. - TLE2061/2/4 and TLE2161 Bifets

Targeted initially at low power Telecom equipment these versatile devices are finding applications in a
number of other systems. Power supplies are making use of their high common mode input range,
audio systems from its ac performance and standard low power instrumentation and filter circuits are
benefiting from the combination of low offset voltages and low bias currents.
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3.19. TLE2064 Dual Supply 2-4 Wire Converter

Driving transmission lines creates extra demands on any operational amplifier. These demands are
clearly shown in an application where the op amp needs to drive a 600€2 transformer coupled telephone
line with the minimum of distortion.

The schematic shown in figure 2.3.19 shows the TLE2064 being used as a differential telephone line
driver. Amplifiers A1 and A2 are used to amplify the differential output, OUT+ - OUT-, while A3 is
used for amplifying the received signal. The remaining amplifier, A4, is free to provide other signal
conditioning as required by the system, an audio buffer is one example.

The telephone line is used to carry information in both directions, which minimises cable costs. This
results in the primary of the isolating transformer acting as both input and output to and from the line.
So when the modem is driving the line (via OUT+ and OUT-) some of the signal will be fed back to
the input of the modem, Rin, by amplifier A;. This signal is reduced by the Ry, Rp, C1 and Cp
network: The output of Al is fed to the non-inverting input of A2 and is subtracted from the primary
voltage. Careful choice of R1, Rp, C1 and C) minimises any signal from the output of the modem
being fed to Rin.

TLE2064 Dual Supply 2-4W Converter
High Output Current ena%les the TLE2064 to drive 100 Q loads
3

Out+
Out- T
LOAD =
100 - 600 Q

MODEM

Figure 2.3.19. - TLE2064 Dual Supply 2-4W Converter
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To maximise the drive to the line, it is driven differentially. A| acts as a differential to single ended
amplifier. A, is configured as an inverting amplifier thus producing an inverted version of the output of
A|. As the system is duplex the output impedance of A| and A, must match the impedance of the line
and transformer. However, in order to achieve low distortion the output impedance of A; and A, must
be low. The TLE2064 was designed for applications requiring such a high drive capability and at the
same time a low quiescent power consumption. The TLE2064 is capable of operating from 22V down
to £3.5V, and when driving a 100Q load from a +5V supply has a guaranteed minimum output swing
of +£2.5V. It provides this output with a very low level of distortion.

Any distortion produced by the op amp will be sent down the telephone line via the transformer and
will also be fedback to the receiver at Rin. The limited bandwidth of the transformer' will help to
reduce some of the distortion sent down the line, but it cannot reduce the distortion fedback to Rin. The
distortion fedback to Rin is difficult to counteract, thus decreasing the quality of the telephone system.

To match the line's impedance, the TLE2064 has to have a series resistor R5 on its output. R5 will form
a potential divider with the winding resistances of the transformer and the line impedance. Over the
frequency range of interest, the matching transformer will add phase shift to the output to the line. So
the choice of Ry, Ry, C1 and C7 should take this potential division and phase shifting into account.
Looking from the line the impedance seen will be the winding resistances in series with Rs, and so Rg
should equal the line impedance minus the winding resistances:-

Rs = Zlipe- (Tp +T8) e where rg + rp are the primary and
.................................................... secondary winding resistances
....................................................................... of the transformer

The actual impedance of the telephone line can vary enormously from the typical 6002, ranging from
1200Q2 down to 100Q. The line impedance is greatly affected by the position of the 2 - 4 wire converter
in the system, this will greatly affect the gain of Al and the values of Rs, Ry, R2, Cj and C). In this
application, assuming ideal impedance of the line, the low output impedance of the TLE2064 means
that the series resistor, R5, will need to be around 51082, (rg + rp = 100€2).

3.19.1. Echo Cancellation

Any signal from the output of the modem fedback to the input of the modem can appear as an annoying
echo. If this annoying echo is to be removed then the signal from A, and A, that is applied to the line
must be removed from the output of A;. This is normally done by feeding a proportion of the total
output to the line back to the non-inverting input of A;. This is done via resistors and parallel
capacitors R, R2, Cq and C».

The absolute voltage at the non-inverting input of A5 is given by:-

Vi Vo, Z, +V, Z
Z,+7Z, Z,+7Z,
_ Z,-7
% z,+2,

Where Z, and Z, are the equivalent impedances of R and C,, and R, and C, respectively. And V,,
and V_are the non-inverting and inverting outputs of the differential line driver.

The voltage on the transformer just after Rs, V|, is equal to:-
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L+1,+7Z, R,
O"Ro4r+r,+Z, R+ 4T, +Z
5 r.s rp L S rs rp+ L
r.+r,+Z, —R;

= - Where 7 is the line impedance
PR+ A, +Z,

VL

Amplifier A, subtracts V; and V__from one another, via different inverting and non-inverting gains. So
the voltage at Rin equals:-

v - v [Re*tR:Ziz2Z R\t +Z, —R;
ki o\ R, )z,+Z, “\R,JRs+r+r,+7Z,

Letting Rg = 18 kQ, and R; = 36 k€2, sets a receiver gain of -2. A value of 18 kQ reduces any effects of
Rs and Z; on the gain of A3. With a line impedance of 600 €, and r+r, = 100 Q, and R5 =510 Q, the
output voltage of Az simplifies to:-

v _ vy [3%-7 ,700-510
Rim = 707z, ,+2Z, ~510+700

The ideal value forth output of A3 in this case would zero, this makes:-

3ZZ—Z, _ 2700—510
Z,+Z, 510+700
Z = 55’2_522
401

This sets the resistor ratios for R, and R,. The values for capacitors heavily depend on the frequency
response of the line and transformer, and can be best determined via tests. If the frequency
characteristics of the line and transformer are known then the reactive component of the line
impedance, Z;, shouid be taken into account, and this can be used to determine the vatues for C and
C,.

3.20. TLE2141/2/4 - High Speed Single Supply Op Amps

The TLE214X family of operational amplifiers use Excalibur's high speed PNPs to enable it to achieve
extremely high speed - it is probably the Worlds fastest single supply op amp! It combines a number
of features which make it particularly well suited to high speed, precision applications particularly in
control loops for system or process monitoring.

High Speed

The TLE214X uses a double PNP input stage which enables it to operate from a single supply (i.e. its
common mode input range includes ground). This technique has, in the past, limited the ac
performance operational amplifiers - but by using Excalibur's high speed vertical PNPs and a patented
input stage, the device has outstanding ac performance. The typical and symmetrical slew rate for the
TLE214X is 45 V/us (30 V/us min) and its settling time to 0.01% is typically only 400ns. These two
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The actual impedance of the telephone line can vary enormously from the typical 600€2, ranging from
1200€2 down to 100Q. The line impedance is greatly affected by the position of the 2 - 4 wire converter
in the system, this will greatly affect the gain of Al and the values of Rg, Ry, R2, Cy and C). In this
application, assuming ideal impedance of the line, the low output impedance of the TLE2144 means
that the series resistor, R5, will need to be around 510€, (r + rp = 100€).

3.21.1. Echo Cancellation

Any signal from the output of the modem fedback to the input of the modem can appear as an annoying
echo. If this annoying echo is to be removed then the signal from A, and A, that is applied to the line
must be removed from the output of Aj. This is normally done by feeding a proportion of the total
output to the line back to the non-inverting input of Aj. This is done via resistors and parallel
capacitors R, R2, C| and C3.

The absolute voltage at the non-inverting input of Ay is given by:-

Vi = 0+ Zz + Vo Zl
Z,+7Z, Z +Z,
B Z,-7,
7,47,

Where Z; and Z, are the equivalent impedances of R and C|, and R, and C, respectively. And V,
and V_are the non-inverting and inverting outputs of the differential line driver.

The voltage on the transformer just after Rs, V| , is equal to:-

r5+rp+ZL R,
o Ve ez O Rren ez,
s A +Z, sHL AT +Z)
r+r,+7Z, -R;
= O T T e Where Z[, is the line impedance
R5+rs+rp+ZL

Amplifier A5 subtracts V| and V, from one another, via different inverting and non-inverting gains. So
the voltage at Rin equals:-

) R,+R,\Z,- 7 R, \1,+1,+Z, - R,
VRin - VO+ 'V0+
R, )Z,+Z, R, JR,+1,+1, +7,

Letting Rg = 18 k€, and R, = 36 k€2, sets a receiver gain of -2. A value of 18 k€ reduces any effects of
Rg and Z; on the gain of A;. With a line impedance of 600 Q, and T, = 100 ©, and R5=510 Q, the
output voltage of A5 simplifies to:-

Z,~7, ,700-510
Z,+Z, 510+700

VRin = V0+(3

The ideal value forth output of A3 in this case would zero, this makes:-
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to 3.5V, and when driving a 100Q load from a +5V supply has a guaranteed minimum output swing
of £2.5V. It provides this output with a very low level of distortion.

TLE2144 Single Supply 2-4W Converter
High Output Current ena%les the TLE2144 to drive 100 Q loads
3

|

LOAD =
100 - 600 Q

Figure 2.3.21. - TLE2144 Single Supply 2-4W Converter

Any distortion produced by the op amp will be sent down the telephone line via the transformer and
will also be fedback to the receiver at Rin. The limited bandwidth of the transformer’ will help to
reduce some of the distortion sent down the line, but it cannot reduce the distortion fedback to Rin. The
distortion fedback to Rin is difficult to counteract, thus decreasing the quality of the telephone system.

To match the line's impedance, the TLE2 144 has to have a series resistor R5 on its output. R5 will form
a potential divider with the winding resistances of the transformer and the line impedance. Over the
frequency range of interest, the matching transformer witl add phase shift to the output to the line. So
the choice of Rq, R2, C1 and C» should take this potential division and phase shifting into account.
Looking from the line the impedance seen will be the winding resistances in series with R5, and so Rg
should equal the line impedance minus the winding resistances:-

Rs = Zline- (rp+1s)

where 1< + rp, are the primary and secondary winding resistances of the transformer
stTIp P y
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Precision

This special design also exhibits an improved sensitivity to IC component mismatches that is evident
by a 500 uV offset voltage and 1.7 uV/°C typical drift. The device also has the common mode and
power supply rejection ratios set at a minimum of 85dB and 90dB respectively.

Applications

These wide range of features make the device extremely well suited to a number of different
applications. High speed and fast settling time, combined with precision makes the device an ideal
choice in fast actuator/positioning drivers or other control loop applications as well as performance
audio systems. The accuracy, single supply operation (with rail to rail output) and low noise makes the
TLE214X particularly suitable for instrumentation and measuring equipment.

The device can also be configured as a compactor - both inputs can be maintained at Vcc+/- without
damage and the typical open loop propagation delay with TTL inputs is 200ns.

3.21. TLE2144 Single Supply 2-4 Wire Converter

Driving transmission lines creates extra demands on any operational amplifier. These demands are
clearly shown in an application where the op amp needs to drive a 600 transformer coupled telephone
line with the minimum of distortion. This is made even more complicated when only one supply is
available.

The schematic shown in figure 2.3.21 shows the TLE2144 being used as a differential telephone line
driver. Amplifiers A and A, are used to amplify the differential output, OUT+ - OUT-, while A is
used for amplifying the received signal. The remaining amplifier, A, is free to provide other signal
conditioning as required by the system, an audio buffer is one example. The whole operation is made a
little more hazardous due to the fact for maximum symmetrical swing the inputs of A1 and A2 must be
referred to half of the supply voltage. There two standard ways of providing half of the supply voltage;
either a resistive potential divider or with a reference diode. Both of these standard ways can be power
hungry due to their compromise between output impedance and current consumption. The best solution
to these is the use of the TLE2425 or TLE2426. The TLE2425 provides a 2.5 V reference while the
TLE2426 halves the voltage across its input pins. The quiescent supply current of both devices is
180 pA while being capable of sourcing 20 mA.

The telephone line is used to carry information in both directions, which minimises cable costs. This
results in the primary of the isolating transformer acting as both input and output to and from the line.
So when the modem is driving the line (via OUT+ and OUT-) some of the signal will be fed back to
the input of the modem, Rin, by amplifier A;. This signal is reduced by the Ry, Ry, C and Cp
network: The output of Al is fed to the non-inverting input of A2 and is subtracted from the primary
voltage. Careful choice of R{, R, C1 and Cp minimises any signal from the output of the modem
being fed to Rin.

To maximise the drive to the line, it is driven differentially. A, acts as a differential to single ended
amplifier. A, is configured as an inverting amplifier thus producing an inverted version of the output of
A|. As the system is duplex the output impedance of A; and A, must match the impedance of the line
and transformer. However, in order to achieve low distortion the output impedance of A; and A, must
be low. The TLE2144 was designed for applications requiring such a high drive capability and at the
same time a low quiescent power consumption. The TLE2144 is capable of operating from +22V down
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parameters combined with a Gain-Bandwidth Product of 5.9MHz highlight just why this device is so
well suited to control type applications. It should be noted that the TLE214X is internally compensated.

Low Noise

Another parameter which one does not normally associate with a single supply, PNP input, operational
amplifier is low noise. The TLE214X, however, has a noise voltage specification of 15nV/\[ITI2 at
10Hz and, in the audio band, of 10.5nV/\fiz at 1kHz. This combined with the excellent ac
performance and resulting low distortion makes the devices particularly well suited to some hi-fi audio
applications.

Output Drive

The NPN output stage has been designed to swing almost Rail to Rail (Vc- +0.3 V 10 Vet - 1.8 V)
without inducing phase reversal, and will happily drive 10 nF capacitive loads. When this is combined
with the 20mA (min) short circuit output current, then the device is extremely well suited to driving
heavy loads such as long cables or for use in 4-20mA current loops.

TLE2141/2/4 - High Speed Single Supply Op Amps
One of the WORLD'S FASTEST Single Supply Op AMps  gjew Rate

o Wi _ Vs
nghsipee:o. - 50 Load Capacitance
= T T
UGBW = 5.9 MHz 3 UL S
Vo(pk-pk) = 400 kHz (@ +15V) § 40 ‘
e Fast Settling Time: ' Pl o
340 ns t0 0.1% g %0 T
400 ns t0 0.01% 5 20 :
® | ow Noise: » N
10 Hz.....15 nV/yHz E 0l B
1 kHz.....10.5 nVA/Hz L
¢ | ow Offsets: 001 "‘ 1 ] 10
500 uV (max) ' C.- Load Capacitance - nF

. . Vee = +/-15V
All from Single or Dual Supplies

Figure 2.3.20. - TLE2141/2/4 - High Speed Single Supply Op Amps
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32-2 2700—510
Z,+7Z, 510+700
, L 35
T Y

This sets the resistor ratios for R; and R,. The values for capacitors heavily depend on the frequency
response of the line and transformer, and can be best determined via tests. If the frequency
characteristics of the line and transformer are known then the reactive component of the line
impedance, Z; , should be taken into account, and this can be used to determine the values for C; and
C,.

3.22. TLE2142/4 High Speed Low-Pass Filter

In the past, most filters were built using LCR networks, this is still true for very high speed
applications. The op amp, is some ways, led to the demise of the passive LCR filter. This mainly due
to op amp active filters not requiring inductors.

TLE2142/4 High Speed Low Pass Filter
TLE2142/4 Gyrators Aid High Speed Inductorless Filters

FDNR - Frequency Dependent Negative Resistor
GIC - Generalised Impedance Converter

Figure 2.3.22. - TLE2142/4 High Speed Low Pass Filter
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In low frequency applications, the size of inductors and capacitors would be very large, limiting their
use. Op amp active filters, however, can reduce the size of passive components as well as introducing
gain. At high frequencies, the speed of the op amps have always limited the active filter's use. High
speed op amps are over coming this.

Passive LCR filter network design is a highly developed field, with several books published on it.
Despite this, low order filters can be easy to design, by synthesising them in a ladder form it was
relatively easy to build up the filter sequentially. The largest advantage of LCR filters is their very
sharp responses, that is due to the parallel LC resonance. Another advantage is their relative low
sensitivity to variations of component values.

By far their largest problem is the inductor used in them. For most frequencies the inductors will
normally be very large and bulky. These problems are increased by their far from ideal electrical
performance, being lousy due to high serial resistance and magnetic losses.

The development of op amp gyrators has led to some interest in gyrator substituted LCR ladder filters.
A gyrator, quite simply, converts an impedance to its inverse, that is a capacitor to an inductor. By
converting a capacitor into an inductor, the parallel LC resonance can be synthesiged without the need
for inductors.

TLE2142

ZA ZB

—

TLE2142

Generalised Impedance Converter

A gyrator can be made quite easily from the configuration shown above, using two op amps in what
has been called a Generalised Impedance Converter.

Placing another impedance Zg between node 2 and ground, the impedance see looking into node 1 will
be equal to:
2,27,

7z, =
IN ZCZD

Making Z,4 a capacitor while Z|, Z5, Z3 and Zg are resistors, the input impedance looking into node 1
will be:

R,RR; _
SACTE _ K SC,
R, "

B//S

Zy =
E

Where K, equals RAR-Rg/Rg.
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This has converted the capacitor into a grounded inductor, and is very useful for high pass filters. For
Low pass, band pad and band stop filters, a floating inductor will also be required. The floating
inductor can be synthesised from two GICs back to back. Another way is to use Frequency Dependent
Negative Resistors, FDNRs, denoted by symbol D.

The equation of a second order LCR low pass filter is:-

1
T(s) = /< =
R+sL+ /o
Where T(s) is the ratio of Vo to Vi. This can be converted to a circuit using FDNRs by dividing the
numerator and denominator by s, the complex angular frequency operator.
This transforms T(s) to:-
1/2
T(s)= T(s) = - L5C

R 1
/4+L+/?C

So converting the resistor to a capacitor, the inductor to a resistor, and the capacitor to a FDNR. The
circuit schematics are shown below.

R
N Ol —
ik L e/ v v D
i T 0 i
LCR Lowpass Filter CRD Lowpass Filter

The advantage of this circuit is that the FDNR is referred to ground and only the resistors and
capacitors are floating, The FDNR is made by using the GIC with Z,, Zy, Z~ and Z, as described
before, but with a capacitor, Cg placed between node 1 and ground, using node 2 as the input.

RB %CD /%CE

R,R.

il

The impedance seen looking into node 2 is:-

Z

IN@2)

Expressing this in angular frequency, jw, this becomes
-1
Dw

Zingy =

2
A negative resistance that decreases with the square frequency. Normalising the component values
gives Rg=R=1 and Cp=Cg=1, R, =D.

The figure above uses two FDNRs to make a fourth order Butterworth Low pass filter, both types of 1
Hz prototype are shown below.
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1 0.7654 1.8485 0.7654 1.8485

1.8485 | 0.7654

l 8485 —— 0 7654
LCR 4th order Butterworth lowpass filter CRD 4th order Butterworth lowpass filter

Vi

For a 20 kHz 3dB bandwidth, the resistors and FDNRs must be scaled by km, 2120000 (125.7x103).

Setting all capacitors to 1 nF means that all resistors must be scaled by k_:
1
= e = 7958
(2mx20000)(1x1077)

Therefore C 1 =C2=C3=C4=C5=C6=C7= 1 nF

m

R, | Prototype | Value/kQ | Compenent | R, |Prototype| Value/kQ | Component
(E96)/kQ (E96)/kQ2
R; 1 7?958 7.87 R, 1 7.958 7.87
Rj 1.8485 14.71 14.7 Ry 1 7.958 7.87
Rs 1 7.958 7.87 Rg 0.7654 6.091 6.04
R4 1.8485 14.71 14.7 Rg 0.7654 6.091 6.04

Note: A shunting resistor RSH is in parallel with C; in order to pass through the dc signal.,
Although low pass filters using FDNRs have, in theory, the right transfer functions, in reality, there is a
dc blocking capacitor on the input of the filter. R§H shunts this capacitor out at dc, and a high value
quickly makes its effect on the transfer function negligible.

The TLE2142/2 are well suited to this form of filter due to their high output current drive capability
and their excellent stability. This stability shows itself in both the high slew rate and very small
settling times, whilst driving 500 pF capacitive loads. For greater dc accuracy, the TLE2141 could be
used in place of the TLE2142/4 devices.
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4. Single Supply Considerations

4.1.Power Supply Considerations

When choosing the power supply there are several factors that must be taken in to consideration. One
thing is the dynamic range.

Dual Supply
Maximum
Signal Level!

Single Supply
Maximum
Signal Level

Total Input
Errors:-
Single Supply

Dual Supply

Power Supply Considerations

Dual Supply Maximum *
Dynamic Range Single Supply Maximum
Dynamic Range

Vio |GBW | lg | S.R. |PSRR |CMRR |Gain Error

Power Supply Related Limits

Figure 2.4.01. - Power Supply Considerations

If the supply voltage is reduced from +15 V down to +5 V, then the available dynamic range has been
reduced by about 80%, which is entirely due to the fact that the available output voltage swing has

been reduced.
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The reduction in power supply will have the greatest effect on devices that have been designed for
operation at =15 V. Reducing the supply voltage will have an impact on the quiescent current of the op
amp. This can affect the whole operation of the op amp due to changes in the operating point of the op
amp.

An op amp designed for £15 V operation will have been designed for its inputs to stay around 15V
above its negative rail. If the supply voltage is reduced to +5 V, then its input will now be around 2.5 V
above the negative rail, this will subject the op amp to large common-mode and large supply voltage
changes which will impact the offset voltage of the device.

The change in supply voltage and quiescent current can also impact its ac performance:- slew rate and
gain bandwidth product.

It is, therefore, quite often better to choose an op amp designed specifically for 5V operation rather
than choose an op amp which has very good specifications at +15 V. The device designed for 15V
might not even work at +5 V.

4.2.Power Supply Effects

The curves in figure 2.4.02 show some typical characteristics of op amps as their input voltages are
changes.

4.2.1. Common-Mode Input Voltage Range

The limiting factor on an op amp's in voltage range is when its input stage starts to turn off. This can be
when the current source to the differential input stage cannot provide any more current due to its finite
saturation voltage. Or it can be when the input transistors themselves have been driven so hard that
they have reached their finite saturation voltage. The latter state can quite often cause gain inversion,
because as well as causing the inputs stage to turn off it can cause the next stage to turn off.

The saturation limits of the input stage to an op amp is related to the actual suppty voltage, and so as
the supply voltage varies the op amp's common-mode input range will also track it. There are ways of
overcoming this, and this is particularly relevant for single supply op amps where the inputs must be
capable of swinging down to the negative rail.

4.2.2. Peak Output Voltage Range

There are a number of different output stage configurations. For low distortion and dual rail operation a
class AB output stage is often used. This often results in the output stage being capable of swinging to
within 1.5 V of the supplies. So as the supply voltage varies the maximum output swing will track it.

Single supply op amps will have a different output stage enabling them to swing to the negative rail.
However most of these devices still do a limit on their positive output swing. So even though the
output can swing to ground (negative rail for single supply systems) the positive supply still tracks the
supply voltage with a 1.5 V drop-out.

4.2.3. Supply Current

The biasing circuitry of the op amp will consist of a series of current mirrors, however, these ultimately
be controlled by some resistor and reference. These will have some dependence on the supply voltage
and so some variance in the supply current will be seen as the supply voltage varies. The variance in
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supply current will affect every current mirror and so will affect every parameter of the op amp; dc and
ac.

Power Supply Effects

Common Mode Input Voltage Range Peak Output Voltage Range
5 —1 Vic=Vees Vo = Vee:
a> = = B
= A ) A
© [} oz o O . L7 .
g2 ¢ | Max. Common Mode o g c Maximum Peak
28 N Input Voltage Range § 9 N [Output Voltage
co EL
g 8| N 52 N
ES N =35 Y
s> - e} :
© RN RN

Vcc:Supply Voltage - V Voc:Supply Voltage - V
Differential Gain Supply Current Unity Gain Bandwidth
2 : - ]
! - 7 B
5 // 5 / &
&) E cg
< O £
£ / 2 / 3
g & £
a @ ]
Vo« Supply Voltage - V Voo Supply Voltage - V Vee«Supply Voltage - V

Figure 2.4.02. - Power Supply Effects

4.2.4. Differential Gain

The differential gain of the op amp is heavily dependent on the supply current of the op amp so as the
supply current varies the open loop gain will also vary. Most devices show a positive increase in gain
with supply voltage increase.

4.2.5. Unity Gain Bandwidth

The unity gain bandwidth of an op amp is dependent on the gain of the op amp and on size of
compensation capacitor. As the supply current increase the gain increases, and this will lead to the
bandwidth increasing. As will the slew rate of the device

All these parameters and more are affected by the supply voltage, and so when operating devices
specified for £15 V operation special care must be taken if their supply voltage is reduced.

It is for some these reasons that the single supply op amp was developed.
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4.3.Single or Dual Supply
4.3.1. What makes an op amp single supply

There are a number of fundamental differences between operational amplifiers that have been
developed for either single or dual supply applications. Many design problems are caused by an
engineer using an op amp with the wrong configuration of power supplies. By understanding a few
basic ground rules, often technology related, it is possible to ensure an op amp is always used correctly.
Figure 2.4.03 answers some of these questions.

o®  Single or Dual Supply ???7??

SINGLE SUPPLY OUTPUT

Qutput Sources Current.

SINGLE SUPPLY INPUT

Common Mode I/P range
includes Gnd, (PNP or
PMOS input).

Output Swings Down to
Negative Rail.

DUAL SUPPLY QUTPUT

Output Sources AND Sinks Current
without crossover Distortion.

FEEDBACK RESISTOR

In an Inverting Configuration

a Small Feedback Resistor
can Cause Distortion. Output Swings Positive and

Negative to Gnd.

Figure 2.4.03. - Single or Dual Supply?

Transistor Type on Input
A single supply op amp should have a Common Mode input voltage range that includes the negative
supply rail (usually ground) and have an output that also swings very close to this rail.

A Common Mode input range that includes the negative rail can be achieved by using the following
transistor types on the op amp's input; PNPs, 'P-Channel' Mosfets or 'N-Channel’ JFETs. Bipolar op
amps can easily be designed with PNPs on the input and therefore single supply performance can be
easily achieved from bipolar technologies. CMOS devices make good single supply op amps because
they use PMOS transistors on the input stage, but Bifets have a problem! 'N-Channel' JFETs exhibit
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very poor stability and high leakage with high drain-gate voltages, and today are rarely used in the
input stage of an op amp. Bifets then, use 'P-Channel' JFETs on the input and are therefore not
developed for single supply applications.

Bifets and bipolar op amps with NPN input stages do, however, have their benefits. They now have a
Common Mode input range that can include, (and in the case of the TLE2061 family actually exceeds)
the positive rail. This is useful in various 'High-Side Monitoring applications' such as power supply
circuits. NPNs also have the advantage of enabling op amps with lower noise and increased gain and
precision.

Output Stage Design

The second requirement for a single supply op amp is that the output must swing very close to the
negative rail. In the case of CMOS designs this is easily achieved by using NMOS transistors on the
output - developing an output that swings to within a few microvolts of the ground is relatively simple.
In this type of circuit the output has been designed to predominantly source current.

Bifet and bipolar op amps can effectively use the same type of bipolar output stage but developing an
output that swings down to the negative rail using these technologies is not so simple. In op amps such
as the LM324, the output has been designed specifically to source current, and for use in single supply
applications. The typical requirement, however, for the majority of amplifiers designed using bipolar or
Bifet technologies is that they are able to both Sink and Source current - i.e. they are capable of
driving a load that is connected to the mid point of their supplies without crossover distortion. This
feature, when combined with the capability of the output to swing all the way to the negative rail
makes the design of an output stage very complicated. Clever design techniques are therefore needed to
realise true single supply bipolar op amps. Devices such as the TLE2141 and LL.T1013 are examples of
products that perform well in both situations - they have an output that swings close to the negative rail
and they can also sink and source current.

Other newer bipolar op amps are also often termed single supply amplifiers - their common mode input
range includes ground and their output swings very close to. if not all the way to the negative rail. An
example is the TLE2021 family, these designs are ideally suited to many single supply applications and
are very different to products which have been optimised for dual supply applications only.

Newer CMOS designs are also being developed for use with both single and dual supply rails. Op amps
such as the TLC2201, TLC2272 and TLC2274 are excellent with a single supply, and their output will
swing all the way down to the negative rail. With dual supplies their output will happily sink and
source current, and will swing to within tens of millivolts of each rail without causing distortion.

Figure 2.4.04 shows what errors can occur if an op amp, designed for single supply circuits, is used in a
dual supply configuration.

4.4.Single Supply Characteristics
Figure 2.4.03 put single supply op amps into two categories:
1) Those whose output can source current only

2) Those that can both sink and source current and have been designed to drive a load which is
connected to the mid point of the supplies.

Figure 2.4.04 shows three different output stages.
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