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Review questions
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About this module .

This module is a part of the electrical/electronic s
Engineering Technician and Engineering Associate ¢ “urri

The prerequisite for this module is NE182/7794A Amg
shows the place of this module Analogue Electronics 1 in tF

engineering stream. =

ﬂm!lhﬁml

This module extends the knowledge in the pmeqmﬂw mndﬂlﬁﬁw by St
performance limitations and specifications of operational amp ifier
of this module you will have developed an understanding nﬂh‘ |
selection of workable substitutions in circuits using modem operationd

and analogue integrated circuits.

This workbook is not a substitute for the re
will help you by providing technical inform

.....

have understood the topic and help you prepare fol x the comp
The module 1s divided into five MBIIEE f "_- -
progresswely The sections are: -
Basic op amp circuits .
. DC non-idealities S
e« Slew rate iy

« AC noise
Frequency campunsauan e

The review questions and skill practice exercises W {



d for this module

and Design with Analog Integrated Circuits (second
ati .r 5

ey

-1 b‘Hillh lg\ggl-

[
J’

Sernok F DHSGDH Qpemnanai Amplifiers and Linear

. : - | R‘a"mkﬂ' at h.— Dp--Amps and Linear Integrated Circuits ( third edition).

Rutkowski, George B. Integrated Circuit Operational Amplifiers (second edition).

Prentice-Hall, 1984.

Other reference material | |
Linear data books and application notes published by various IC manufacturers, €.g.

National, Fau'child Motorola, Analog Devices.

Student purchases
The following components and materials are required for the skill practice exercises

and practical tests for this module.

» Type 74l opamp - 1 required; at least one spare recommended (741, 741C,
741A, 741E etc. are all acceptable)

1 required; at least one spare recommended

« Type 301 opamp -

+ Protoboard - 1

+ Banana sockets - about 6
| » Resistors (1/4 watt) - must include several different values in every decade up
-* to about 2M2

* Capacitors must include some electrolytics values up to 100uF;
' small capacitors about 3pF, 10pF, 30pF and 100pF; a
| variable capacitor in the range 3pF - 30 pF; and several
_ non-electrolytics in the range 100pF -100nF
| » Curting pliers and wire stripper
- Hmeconmmlab) g wires (cables for connection to lab instructions will be available in
p * Scientific calculator eg. Casio FX82 or similar
2 ﬁtﬂph paper - several sheets of linear x linear and log x linear

2

3 Slew rate
Skill practice 4

4 Noise |
Skill practice 5

> Frequency compensation

Skill practice 6

Digital multimeter will be supplied to you in the lab, but you may use your own.




Section 1: Basic Op amp circui

SUGGESTED
DURATION
6 hrs To acquaint you wxﬁmhe -_ o & -5;_; ion a

30 minutes simple linear op amp circuits as detailed in the
objectives. '
In the study of this topic:
o theoretical work assumes ideal op amps
» only dual supply operation is considered.

Objectives

At the end of this section you should be able to:
O] state the meaning of the term ‘operational amplifier’ (or op amp) ;;;l:—.fﬁ e
the main properties of an ideal op amp '

:"‘—-Eﬂ—

[ given suitable specifications, design the following kinds of operatic
amplifier circuits using dual power supplies: .
- inverting amplifiers
- non-inverting amplifiers
- voltage followers .
[] for each of the circuits in the second objective, stale O
phase relationship between input and m.ll:gutmd re: £
voltage swing and minimum load resistance based o n the maximum ©
current capability of the op amp

O given typical transconductance and transresistanc ce amg m £

relations between the output and aﬁ@l& nputs

(] understand, and apply m_Pr;ffﬁ
attention to selection u“il"; ' nts, |
components,gooﬂ winng, € arthing, Su



The operationa __' ampl
The operational amplifier (op amg @ga..-- th-gain DC amplifier wi

......

lﬂpllt ﬂnd Si‘ﬂglﬂ-ﬂlﬂkd Gmput u’ nﬁl 'i.” d i

o o M AL _': 4% 4.

I- ‘Blffﬁfﬂnll.ﬂl fnpllt:' mw'ﬂﬁt L -1 _;;-I ! -||L Al ,-J'.,,?,',h-',-'-'_._-_'
and the ‘inverting’ or (-) mpu],. Mhe am ﬁhm .....‘n' u;;:._'!- e different
between the two inputs. et - . '

-1 1

‘Smglc-cndcd‘ output means that there is one output te
1s taken from that terminal to ground Level ﬁhifﬁngL
ensure that they can work with a variety of power m‘pﬁl

same outpul.

:::::

Fig. I Operational amplifier

The op amp is capable of working right down to DC, which i is zero frequen
is possible because there are no blocking capacitors in the op amp. :

Op amps come in many types, some having better sp o1 ‘_? 12
Some are general purpose, some optimised for good. DC performanc
optimised for use as switches, some for high ﬁequcnﬁy etc.
many packages such as 8-pin mini dual- inline-package (BIP).[ 1 D 1"
round metal can or dual packages (fwo op amps mlo‘ncpm
| types 741 and 301 are used for work in this module.

Absolute maximum ratings .
| Op amps are very rugged and easy to use, but you ‘must check and st

absolute maximum ratings. If these are. exceeded, the op amp may be ¢
| most important ones are:

. maximum supply voltages. For the type 741;,% are =

operation) or 36V (for single supply) Other types may have

| specifications. -

» maximum input voltage at eachempum =au'- na ‘r' Typically can
within 1 vult ﬂf IheDC snpp)g Jui oac. (Most op amps ha

..... —

—
—_— e L §

fﬁ-.-ru '1’1. osue Electonics

|l-1'



~wal ampliiier - -
g 112 " op amp CIr i Em,lsr 1 :jtm'llSGf'ﬂ o Sup POSE that the ORaips
o erational amplifier are that:

3 L.L.‘I.gl “"::I M (4 -‘ a qpﬁl__ﬂ_ﬁ_ﬂnﬂl.

nas 1 o gh'l'n (AVHL between the iﬂpllt terminals and I

."I-I;-" D & .‘ e _ mut misml_lce" .
e ” g ﬁ, as between the two nput terminals themselves '.

output resistance of the op amp IS Zer0.

‘Real 0 mpscqmc close to the ideal. For practical op amps, the voltage gain may |

 hn A0 at DC and drop to a few hundred at upper au |
g st P s : a few MQ to a few GQ2 depending on the

ts may be under 1€2.

. Ez) Thmqput resistance may range tfmn:g
- é‘lﬂ- The output resistance in typical circul

The ideal op amp is also supposed to be noiseless, its parameters independent of
ﬁeqlﬁ'e—ﬁcy,'and not introduce unwanted phase shifts between the input and output.

These issues will be dealt with in later sectons.

In the study of this topic, theoretical work assumes that the operational amplifiers are
ideal. Only dual supply operation is considered.

Linear amplifiers and negative feedback

Op amps have very large voltage gain. If we put the input signal directly between the
+ and - inputs, the output will tend to become so large that it will be distorted. For
example, if the input voltage is 1 mV and the voltage gain 1s 50 000, the output will
try to be 1 mV * 50 k = 50V, which is way beyond the voltage handling capacity of
the op amp. So the output will not reach 50V, and will be distorted.

Abmramplﬁcr has an output which has the same shape as the input without
dls!qrﬂtm (though phase shift is allowed). So an op amp cannot be directly connected
as a linear amplifier.

Zfsgm Feedback (NFB) is a method of reducing the effective voltage gain of a
ﬂgmtmtacunmllad manner and thereby, linearize the amplifier circuit. With NFB,
iﬁ m‘?nltage(or part of 1t using a voltage divider) is connected back to the
inverfing nput. If the output voltage gets too big, then the - input voltage also

increases due to NFB. So the effective input voltage for th :
and the output also falls. - R S dacrrasedl,

voltage gain of the op amp, after using NFB, is called the closed loop gain

] '__; xTﬂmﬁ usually much less than the open loop gain of the op

¥ 1hat when we talk about the ‘gain of an amplifier’, we usually mean

ain (unless stated otherwise),
I e —r ¥ _...-"."'

dio frequencies (e.g.20 |

Analysis of ideal linear (negative fee
The analysis of all negative feedback op
NFB and there is no distortion. The rules are as fol
" Because of the large open Iocipg f:;"? i
the + and - inputs is sufficient to produce a sizeable output.
= V, = V_for normal operation. B
B Because of the large input resistance, no c rrent flows into the input ter
of an op amp. (Note that current maY nwji. .r~ '- A=
around the op amp.) . TR
) Because of the low output resistance, regardlﬂsufﬂln' load resistance
connected to the output of the op amp, t‘hefiﬁjtﬁﬂlfiﬂ e e
that the load current must be less than the maxmumﬁﬁfpiiﬁ E.;"._.!;*:_Tq;r-:
the op amp.) T

i
e

Non-inverting amplifier

=0 -
V_=Vs > e ﬁ—l:kl'—J S

Vs (.-)

Fig. 2 : Flg. 3 >
Non-inverting amplifier configurations

The circuits of Figures 2 and 3 are both nuné-inv:r_ting;_amg ifiers. The inp
wired to the +input, which makes the amplifier non-inverting. the :
connections are not shown, even though they must be presen

If the op amp is ideal : SN s
. the (closed-loop) voltage gain Ay = vi/v, = (1 + R}
. the input and output voltages are in phase

PR oy e
ote : it 15 not R_|

.« the input resistance seen by the suum._iiiﬂiﬂ
A |

. the output resistance =0 P -
g R‘ . ] es no diﬁ-gmﬁce lf.'l L:m _- 'ﬂ_';}z‘;'.*:':"ii"'.[. above. (1heT
including it is given in the next section.)
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jat is the minimum voltage gain of the circuit ?

) To get a voltage gain of 61, what should be the resistance of the

- .'i.{(éj What is the signal current drawn from the source ?
s | (d) If the gain is set to 30, what is the output voltage ?
I 5.""(4'.,.'3' If this amphﬁer is driving another amplifier of input resistance 5k€2, what
" | will be the output voltage of the first amplifier (gain = 30) ?
T ' l; (f)  If the signal source has internal resistance of 1 k€, what will be the output
| voltage (gain = 30) ?

A .= (1 + 10k/1k) = 11 (when the pot is set to 0Q).

For A, = 61, Ry = (61-1) * 1k = 60kQ
Since 10 kQ is already present and fixed, required pot resistance = 50 k2

0

v, =30* 10 mV = 300 mV

-

‘unchangec

PRy S—— ——

Fig. 4
Inverting amplifier configurarions

The circuits of Figures 4 and 5 are both i]:nrertmg amp r‘f‘-f_ it
wired to the -input, which makes the amplifier mveﬂ:pg h h‘éf_ supply conne

are not shown, even though they must be present. -

For ideal op amps:

the voltage gain = v /v, = -R/R, (Note : the voltage gain, for the s ‘.i:;
components, is one less than for non-inverting mnphﬁnrs ‘and has a minus

sign.) .
1

the output and input voltages are out of phase (as shown hy he. .m.urr : m in
the gain formula)

input resistance of the amplifier = R; (Note : i“mﬂ“ﬁ‘m@
output resistance = 0 -

R. has no effect on the properties of thea:{?gl_jﬁgﬁp =




. _.-‘._'...‘ lllllll
i

g,ﬂg *R, = 0k
.~ The circuit for part (a) is shown below without the power supply
connections.

30k

= \
(| Vs / _;u %

|(B) R,=3kQ as before, but
Ayq =30 kQ / (3kQ + 600Q) = 8.333

- ——

Vs




o owers, though circuit 6 is the
and 8 are all voltag® o the resistance R,

he circuits ﬁ gl :. ;‘-}f} Sl e valtage = lower Circuits,
P ‘lr - -'L.,';;’-_*_. i!ﬁbsﬁﬂl-

age gain = 1 (L.e. input signal = outp
s and input are in phase

ut signal; there is no voltage gain.)

- - is circuit is its high

W ain, the useful property of this circuit 1s 11s :

. tﬁ“ _- mwmuﬂg: g;;nful buffer between the source and the ilmpllﬁer.
%mﬁnlﬂ" e m S o3 'g' amplifier can change with the source internal resistance.
11 & :,ﬁiﬂﬁﬁ;,-m"m“im,;gucﬁ as the differential amplifier where the same problem

a&u se: )'Iha buffer isolates the source from the amplifier.

irrent to voltage converter (transresistance amplifier)
Mﬂny useful ﬂgnnl sources such as transducers and light detectors give a’cun‘ent as
their uutpuL'Ihe easiest way to measure this signal current is to convert 1t [0 &

voltage. It is usually not enough to pass the signal current through a resistor 10 n_lal-ce
avolmg&bemusc the resistor will load down the signal source and reduce the signal

current. In such cases, an op amp transresistance amplifier 1s used (Fig. 9).
This circuit is very similar to the inverting amplifier.

0 Vo=-Re* Is

Fig. 9 Transresistance amplifier

The input current must flow around through R, because the op amp input does not
w_' = V+ =0V

.?'1_.-'11'-.-,- =0'RF * ], - . RF * I'

_1 ‘lhsm'ﬂnsﬂ:at V, = L. The ratio V /I, is called the transresistance R; of the

EA100/7761A Analogue Electronics |
Student Workbook

The signal source drives all its current into R e
cutput, which has 0 output resistance, so the enes T S s a

- — —

Example 3 : Transresistance m_f_l-cpfiﬁqr: -

In the following circuit, the D to A converter gives an output current in the ra
0'to 1.992 mA. Select R to give an output voltage range of 1o B

Rf i

I |.I'
2
\

Solution . w,

Ry = SV /1.992mA = 2.51 kQ

~ ey
Voltage to current converter (transconductance amplifier)

o
|

Load L=

Ipi= Vs
-+— R

R,




lifier. Here, our aim

g amp
L] e the input voltage. The
e load, @a?:_mﬁ@mg uﬁgrsp or meters. The

| The only conditions are
ytput to the -input, and the

the load characteristics, the load curreni

5V

(a) Is the diode forward biased or reverse biased ?

(b) Calculate the diode current.

(c) Calculate the output voltage, if the diode voltage drop is 650 mV.

(a) The direction of current in R,, and also in the diode, is from right to left 1.e.
-anode to cathode.

. The diode is forward biased.

(b) Diode current = 5V / 470Q = 10.63 mA

| (e) Output voltage = 5V + 0.65V = 5.65V

e, 1 ‘ uit in example 4 above is useful for measuring the voltage of a high

ree (by putting an ammeter as the load), and to get the V-I
rﬂf nﬁn»hn&a}' devices (by varying R, to change the current,

™
- §
-5
v
'."'- ¥ .‘ |
Rt N P - = 5 T .-
[l a—=t—

Maximum output swing in op a _
We have mentioned that the aﬂtpnt '\r ;. ty of op amr
power supply. In practice, the maximu; N or e
an op amp circuit is a few volts lesslhnnth, )
try to make the output hlggernthan the maxi nm..\,, 3 ,“_.,_f i

topped). ol

The maximum output swing decreases with the load current. For example
+15V supply has a maximum swing of £14V (or 28V p. p) for a 10 k¢
only 13V swing with a 2 kQ load. | ol

H.
L.. '; i AN
-

Vo

vu_f
T * supply ol
=+ + Vo max +Vnmiﬁ ?' e !
i t
I [ Zsomy |
1 - Supply -
Fig. Il Normal output m-:m Clipped output
Breadboarding practice 1

The following tips will help you to do your practical wmkm th 75.':- (; th the
minimum of hassle and frustration, and to reduce the chances 1C

1. Do any wiring, or changes in wiring, with the DC power supplies switched off

2. Set up the power supply voltages before connecting them 104 i-_": It
Especially check that the supply voltages are within the op am =4” Lngs.

3. Loose connections are the biggest problems 0. mblatmin :_«1 circu!
sure that the sockets are mounted tightly to the breadboar .
inserted into sockets securely and not wrapped al:a

not recommended.

4.  Wire the power supply leads first. Do not forge
ground to circuit ground.

5. Keep all leads and wires as Shamﬁ ossible. Use s -slded cabl
for cnnnecuunwextemal struments.

-----------



A DR— the holes in the pmtobomjd.
T |';E'!-§'- ce thick Jg!; mﬂﬁﬁu use the board, you will be

i 1 = aards. I 18 easy to bend an IC
o oving ICs into boards. It IS easy 76 B=
sy '%!Wml‘%a to get a special tool to remove ICs

r-"__ﬂl‘
Yo 0H14

...........
'''''''''''''
................

‘ons o a single point rather than use a long
e i noise.

rail. which could pick up

o e L crarial that you have not
| o tast 21 wirine before appl ower. Especially "-'fhﬂfk
+a ii" ﬁa’;:.gaﬁ the output is not wired to a supply or

g i
= =

Ammeters often cause problems. If possible, measure the voltage across a

m:sturand chlt:tllate-r.he current.

12.  If external noise pickup is a problem, try connecting a decoupling capacitor (10

oF to 100 nF - the exact value does not matter) from each power supply pin to
ground. If you have to shield the whole circuit, a simple idea is to place it in a
closed biscuit tin with holes cut out to bring out the leads.

13. Do not measure a voltage directly at an IC pin. You may accidentally short
two adjacent pins together.

Power supply connection for op amps
For proper operation, the op amp needs DC power supply connections. Usually, we
use two DC voltages — a positive supply and a negative supply of equal value. The
maximum supply voltages are given in the op amp data sheets, e.g. + 22V for
: general purpose op amps such as type 741. In circuit diagrams, usually the power
= mglymnnmunns are not drawn, though they are supposed to be there. It is
Wlthal you connect the DC supplies to your op amp properly, especially
{aking care (o connect the power supply ground to circuit ground.

DEBO) ) ampsuchas 301 and LF351 also have the same pin connectj'ons as
€. they are pin compatible) but have improved specs.

0

\ \ v
To+ o To ciruit To
supply pin ground sm_l'rm

Fig.14 Dual power supply connections for ap amps.
1
Summary _ 1
The ideal op amp has infinite gain, infinite input resistance and zero output
resistance. Real op amps are close to ideal. —_
“im
In non-inverting amplifiers, the input signal has a direct connection u.*"
these amplifiers, A, = 1 + RJ/R, ; R, = =2, R, = 0; output and input in phase.
Sy

R, e el A et
o 4 ’

In inverting amplifiers, the input signal has a dnact nection o th . For
these amplifiers, A, =- RJR, ; R, = R,..Rg=ﬂ;.;:qmp§_l_§;g_ij@.- of | -_;_'-_';-:.-_
the same components, the inverting amplifier has a smaller vo EELECE{;%.'-.T#:'_--i han the

non-inverting amplifier.

In voltage voltage followers, there is no R, and th rn‘- cted to th

— =20l

The A, = | Le. input vﬂltag==ml!ylﬁ,?@ : ";_'.;Et-ll o Ry = [ I, outpu ~and
phase.

This circuit does not amp

load to prevent loading errors.

- ‘-H!‘:!~..I|'.I,"_-'“51{"_z”l".;_'-_','L:'.". sOlate Ir
= = ¢ = = O LA 3




max:mm supply voltage,
which can be handled by the
lished by manufacturers.

ically one or fwo volts below the

A ‘;‘J ‘Jl_l u'l!

; | dambookspllb
.-ri I ﬁﬁihﬂﬂpampls rypl

l.  An inverting amﬂﬂiar orks with +]21
O L -,.- e m:’i‘ . L“&r:
and has no internal mm *

(a) Sketch the circuit,

[k,

(b) Sketch output voltage. Show important amg
relations.



) What will bﬂ‘iﬁﬁ
‘wave? '@Iﬁ&“‘W’ ewaves, full wave rectified a

Fi"\- —r.--

(b) If the diodes have 0.6V forward voltage drop each and the m
resistance, what is the maximum output voltage fassmmnﬁ' -’H-

2. (a)in Q.1 how will the output voltage change if the signal source has a !
significant internal resistance? |

(b) Sketch an addition to the circuit in Q.1 to overcome the problem mentioned
in part 2(a) above.




' ¥ 1||ﬁ A

5. In the following circuit, the op amp has a maximum output current of 25mA.

What is the minimum value of load resistance’

+- -
Il - —
1k

il. lm

-

pel ".I T

Skill practice 1 .
Suggested duration
1 hour 15 minutes

Tasks .
=  To measure the vqm;gé
=  To measure maximum outpuf
@ To measure mmmlimmamg_un

Equipment -

* One type 741 op amp or similar (c.g. LF351)
» Sine wave generator (general purpose Mu f ﬂh_ﬂ vwf"ﬁ,? < or semeraed

adequate) f. N generator
) 15 MHz dual trace oscilloscope r it
- +15V DC supplies . .# _
*  Decade box (range at least as wide as 1008 to 100kQ)
- Selection of resistors .

Circuit diagram

3 C) . 3 Re

Procedure

Step 1 Setup and observation of output

. Use +15V DC supply voltagﬁs;
Connect the circuit as shown, re:
your op amp and the method of

section. You can vary EF‘ 2d F ::_.-k,
10 m alld Rl. = l'l m ) llli-.::i-;-'-,
Male. e dCe e Sl N

'
,.E
4 111



4{111!; IH

i the experi mgegmv.m

rted output voltage swing
s o tuig output and increase the input signal until
e output just begins to clip. =
e imum undistorted output peak-{0-pesk gOLEE BV Te
um urrent
out ’Slgﬂﬂl juSI below chppmg Decreasc R until the Dl.ltput

istorted. Measure the peak outpul vnltage and divide
um output current.

it by RL, which gives the maxim
v, (peak) = R, =
. Mazumum output current = VJ/R, - VJ(Re#R)) =

Discussion guesfions

1. Calculate the voltage gain by theoretical formula:

m m@-ﬁ:@y g ﬁ M
Suggested di

| hour lﬁ_t:l:nitlpg1
Task .-

A, =1+RJR, =

Compare this with your result in Step 2. Find the perc
your experimental result.

entage error in

9 What is the phase relation between the input and the output?

3. How many volts is your result for the maximum output voltage swing
below the power supply differential?

4.  Refer to the databook for your op amp and find out the specification for
the maximum output current of your op amp.

To measure

the mpntﬁmm‘- of ar JEH lifier. ;.
Eqmpment |

One type 741 op amp or Sm:ulh‘r (Eig:,' &

. Sine wave generator (gen;rﬂ s S
adequate)
15 MHz dual trace oscilloscope
=15V DC supplies

Decade box (range at least as w Uﬂmj
ide as
Selection of resistors e .

Circuit diagram
1 _

A
_/
!

=

Procedure

Step 1 Setup |

. Use 15V supplies. |

. Connect the circuit with suitable values of R; and R, (¢ () and 1 kQ
respectively). :

. Make the decade box resistance = 0. |

. Set generator to 1 kHz. _

¥ Observe the output on.a CRO 0 and adjpm m ut signal amplitude:
output (as in sk.lll__pmi:ue; 1) 4

Step 2 Measuremenis oy o
. Observe V and v on m., : :'— 111.- -;;1_-7#-;... :,

- Increase the Md;h_ﬁx esists

Vi (’I‘hlﬁsma:f 'llgt» )

m ﬂnﬂ e 'mu -V, and [




v the input resistance? , anm
| 4 hrs 30 !Iiiﬂs _‘_
' I
istance if V, remains very nearly V,, no
Objectives

abo ce | : . : . Y Shﬂll_ld be abE. to: - I
U remains close to zero, no f this section you
I ﬂﬂ What can ou say ut the mput resistan if ]

de box? U in relation to input offset voltage: - :
matter how you adjust the decade * define input offset voltage and read typieai-jvﬂj;‘_engmu_ types of
op amps LUES for e YP

* calculate output DC offset caused by the input. OMvn
common amplifier circuits

state practical means to reduce the effects of ﬂ” o RS
I i jale th t 5 u
Does the internal resistance of the function generator affect your experimental S e purpose of offse nulling and munglﬂbgﬁ
4, & intern

circuits
result? Why?

CJ in relation to input bias currents:

* define input bias currents and state that the inr r’mhﬂ‘ S current
given in data sheets is the average of the two bias currents
*  calculate the output DC offset voltage mnsﬁ& u,:i_r,; input bias
, without compensation
* state practical means to reduce the eff ‘_ of the
. * state the purpose of bias compensauon,, Iculate

| bias compensation resistor for anmmgpl operational amplifier circuit

[J define input offset current; ca.lculana !tequ@ !”flrgn...
input bias currents for compensated ‘n

O in relation to the effect of DC offsets on output: -
» calculate the total DC output offset d;;uc;n nput offs _,
currents for both compensated lEﬂ ncom 5
| « state and sketch the gcncrg_l aﬁ?ﬁ& ngqr' put offset voltag
I currents on AC signal outputs

mmrm mma Electronics 1
mw
 January 199



n B'G'Dﬁ?ﬂ‘s and current due to
ffset voltages
ofﬂ:g i;‘g::: suppl}' variations on the output

ﬁif—ﬁ ﬂmgnpm offset voltage, input bias currents, and input offset
 current for an op amp

O demonstrate nulling the output DC voltage of any common {ype of op amp

. | @5 741).

section.

Thc fnlluwm references deal with topIcs in this
Jacob (1993) pp 171-186
Rutkowski (1994), pp 38-67

Gayakwad (1993). pp 157-194
Coughlin & Driscoll (1993), pp 231-248.

:"“!-ﬂ'-"i!!@'-ﬁ-:-ii
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Introduction

Until now we have studied ideal operational = amplifiers. Real
amplifiers come close to the. ideal, but not L F!.u Fo

we can indeed consider the op amps to be ideal 2 ur:l-t'-f:.."'
want to get the best out nfnurop amﬁ,m;wgyg H%*:
signals, we have to understand the kinds ﬁf‘m intre d
hopefully correct for them. This is the theme of this and the next

In this section, we study the DC errors in ope Al t' ke +-- ORI -
to input offset voltage, input bias currents and input offset ¢ cirrent; Tu The T ih e
sections, we look at problems in working with AC signals. he next thre

The DC errors studied here are usually qmtc small, and ﬁ'ﬂ.’i dn Aot affect the AC
signals greatly. However, in many measurement and testing applicati t,‘:r 2 Lk

levels, temperature, pressure, the signals are very small and sl
the DC errors in the amplifiers may be significant. "ﬂ? Qﬁm

Input offset voltage (V.
If we connect an op amp as a voltage follower and ground the input, we W
expect zero output voltage. But practically there would be a small DC output
This is called the input offset voltage.

The op amp has a differential amplifier at the input stage, consi:
for the inverting input and another for the non-inverting u@m These tw
have slightly different DC voltage and current charactenistics, cz si
offset voltage at the output even if there is no input. the in,
is caused by small DC imbalances at the input stage of
may range from a few mV to a few tens of pv.

Notes
« The input offset voltage does not dlmctly affect AC sigr ;.ﬂﬁ.. '

« The input offset voltage does not zwtuall)r exist at the inp m‘f Jenihik
be measured there. You can only see its effect at the outpu
«  Values of V,, vary from type to type and ﬁ"ﬂ'mdiﬁﬁ;
type. Typ:cal values of V,, for any type can be read from {
« The input offset voltage can be positive or uegﬂh?ﬁn epending on the infer
details of the op amp. The data sheets always M _-,;,g*:_';_'_ tude of v, as
positive number. - I'

Effect of input offset voltage on output DC voltz u;,
The output DC voltage (due to the input offs et voltz .; '| :
= V,, * (1 +RJR)

* Vs the input offset voltage of the rul“_‘_ ice
5 F 15 thﬁ negau;im ﬂn d :"{ "i [ L
RI IE ﬂlﬁ I:Otﬂl YL .



d, you must take
e B inverting input to groun
e resistor is in the path from the

tor 15 10t jately. -
5 or parallel effective resistance 3pPTOPEEET Al RS
T o amibe i mﬂ factor in equation 1 above as the 81N ke 2= e
:-. "”: :E"_._;T -liﬁ:ﬂ " oe 1 | i b |._|| .'
_h' a i the amplifier is wired as non- 3 T
.*:. ﬂ lll l[ﬂ: w ﬁﬁ'ﬂ 3 .. J: mmula @p]ies whﬁlher P I oO— + iz f-:'. 4: - 'li E&_
10 : I S .:'.-1 1 '|I‘ 3
_ Lo |
specify maximum V,, to be 3 mV. The signal e 1
ampg;sa Q. The maximum output DC voltage caused by | = e
e of Y _ i}
(1+ 100k / ( 1kS2 + 600Q2)) = 187.5 mV DC , .. e
100kQ |

1kQ \ ' After connecting the amplifier circuit and the offset nulling compo: =T,
mpuL observe the DC voltage at the output and adjust the 10 kO pgt lmhljr

-

17 Note that this circuit is not universal. It works for type 741 op amp and a fey

Py If you use other types of op amp, you have to check their data sheets to:ﬁ::[ﬂ ¢
C-" — correct nulling circuit. Some common nulling circuits are given in | Cnul nlin &
= = Driscoll, p.244. ] -

e. ] Calculati he input offset voltage If the data sheets do not give any nulling circuit, you can ust '
Fig. 1 C ion of the effect of input off nulling circuit shown in Figure 3. This circuit effectively adds a st
Reducing the effects of input offset voltage | the input to oppose the intemal DC offset voltage. _I."'
The effect of input offset voltage could be a nuisance in high gain amplifiers. If the | - aly
problem needs attention, you can use some of the following techniques. | I*V“ i —
_ ! i . R i .h | I_
* Choose high quality op amps with low V, specifications (Look through hnear o ' 1kH i i S
d&tﬂ bDOkS.) ' I ' | E — ipi {
= If possible, work with AC signals rather than DC. For example, a pulsed (square m ke ==
wave) light source may be used, rather than a steady (DC) one. 1A i i
» Use an offset nulling circuit, as explained below. \ 5 = i '
- m — II . Il 1
Offset nulling methods | *._E .
If the offset voltage is a significant problem, you will have to cancel out its effect by R
nsmg an offset nulling circuit. The general idea is to inject a small voltage into the | s
ik input stage, just enough to cancel out the DC imbalances. The data sheets for each | Fig; JilE
. type of device usually specify the best circuit to null the offset, for that device. For e
mll:am the Mﬂnded it:r;mt fo; tl:(lg"fl type op amp (taken from the National Input bias current (Ig) 2
#AR&: book) Own 1n Figure nnect the ends of a 10 k) pot between currents ar ~anot
1 and 5 and connect the centre lead to ¥ | E,ﬁ:f;:nrm '
supply): -:de any input

Ats 10 W

Mgyl s, = |



.ate (one each for Wie ass= ==

o 44"1"”&,]&*313 nearly, but

By | TBUIE TR B he two bias currents
sually ‘average of the (WO B

not exactly,
and call it the

B . = e e - F .
ias current ﬂﬂmpﬂﬁﬂﬂnan input offset current

'€ have seen that 1, flowing through R, canses an aurais fe
voltage can be partially méfﬁwl;* fine Ak

of cancellation is called bias current compencar
current ompensa

f'- n.
.

| For bias current compensation, P e a
\ R, in series with the nun-mvmg@ Mhe ve
/ e e =il Equation s~
i As before, R, is the total effective ms:sfsnaerml — H- _r
| -inl?ut and ground '(iucludi_ng_ a]] series andpaﬁ]]_e o ke o
R. includes the effect of any other mmmm .: e S & |
After connecting R,, no other circuit adjustment is necessary.
Fig. 4 Bias currents of an op amp | The ?alue an:d location Of'_Rt is the same fﬂrboﬂlin" A A S
| aIUPhﬁCfS (Flgures S and 6). g .;._uu.-._.._;_:.__!__,
S such |
. The value of I, depends on the type of op amp. For general fb“??sz :PDazEm‘:n) as
| type 741, I, may be about 100 nA. For FET input and ‘superoeta. {1.¢. £ |
input op amps, Iy may be as low as 100 pA.
The input offset currents cause a DC voltage at the output becguse they flow through
the external resistors in the circuit causing a DC voltage drop 1 them. W ()Y ro T
The DC output voltage (due to bias current)
=L *R; Equation 3
| | 1 Fig. 5
. If the data sheets do not give Iy , but give only I; (i.e. the average of Iz and Ig, ), | : : .
The DC output voltage (due to bias current) With R, present, |
I o I x : 1 ; F
=L ¥ Re RUlaKon 4 | the output offset DC voltage (due to bias currents alone)
= ¥ - : 1 . - -
Equation 3 is more accurate than eguation 4. Re * (Ip. - Is.) Equation 6
e R : : . ' ation 6 with eguation 3, we see that the output DC voltage due to
In the circuit of Figure 1, supposing the op amp has input bias current of 100 nA, the E;mgﬁﬁt:?: muzh reduc:dq hecatise e tuo HeE m ire nearly equal an
output DC voltage due to the bias current alone, ignoring the input offset voltage, 1s their difference is very small. ' e on i
100 nA * 100 kQ = 10 mV DC. _ - e
- . : The input offset current (I,) is the .-".-'.:335":‘7:‘-_’:-73&’"'-’ he two 'Dias
Methods to reduce the effect of input bias currents currents and its value is given in data sheets. .
= Choose an op amp with low bias currents specifications e.g. FET or superbeta | I = | = Ig)l ‘Equation 7 .
input stages. ; s .
= Choose the smallest possible value of R;. For example, you get the same gain by Using the definition of themputoffseﬁ <oxons) R EIRS
choosing Ry = 100 k and R, = 10 k, or by choosing Ry = 10k and R, = 1 k. . the output offset DC vﬂlmg&fd‘f“?bm OIS e
| resistor is present) '

- The second set of values give much less unwanted output DC offset voltage.
= Use bias current compensation as discussed below.

'EAI00/7761A Analogue Electonics |
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L wwmchﬂowsmywhem It is just a
= -l- - m“ 5 W of Iy, and Iy, which is useful
Pl e A= “..}. _minimise the effect of DC input bias

and equation 6 calculate the same thing,

that uatinn 3
m eq not present and equation 6 used when

bias compensation is

ﬁI‘Fﬂr the circuit of Figure 1 design a bias current compensation.

l(h) If the op amp has input offset current of 20 nA, what is the output DC offset
 voltage due to bias currents for the compensated circuit ?

(@ R =100kQ | (1kQ +600Q) = 1.57 kQ
Put 1.57k© (or nearest preferred value) resistor in series with the +input for

bias current compensation.

100k

(b) V., due to bias currents with
100 kﬁa 20 A =2 mV REPpeaion =

e — —

i _____*m -F.f"lf,r -j.l H'-rlllr'.jnlr -
_ ]

(a) Design a bias cnmmﬁ‘ﬁqgmm for the fc nhum '

'i_-u
(oo Py L

(b) If the input offset current is 10 nA, what is the output DC offset -.ml ioe dise 1 |
bias currents after compensation ? e

Solutions
(a) R.=2M2 | 2G=2M2 )
Resistance already present from +input to ground =
IM -
- Place a resistor 2M2 - 1M = 1M2 in series with the +input as shown.

I_. i ‘|..- '-I'_ z; _’_ : : --'-'.':III|-.; .1 |I Y
1l| TRIfsS el —

gy = -

|

(b) Vpe due to bias cu rrents

-N.GIE_: 'Eb hh"a‘fnﬂr’ ”“"i:.;_l' "ll «C hnh

A= e —
e —




- T I_'-n . ‘ﬂrﬁpﬂ;ﬂﬂ'ﬂt voltage and input bias
~ offset voltage due 10 TEEEE T
urre i< both add unwanted DC voltages at
O ut offset voltage and inPUt D0 &y cach other, and both may be + or -

LIS

Equation 8]

calculated using equation 1.

equation 8 or equation
nsation resistor 1s used or not used.

- : v =3 mV and I; = 100 nA, and there is
e “‘-ﬂiﬁﬁﬁt: F] g"m 1.' . pﬂSlng that Vm 3 m B ;

fmﬁ it ':_ﬂummﬁ:;pme worst case DC output offset voltage 15 187.5 mV +
10 mV = 197.5 mV.

The input offset voltage and bias T‘.’}* Ty
voltage. Such variation is called drift. o
temperature or supply voltage chz
Data sheets specify temperature drifts for various de
voltage; pA/°C for input offset current or input bias
with temperature for all types of tgplmmps{E and 1 ¢
temperature for BIT amps and increase "*:’iﬁ;ifﬁl‘;’ri witt
significance of this is that even if we carefully null out the «
temperature, it won't stay nulled when the device temperature char

3
h!!—*mn

e

i
T‘i
)
L1
-

.. S0 S
Change in input offset voltage = Drift in V,, * change in tempe) -.:.nl £
Chatgs SO offset current = Drift in Icl ’ﬁhﬂﬂg&mﬂ 1_-a ~quation .I

|-
=
L - =“11AT
o

The power supply rejection ratio (PSRR), also called supply voltage ;F:—In
sometimes specified in data sheets as the change in V,, for a IV change in supply
voltage e.g. 50pV/V. In other data books, PSRR is given as <6 v aBlee
dB. These two definitions are unfortunately inverses of each E'.l_l_":""m-i (PSRR of 96 dB

!
- For the circuit in Example 2, supposing that V. =05mV, ]I, =10 nA and I = 40 is not well stabilized, both V;, and the output DC offset will drft .

nA, and the circuit 1s bias compcniated. the WDSI'SI rijase DC output offset voltage is Change in input offset voltage = change in supply voltage * PSRR (following the

0.5 mV * ( 1+ 2M7/2G) + 10nA * 2M2 = 22.5 mV. first definition) T

Equation 12 -

Effect of input offset voltage on AC signals 1 e

Input offset voltage and current are DC effects and have no direct effect on AC Note that if there is AC ripple in the power supply, or if the supply leads pickup

signals. The output AC signal will be level shifted by an offset, as given by equation noise, it will _shnw up as extra noise in the output. This is why you are advised to put
I 9. The output DC offset could cause problems in further processing unless blocked bypass capacitors from supply pins of IC to ground. - 3
u L : [ L I

out suitably (remember that the op amp can amplify DC), and also, reduce the : Rl - L e e
' maximum output AC voltage swing because one half of the AC will clip before the Change in output offset voltage can be calculated using equations 1, 6 and'3 Exgepk

B b o Figire 7 that we must use changes in V; or I instead of V,, or L.

half, g i
I L g /\ Yo /—\ Example 3 : Drift in output DC offset due 1o change in temperature
= -I 1 ) I .
) A bias compensated amplifier has R = 100 kQ and R, = 1600 Q.7 e maximum
\ / \ / drift in input offset voltage is 30 uV/°C and the maxnnumdnf;eh 2 o
I : \/ : : current is 300 pA/°C. If the circuit is offset nulled at 20°C, whal 15 the WORRL S5
I | output DC offset voltage at 80°C ? = |
| | Solution y
| . o~ ® (R0° - 20°) C = 1.8 mV
s S A . Change in V,, = 30 pV/ C*(80°-2 3 e TS '
(a) ideal output (b) level shifting (¢) reduced swing | Change in I, = 300 pA/fC * (80° - 207) C =185 .
II due 1o offset due to offset \ o iy
. L .. worst case change in output DC offset
Fig. 7 Effect of DC offsets on AC signals ﬁ 18 mV * (1 + 100k/1.6K) + 18 nA * 100858 -I
" = 116.1 mV e = -
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wer supply volage

e % D in outpis DC due 1o chans® P9
I —, - e & np A s l}, vnlmge chmges b}_
- i PSRR of 95dB. If the SUPP

Io sxample o qg_:mhapngehﬂi“ the output DC voltage ?

_ V/antilog(95/20) = 2V/56234

- change in output DC offset
— 35.6uV * (1+100K/1.6K)
=23mV

Review questions
These questions will help you revise what you have learnt in Sectio 5
chion 2.

1. For the summing circuit sho
: : ' wn below, the : 3 S -
mV, input bias current 80 nA and input gﬁasgpilfu::ntlﬂ;ﬁmnim offset voltage 2

(a)  Calculate the worst case output DC offset voltage

The best protection against drift problem

(by heat sinking, fan cooling, keeping PO .
to use stable power supplies and b

capacitors. For precision work, very low

‘manage to work with purely AC signals,

Summary

s is to keep the op amp as cool as possible
wer transistors and regulators away from the
ypass supply pins to ground with
drift op amps are available. If you can

the whole issue 1S not very significant.

ause an unwanted DC offset

(b)  Sketch a suitable bias compensation for this circuit and calculate the added

1. The input offset voltage and input bias currents €
voltage (DC level shifting) at the output.

to input offset voltage increases with the voltage gain

2. The output DC voltage due
th inverting and non-1nverung

of the circuit. The effect is the same for bo
amplifiers (equation 1).

3. The effect of input offset voltage can be nullified by using the recommended
offset nulling circuit for the device.

4. The output DC voltage due to input bias currents increases with the value of the
feedback resistor (equation 3 or 4).

5. The effect of input bias currents can be minimized by using small value resistors
and by using a bias compensation resistor in series with the +input (equation 5).

6. :Thc mnput offset current is the difference between the two bias currents. Its value
15 much less than those of the bias currents. With bias current compensation, the
output DC voltage due to bias currents depends on the input offset current and so
15 much reduced (equations 6 and 7).

7. The total output DC offset voltage i ‘
ge 1S the sum of the effects due t
offset voltage and bias currents. i

8. Drift refers to the variation in the input offset voltage and input bias currents

with temperature or supply chan ‘
: . ge. Its effect on the chang o
15 calculated in a similar way to equation 9. EERERRILILTG Yolast

%
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component value.

(¢) Calculate the worst case output offset DC voltage after bias compensation.

5k

Vs1 o— l
10k 3 \
-
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e i shown below, the amplifier has input offset
plilier cir :;m__ 80 nA and input offset current 20 nA.

- — —

that the cireuit is properly bias compensated lr
._ . 3 '
L Y |
S = _— -
a1 = B J
_ L] e |
- (b) Calculate the worst case output DC offset voltage.
. (€)  The drift in the input offset voltage is 6 pV/°C and the drift in the input
_” offset current is 100 pA/°C. If the circuit is nulled at 20°C, calculate the
., output DC offset voltage at 70°C. :
o
- |
1l I
. Vo |
| | |
2 i
- L.I I i
_- A !

EAI00/7761A Analogue Electronics |
Student Workbook
January 1996
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7. From a linear data book, find (i) an op amp type with Vj, < 1 mV and (ii) an op

8. The following circuit will not work. Why?

EA100M7761A Analogue Electronics 1
Student Workbook

Student Workbook
January 1996 -

SKill practice 3
DC offset effects u "o

Suggested duration | ':
1 hour 30 minutes .

Tasks _
® To measure the input offser voltag

]
® To measure the input offset current of an m arr
. Put offset current of an o amp

Equipment

1 of type 741 op amp (Other types can be used. Chec . A A
connections, recommended offset null circuit, and whether an extemnal
compensating capacitor is needed.) -
* =15V DC power supplies T
* resistors : 2 of 47Q, 1 of 4k7, 2 of 1M, 1 of 10k potentic -'- e,

preferred} e e km B = 'fi'—:;‘l;.t!_’f_r_t'
* DC voltmeter .

Additional Information '

The input offset voltage and offset current ca not be megsnred &
currents, being very small, cannot be measured using common lat
instruments. These parameters must be calculated by measuring the DC outpg

e S LR :11-‘: £~ s B it - -

voltage and working backwards to the input. .

For the pin connections of the 741 op amp and the method of connecting tt

power supply, check the skill practice exercises of Sectic

=
N,

diagrams usually do not show power su
there.

e e =
P =% M
' connection

‘I"-r
il = =2 :.-i 3

- N S S LR SH I D S O e
No external signal source is necessary. In the following circuits, the input is

o =
rE
1

connected to ground. -

S DN S
i

(For Steps 1, 2, 3 and 4, if you do not haye the jf-"i:”" ded resistors, use
others of nearby value. For Step 5, you must use a 10 k€2 pot.)

1 - Llhl

L i

EA100/7761A Asalogoe Ele




ement of input offset voltage, Vi Step 4 Measurement of input offser gy e
ure the outputl DC voltage V.. v ORI urrenrl,

* Connect the following circuit and meas

' 2M2

= Calculate v, = vﬂ_ /(1+Re/ R) = | * Use the value vaﬂﬁnmst@ 1 and calculate
Step 2 Measurement of bias current Iy, | I, = |(V, - V)| /R, =

* Connect the following circuit and measure the oufput D volage Vo * You can also use the values of . and T, from Sieps 2
Re calculate iy AL S

R Ins:lIEq"IB.l:

Step 5 Offset null adjustment

-

» Use the value of V,, from Step 1 and calculate
IIL = (va = Vio) / RF =

Step 3 Measurement of bias current I,
: ST | + Conneet the circuit. (This circuit only wors 188 52 3P EERRC e
Connect the following circuit and measure the output DC voltage V.. | sse any other types, check the data sheets for the correet eircuit %

procedure is the same for all types of op amp.)

Connect a DC voltmeter or CRO in DC mox

.
3 L - -
[] 4 & I

Adjust the 10 k pat until the output DC voltage iS Zera-.

\ v
R2 )\ 00
| g /

‘ 2M2 Igie) L~

— Use the value of V, from Step 1 and calculate

In.*'-—'*(v,,*-vn)le:
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w 1& gmhwdata sheets

4
| Objectives
.
At the end of this section you should be able to:
il 'l
. [0 understand slew rate and its effect on amp‘hﬁu: serformance, an
B particular:
* define slew rate and describe its significance i m app ca :{1 ns
* state the conditions under which slew rate distortion is prominent

* sketch the effect of slew rate on square wave:nmpnm of amp

=l

* state and use the formula relating output voltage stu;h change, |

and slew rate —

3. Why are the resistors in Step 1 chosen to be very small? «  sketch the effects of slew rate on sine wave outputs

| * state and use the formula relating the output voltage sis

maximum undistorted frequency of upﬂatmnhﬁi_t_li lew '

» define full power bandwidth and calmﬂaw

+ given the output voltage swing vs frequer Y 1 0

the value of the full power bandmﬂﬂu maximum av:
swing at any given frequency and calculate the ""

. state some common methods 10 mmm he r ew ra

[ observe the improvement in slew ]
' capacitor in an externally com

4. Which of the two methods for measuring L, (Step 4) is more accurate? Why?

Refercnces iee in this seation, &
The following references deal with topics in this section. -

| 1. Jacob (1993), pp 195-199 i

| .- 2. Rutkowski (1994), pp 97-101 .
— - 3. Gayakwad (1993), pp 225-231
| 4. Coughlin & Driscoll (1993), PP

o T——



anges in the input voltage e.gi_
y applications, X witchi ff to
Ay applications, atapsr s o mplifiers; switching the output from o

e "i'.itlj musi ﬁ‘hwhﬁ!sm::ﬁt}f lﬁl;::;acmg to d;gna.l circuits, If we apply a

viﬂ

. / | Y,
AT

i L
—» Al .-—

Fig. 1 (Ideal output) Fig.2 (Slew rate limited)

The non-zero ‘catch-up’ time required by the output 1s due to a characteristic called
the slew rate. The slew rate of the amplifier is the maximum rate of change of the
output voltage. In other words, the output cannot rise or fall faster than the slew rate.

1In Figure 2, the output is rising as fast as it can. so

the slew rate = AV / At (Volts / ps)

Equation 1
= change in output voltage / rise time

Nme usually the time unit in the denominator

a IS ps, not seconds. For example,
ually we write 0.5 V/us rather than 500 000 V/s.

y amplifier. In some amplifiers, we

tages before the output can settle
pacitances that causes the slew rate.

52 EA10077761A Analogue Electronics |
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Methods to improve slew rye
‘A high slew rate is usually dﬂﬂblbg -
quickly 10 a chane in the input. Hoyepep o IEAMS hal the
1S sometimes accnmpanied b s ver, sh s

_ e ﬁ.ﬂ INe. Thic oo =i lew rat
eliminate ringing usuauyﬂhﬁmdummgﬂm vefore settling down. Merhede oxsn

One obvious way to have 2 High Sldwire ok T
rate specification. The common 741 npm::l:&c:mﬁ :

V/us. Other direct replacements for the 741 conpe - - T POOE Slew ral
slew rates (about 10 V/s). There E 741. m"h“ﬁh LF351 have muc

LS bk i

s

at small expense.

Effect of slew rate on square wave response _
Figure 2 shows the effect of slew rate on a square wave output, which is distor
and becomes a trapezoid shape. If the input frequency is hxgh enough, the sle
limited output never actually reaches the flat part of the square wave input
steps to the other level; so the result is a triangular wave. However, even if the
square wave frequency is low, it will still have two sharp edges and these will be
slew rate limited at the output, though the distortion will be less noticeable if vou
it in the CRO. | '

A

It is important to understand that slew rate limitation has its greatest effect
large and/or high frequency output signals. Small output signals

but this is due to bandwidth limitation, which we study later. We will post;
discussion of what is meant by ‘large’ or ‘small’ s;gnalsAsa ﬂllﬁlﬂf ﬁIi“iL the
output waveform due to a step looks like Figure 3 or Figure 4, then it is small signal
(bandwidth limited). If it looks like Figure 5, then it is a large signal (slew rate
Limited).

Yout




Effect of slew rate on sine wave response . .

' If a sine wave has large amplitude and/or frequency, it is possible that the rate of
change of some parts of the sine wave, especially near the zero crossing, will exceed
the slew rate and thus cause distortion. This is shown in Figure 7 and 8. Figure 6
shows the undistorted sine wave output.

Vout |

e = slew rate limit

Fig.6 Undistorted sine wave output

Vout
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|
|
|
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Again, as 1n the case of square waves,wemmslmw:ﬁ - ”h‘“
high frequency problem. The formula relating the s]mm*ﬁmﬂa 3 '!;=- | ;

(i.e. 0 to peak) V s and the maximum allowable frec
slew rate distortion f_ . is:

o iy =
w a b

SR = 2% Vo amplitude E fm; EQualiDn 2

This equation simply shows that the maximum achievable amphmde and maximy “u

achievable frequency, without slew rate distortion, are inversely related. If yC ﬂy

a large output voltage swing, you have to keep the frequency low. Igyou.
work with large frequencies, you have to keep the amplitude low.

If an amplifier is required to output sine waves of 12 V rms at 20§ »,"j.
slew rate it must have 1s SR T

e =

5 % ¥ 12 V2 V * 20 kHz = 2.13 V/us itk
The time taken by a comparator with a slew rate of 1.2 q@ .....
to -12 V is: il

24 V /(1.2 Vips) = 20 ps

Full power bandwidth and output vifllage_
The full power bandwidth (FPBW) of an sl gs i

without causing slew rate distortion, 11: o vGltsi ), The
unclipped value (about one volt less than the SUPP1y i. AES,

calculated using equation 2, yo - -
( h".l

FPBW = snf(z*n*vm-.-)}_



has a slew rate of 0.8
(a)
(b)

Fum&mdmam = 0.8 Vips (2 * T * 14V)
~ =9lkHz

—— -

Some op amp data sheets give a graph of
unction of frequency’. A typical graph (for

‘maximum output voltage SW?ﬂg B.S a
the 741 u‘p amp) ES shown In Flglll'ﬂ 9. (ﬂ)

(b)

Ty = 25°C ©)

An amplifier with the output volace ——
voltage gain of 10, usmgtmﬁiﬁ% <

Solutions

= — ———

- I - II = S —— - --- '___ - -
m DUIDUT vollnas walo v o
sHipul .r!f'-r;:.{{5.___;?_:*__,;_*_1»*,_- Lo

“ions

-
e LA
EIaph 1n Ficure O Ge «iten.
3 1'1}551;=.'-!:-':TL-.11' 2 15 wWired urp

y Pls 1 by Iy
What is the slew rate of the amplifie g .

What is the maximum rms input voltage at 1 kHz witho

What is the maximum rms inont valians o ~n . .- =
? 4 Ims input voltage at 20 kHz without j'.‘

- | gt = T
.'L‘t.{‘..“."h"'l-.lli 1010 !
[ il ;

.......

FPBW = 10 kHz
~ SR =2 * 1 * (28V/2) * 10 kHz
= 0.88 V/us

From the graph, at 1 kHz, max. Vopp = 28V
- max v, rms = 28V /(2 ¥ 2) / gain = 1 V rms
(The output is clipping limited below FPBW)

From the graph, at 20 kHz, max. v, = 14V
max v, rms = 14V / (2 V 2) / gain = 0.5 V rms
The output is slew rate limited above FEBW
(Note : you could have calculated the answer to part (c) using the slew rate
and equation 2. The answer would be about the same, except for the human
error in reading graphs.)

Peak to peak output swing (V)

Frequency (Hz)

Fig. 9. Output voltage swing graph of the 741 op amp

The flat part of the graph (up to 10 kHz) shows that the maximum output (about 28V
peak to peak or 14V amplitude) is limited by the DC supply voltage (clipping
hm:md) Al ]nghm: frequencies, slew rate limitation takes effect and the maximum
undistorted swing is reduced (as in equation 2). The frequency where the two curves
‘meet (10 kHz in Figure 9) is the full power bandwidth.

Take care in reading the graph in Figure 9. In some data sheets, th '
— 3 1. . 1 N . ) - : : 3 Y-ms may
. g;mthapeak-t&peakoutput _foltage; in others, the amplitude. The X-axis is a log
frequ W;Whﬂse Fl.._a'_ll.‘ku_:gs may go 1,2,.34.5.10,20..... The markings for 6,7,8.9
may :lmhe shown, 10 keep the graph uncluttered. H
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e S 1’ of 0.5 V/ps is connected as a voltage
onal SRS mm 'I ﬂgw@'l:mm{z’ ﬁv Peak o pcak 1S ﬂppllﬁd
; = f Hj" m lmporlaﬂt ume and voltagc

2.  An amplifier has a sinewave input at 100 kHz and a triangular wave output as
shown below. What is the slew rate of the amplifier ?

Vout
+3V

-3V

EA1007761A Analogue Electronics 1

- ||_'-_ |—.
3.  The output voltage swing graph
amplifier is shown below.
14 T
FTENT LT
s 12 A—LA=25°C |
- ' OO B - L T
g ' ||II‘i |- |I'I
=3 8 2 =5 ||||u N
1= |:|!‘j|||'i" ||‘: |
8 6 jhe 8 »_Elll“ '] |
30pF j I-rllr"l |
4 01[“ -_].I;ig
' ot
3 _1_ ___l_:” i
‘ T
1k 10k mnk : &:Z‘j"*;' )
, sy iy ' '_l.
tﬂ—"ﬂ-)'n | -
(a) What is the FPBW and slew rate for
(b) What is the FPBW and slew rate for C
s |
(¢) If C, = 3 pF is used, deter
output amplitude for a sinewave input
et
Emnemsmm
Student Warkbook
January 1996
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o m&miﬂlﬂﬂ@*w your answer to

i " 1
AR e - v i R S
e A% B F R e Srﬁw ﬂw

Explain t e significance of the terms S TAaRand S URoNE i

amplifier circuil.

6. Check the data sheets of several op amps and name one type which has a slew
rate of at least 50 V/ps.

Equlpment

Either one op amp typg mﬂﬂl and a &

(741 1s not suitable fﬂr S 623 a3 2 1 ACT0r Uk '_"f_é_.n € Op amp typ<
« General purpose 15 MHz - . I

preferable) mm‘” one with time-base 5 or x10

L O XU SWiich
ll_..- AR T AL

«  AC signal source (e.g.function generator) -
« Dual DC power supply (fixed +15V supplies van bi‘:’il n
«  Connectors, breadboard, sockets etc. Lot
Anl
Procedure
Step 1 Setup

« Set the power supplies to = 15V.

» Set the function generator to square wave, about 5 kHz, about 2 V peak to pe:
« Signal frequency and voltage are not critical. | ‘

»  Connect the circuit shown below. (Do not forget to connect the power s Dol
common to circuit ground.) .
« If you are using 301 op amp, connect a 30 pF mpmtormmm » 8. Thi
is the compensating capamtor C. mentioned in the lesson. If you are using the
741 op amp, this capacitor iS not necessary.

1k b




« If you are USIIIg the 7415‘!? g 1”

'« Sketch of output waveform:

« Meas Sure ..th: rise in voltage and rise time. (If your CRO has a time-base x5 or
..:ﬁi _ rise time measurement gels more accurate - ask your teacher to show

& EA100/7761A Analogue Electronics |
| Student Workbook
January 1996

B mgm\ hi‘ﬂ_

ril"'”!l
"-‘rh

H—I'\f

remove the 30 pF capacir _- 'hu'“"_:'l, It

Rise in voltage =
Rise ume = ,

Slew rate (experimental) = -

=’?
fM

If you are using the 301 op amp, rnmm & g’t
signal generator o sine wave. Adjust input nﬂ lage

Observe the output on the CRO and ygyﬁh‘&' quer
starts to show slew rate distortion (ﬂauen'iil *_ul:-‘;r “the zero cro
notes). Measure the following.

SIEP 6 Full POWEr bﬂﬂd}ﬂdd‘ mea jrr ._r

Output sine wave amplitude :

iﬂlﬂﬂﬁl&
fﬁtﬂq:[l‘jﬂ
:-Tmm‘lﬂ |



are with the data sheet value 7 What is
' SUGGESTED
DURATION
0/ hrs 30 ming

Objectives

At the end of this section you should be gb| ‘H}

) understand the noise model of op amps and

state the meaning of ‘noise’ !

common source.sguf nmz::e - appﬁudhal

state the meaning of the terms nmse spectru)

noise’ and ‘pink noise’ '

interpret the input noise model for an amphﬁmmﬂ;- ta
of ‘total input equivalent noise voltage’ -

calculate the source 'I'.lﬂ'lSE msmmﬂfﬁﬁmf ltml 1 q, n5= Iu _
(mcludmg those studied in Secton ],',jﬂs 'ﬁ)ﬁ]] Es. umm .1 1 [
differential amplifier configurations)

use the broadband noise gtaph of an oper
total equivalent input noise vnllﬂge '

use the noise rms addition forr
voltage or current given several inﬂaﬁb ent noise

the noise dcns:ty spamﬁcauun [mlhe,rrﬁ"gm s :; '-;
square root Hz, and similarly for ci :

e

write the formula for the total ﬁﬁﬂl e r" e ‘1‘ J:”ﬁilﬁ;f.'}'."-_-r"'-h:'.‘-.-’,-_' alcu.
it

calculate the noise gain of common amplifier ¢i

given a cucu;t, lhb

.order (B_C) ﬁ]‘fljl nl !ﬂ:" s {0 minimi . ,
| m&gnlsﬁ ﬁ! ymmaon Ilr v‘i WS W




1
‘.‘I:".‘, 'ITFI :@ . i . ;

‘Nm d voltage or ¢
ﬁ@]@ﬁi Hl ;*fﬂ_mf :-h ed to the

‘of noi --f.-.:'_u_! amplifiers 4

=

n, Hr H.—Ll ‘H“’l' 1€ ‘,#-. ﬁﬁmﬁl: II mewn band‘#iﬂth and N T
- ,J_._ External noise
ity gor— —& , Th& Oﬂtpl.lt HGISB- ,III,«" M ;r'T.",:T'.
’ nmsacanbepmkeduphy*
section. example, the 50 Hz hum. ﬁ'om AC po
s deal with topics in this power supply variations, switches imfﬁ
sometimes be minimized by careful cir u‘;_;
Though external noise is important, WB shall
(r1993) p 264267 Internal noise e

The amplifier also generates noise mmﬂ?‘ m - - o
nolse. are four main.

1.  Noise voltage caused by external resistors (e5).

You have learnt Ohm'’s Law, which says that the

current I 1n a resistor is equal to the voltage mﬁmqm ACTOSS I g &
divided by the the resistance R. However, the m ﬂﬂﬂ “nr’.%-'!'f?‘i.‘?“‘
this current 1s not guite smooth or uniform. At : any in :
few less electrons than average reach the pos;twa wm@, e

random variation in electron flow shows up q@v vise voltage.

e =

Resistive noise is also called ‘thermal’ or ‘Johns ; noise.
|

e, is the total noise voltage generated by thie external

=

the amphﬁcr (RI. RF R: BIG) Wr. Mm esent 'T.r:
calculating e;. | :

2. Similaly, the resistaes st HESEEEEEE AN

' 3.  The amplifier generates noise curre __rltnﬂleﬂ
‘recombination’ noise. This is caused by the non:

which the positive and negative mhmgﬂcaﬁw L
recombine.




ra wumiﬂmm

Bip ated by the opera stional amplifier are impossible o Description and calculatic 0 of nojse
yonents genera the internal noj ) -
L nuw o *]ump or aggregate 1se Since noise is usually random and e gro <.
'-‘3" = m,é’f . and one single effective noise current noise voltage or current, n&h’l&m@ﬁ redictable, we cannot write any equas
" tt‘a m;hpnn This is very similar to the approach taken that the average power in a1n¥d ue f;ﬂhm v, Th
[ ;djt 1:: m Elm t‘hu ﬂﬂlse mOdEl fGI' the amphﬁe.r as '- pﬂwer (ﬁ'ﬂm any kulﬂ af 1 '{"';f:l Jg:_‘lhp
set voltage. ] or (rms current)?, we can say "'I;IIIE e
L (working into a given load) has : : x dk ,;;::.
) Noise voltage or current is always expresse P
. Rfuﬂ o

Note that you cannot use the conve
to noise peak voltage. This factor 3?;11:5- only to f’ﬁl J

\ noise.
Though a single rms value is a convenient descri

whole story. Since noise varies randnm]y, iy
spread of frequency components. The rnpise .
showing the distnbution of the total noise power Bver' I
Hz of bandwidth as a function of the centre frec Whex_é:h.;. Or the

The shape of the noise power density spectrum depends on ﬂl‘,phj!smﬁi =
- noise. Some common shapes are: e R RIS GREIEOR R
Fig. 1 Noise model for operational amplifiers x ongin :

constant with frequency (called white noise) .

al . inversely proportional to uency (call = & Ok
R, =  source noise resistance (equivalent to all the externally connected resistors . lines at specific frcqucnm:.q i iR

. in the circuit) : E
, P

' _ . Thermal noise and shot noise are white. Flicker noise is pmk. '!'lﬂ';' .u..., icked up
ez =  thermal noise voltage source due to R, from power lines has a line spectrum, since all their power is concentrated at 50 Hz
and its harmonics.

| €, = equivalent input noise voltage due to the op amp

"= T An important point to note about noise POWEr (and 50, lh: 10 ,,~:=

' ;=  equivalent input noise current due to the op amp it depends strongly on the circuit bandwidth, which is under ﬂF
designer.

Note that; g
there For white noise (which is the most common kind of guégg.n.u he no
* there are only three sources in the circuit above (not four) proportional to the bandwidth. Therefore, data sheets often specify
. ©  Wekeep e; and e, separate, even though they are in series, because the former rms volts squared (or noise rms current squared) per Hz and | %ﬁi
is affected by our C’hmﬂﬁ of components, while the latter is a property of the op calculate the total noise volts squared over your ‘circuit bandwi
. m e o ]
. . r“ﬂp and 1, do not really exist at the input or anywhere else. They only | Other data sheets give noise density rms volts per square root £z Iif=

ent the effect of the actual noise inside the aﬂ’lpll fidr: - - gi}'fil; s mcl:.ml:j f‘:zrii g::urse, thn_sqlffll# f’ﬁﬁt
meanin unit 0 - =

¥ 1o combine the effects of the three sources given above into a proportional to the square root of e haﬂ& o
.L'-‘nt mpm noise voltage source. Then we study the actual mechanics of
€ equivalent input noise voltage using formulas and/or the data sheets of

ﬂ
I'
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ahm .! MW‘ 18 lL By
ﬂﬂﬁ‘jﬂg l.h!ﬂ'l.lgh a. h u'r"u. ?f

% JI. "|'|- 1 I._ L 1
L el HNLaldg v Car
% [ Y Vi ¥ rL -
..1._ "'_1-#-. '_C - | ; e I'. | o
= == oy i = 1. i
+

T ‘white noise is the most
iﬁﬁamnn.klﬂﬂn ink noise, is
se poise | m.-"ﬁfj_'hﬂb[;? not a major Total “"‘l““"‘le“”“ﬂﬂt ~ w*’
: Refer to the noise mode) of the ca
_ input is total of the. effects due o
il e = | 5 (ii) the internal noise vnlm@m K ot
T of noise vulmge and current follow. the internal noise current 1W flow ?5' =
culal voltages and Ohm's Law,

ated to have a noise voltage density of 15 nV/ /g, 1ts rms The total equivalent input noise voltage of an ampjif
..I. ver a bandwidth of 30 kHz © = e + eyt + (i, RY) Virms) -
o= = 2.6 pV rms.

Example 4: Using the noise gdd,m fa - =
e In an uperaanal amplifier circuit, the g 1
= *emmm density of a 741 op amp is specified as 3 ¥ 10~ A"/Hz. Its rms thermal noise due to the source resjstan =30k, the

ey 8uV, the internal
| the op amp = 60 pA and num current of
mmnt over a 25 kHz bandwidth = \[BE 25A/Hz*25kHz = 87 pA rms. p amp = OU pA and the internal nojse voltage of the Op amp. _ral»lmr

(a) What is the total equivalent Input noise voltage e_?
| .

IEmane:"

. noise voltage of an amplifier is measured to be 6.5uV over a 40 kHz (b) What will be the new value of e_j e S| caliN
! ET:deldﬂl. Ift;g:bandmdth is changed to 15 kHz, the noise voltage is estimated €, If the bandwidth is tripled ?
e | Solutions

| 6.5uv= ISKHIAORE = 4V rms. @ € = 284V + @1uV)? + (60pA = 30K
= = 5.3uV (rms)
1 o< | =51% 7 WV
' Aﬂ_dlﬁan of noise voltages and currents (b) Sincee, BW »TE¥ % '_ Z; Vﬁ _|_.:|V
57“,“_'_' y the noise in any system results from the addition of noises from many Mt |
ferent sources. The noises are random and without any relationship to each other.
~ They are uncorrelated or non-coherent. Uncorrelated signal voltages or currents
- cannot be simply added to get the total. However using advanced mathematics, it can
'& shown that uncorrelated noise powers can be added. This means that noise volts
sa:ramd (or noise currents squared) can also be added to get the total. After adding - ow

msqufm We can take the square root to get the rms value of the noise voltage (or e

------ Equation 3

SLCETT

as external noise voltage of 4.5V and internal equivalent noise of
mput, the total equivalent noise at the input B

- (VR = 1157

nfrﬁ.‘r\?‘ *4A§JW II-SLIV
b




Ty J the circuit bandwidtp
Ot pumber, i.c. the frequency where the

vanient 1 um ‘ Ir_n
[ - M‘ o

= e e Example 5 : Effective nojige

o
by an RC filter with

1L 'If’-": ]
AL ,:-);__.';;

(a) What is the effective noj

‘11 E; :
i T

X 'f" ally Wﬁeﬂb}f 'ihe amphﬁer is
acis of the bandwidth. The situation is shown iy

(b) What is the actual input noise vojtages

-
I

Solutions

(a) Effective noise bandwi_dth: =20kHz~¥

| (b) actual input noise voltage = 15 nV//Hz * 31 -;ﬂ:lﬁ
1 Sy
' Fig. 2 Practical Bandlimiting Filter response

Calculation of input noise resistance

Looking at
we need th

T e
=quation 5), we see tha

S =y e e LLACAR

the total equivalent input noise of an are: (
= actual noise 4 INpUt noise of an amplifier

€ value of the input noise resistance of the amp

- . . |
/// g e T R is the effective resistance (called the Thevenin resistance) between the +input an
- \ -input with all sources removed. This means that all voltac ot

circuited, all current sources are open circuited and the output
common negative feedback amplifiers Eanb;sﬁﬁp” to the followine fo
- o (Figure 4). -"H

, Fig. 3 Comparison of noise allowed in by ideal I.. L
I and practical bandlimiting filters R

L filter response depends on its rate of roll-off.

. The extra noise due to the ‘tail’ of the R,
P . If the rate of roll-off is 20 dB/decade, then advanced mathematics shows that

Effective noise bandwidth = /2 * (3dB BW)

Equation 6

Since noise voltage is proportional to the square root of the bandwidth,

Equation 7 ~R =R+ | R)

As before, R, and R, ar

Torm € are valid only for first-ord
il le-nﬂ,lsa'l’hm is the most co

+ components, or perhaps by the mtemalcapacltances in the




= __ “["i W
of curves giving e, as a fi
mnwmaén

ical broadband noise graph as
below (Figure: 3). This grapti i for the's
|

I = B
AUl UIC YD

<1

8

e
o

L/ |1 .

Total noise referred to input (wV rms)

@ R = 12k | 82k = 104 k0

1kQ 10kQ 100kQ
| G)R,=10k+ (12k | 82k) = 204 kQ

Source resistance (Q)
I __Lk ? P - o Fig. 5 : Broadband noise graph for 741 op amp
Example 7 : Source noise resist -
| . S ; ' _The X and Y axis are log scale and th
e the Tollowine circuit. calculate the source noise resistance. Some care is needed to use this graph 'I'hf_._ -and Y axis e /OF B
T 1.2,3.4,5,10 (6,7,8 and 9 are not shown). The bandwidhs are aciuiat
ranges. For example, the curve for *10-100 kHz' means *for cutot
and 100 kHz'. If the actual circuit has a bandwidth of 30 kHz, fo
to estimate the value of e, between the graphs for 10 kiiz '

its and the output. This makes 10k and 4k7 in parallel.




——————— -
-—-—_‘-- ——

lrr'rnlh ;f_,u r}.},ﬂ_‘- |” {_ _‘, S o

@gmcg of 20 kQ. It is T Anput noise
h t M ampljﬁeﬂw Y I”n—ﬂI 1EII 1ile - —

the broadband noise ST3ph (o cbiain The gﬁ&uﬁtﬁ_mm # 4P Amp has source ng

amp has squared i

current of 3E-25 A

Calculate the total equ_iv’ﬁlentmpw 1G

H”b Fr “(_. l

I il
Solution .

R. =20 m T = 273425 = 293'*1{, B =314m,,-
e =4 ¥ 1.38E-23 * zga*mkmsmk )
= 10.33E-12 V¢ :

€, = 4E-16 * 314k = IZSﬁB-uvL- -
i ¥R’ = 3E-25 * 314k * (20k)= 377E-12 V2

= y10.33E-12 + 12.56E-12 + 3.77E-12 V
= 5.2 uV rms.

the same answer with a lot Iess wnrk

Noise gain and the output noise voltage

The output noise is calculated by the formula: .
100kQ

oa m e oa 1B
output noise = total equivalent input noise * noise gﬁg - |

We have discussed the calculation of input noise n,bymr o meth ethods : us
broadband noise graph and using equation S. The W%mﬁ ; e i 2 .__f..‘_-.:fl;n.?f
Itage gain of the circuit, whether the circuil IS inverting inverting or anything
Ealeulaﬁnn of e, using equation 5 s
imilar to offset voltage calculation.
If the broadband noise graph is not available, we have to calculate e, using equation else. This is similar &
5. We hﬂ_w_ MB’ seen how to calculate R, e and 1, if we know the BW and the

noise V/VHz and A/VHz. The resistive noise e, s calculated from the formula

ey = : irg_:_ #J:TRI | = B Equation 92




— .'— | I
—
—— -

. Wyle 11 4' I@u;‘ sy F:? ’T’,}:“"l'ﬂ -: ___ —=

'h r’\f f i:( .l'ji '! ;

. Cﬂnumﬂng exmpleﬁT‘m il!ijt lr II  Input ,“ al is sine L
p and ﬂﬁmmmﬁl”; 4. C ‘;‘hl’a”]_ - 1Ne wave of

(a) Calculate the i'uutgu;;:’gm_

(b) Calculate the input SNR. m'

Sﬂfﬂﬁﬂﬂs - L

S —
(a) output signal = -100k/4.7k * 20 mV p-p = 425,
215 435 5 (2¥2) = 150 nﬂm
: 100 kHz. uutput noise = UV rms (from example 11)
R, = 6.4k (sec example 4). Using the graph in example 3, for A - output SNR = 150 mV/210 uV = 7164 = 57.1 dB
estimate ¢, = 6.5V s

in = 1 + 100k/3.2k = 32.25 (b) &g = J4*l 38E-23+298+6.4kQ=100kH; = 3.24uV

| - 6.5uV * 32.25 = 210 pV rms - Input SNR = (20/2y2mV)/3.24pV = 2182.4 = 66,8 dB
(c) output noise voltage = 6.5 25 = '

Measurement of noise o
Sig T-_tﬂ -ﬂﬂm ratio (SNR): output SNR and input SNR Since noise voltage is usually expressed as rms, we can measure nnlsr:@n' y :. th a
-ﬁ'ﬂ that, even with cheap general, purpose Op amps, the output noise 1s quite true-RMS reading meter (such as an AC millivoltmeter) and use the readin g directly-

Smé lfi-n;oms hundreds of microvolts. So why worry about it ?

If you use a DVM, you have to multiply the reading by 1. 13?111%5} cause
- l ¢ circuits, especially those used in communications and measurements with DVM is internally calibrated to read only sinewave rms Voltages.

L oltage using a DVM and a
transducers, & mgnal is also quite small. What really matters is how the signal try measuring a :hqr:msma:da:l:cnlzft:r l;agt.he B valie,
voltage c mth the nmsc voltage The simplest way to describe this 1s to use see different reading corekt:

i_.l.!

can us \ | i 'T&'-r-'r'}’ :f"fl -Tf_f'.'.':_-_i:.-:
Using 2 CRO, display the signal with a slow sweep (yml ﬁ._;_ r |
Equation 10 coupling), observe the p-p noise voltage and :han:shmap

' - (noise p-p voltage)/6
20 log (SNR_,.) in dB notation Equation 11 the noise rms voltage = ( PP

Note thz Note that it is incorrect to divide noise p-p VOUage.
NG : at s wltagcs have to be used. Noise voltage is already rms, so signal o Tonshievales
voltage also has to'be made rms. only for :

f; 1.13 and 6 mﬁﬁ »ned above come from advancec
actors yned above ¢
= -: i l' € I way for output SNR. For input SNR, the The conversion Y

l.-ll"

thematics beyond the scope of this modiies
s gﬁ[f ﬂiz re.mm;e HOISE not the total unl\fa]ent lnput noise €, matne y

udes e, and i 1, Which are really added on after the input, so it 2 ot
di @em in the input SNR.

Equation 12

e

1
._,_.:'-35': ?_.-,q in put SNR. for two. reasons the fonnﬂ:r
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About this module .

This module is a part of the electrical/electronic s
Engineering Technician and Engineering Associate ¢ “urri

The prerequisite for this module is NE182/7794A Amg
shows the place of this module Analogue Electronics 1 in tF

engineering stream. =

ﬂm!lhﬁml

This module extends the knowledge in the pmeqmﬂw mndﬂlﬁﬁw by St
performance limitations and specifications of operational amp ifier
of this module you will have developed an understanding nﬂh‘ |
selection of workable substitutions in circuits using modem operationd

and analogue integrated circuits.

This workbook is not a substitute for the re
will help you by providing technical inform

.....

have understood the topic and help you prepare fol x the comp
The module 1s divided into five MBIIEE f "_- -
progresswely The sections are: -
Basic op amp circuits .
. DC non-idealities S
e« Slew rate iy

« AC noise
Frequency campunsauan e

The review questions and skill practice exercises W {



d for this module

and Design with Analog Integrated Circuits (second
ati .r 5

ey

-1 b‘Hillh lg\ggl-

[
J’

Sernok F DHSGDH Qpemnanai Amplifiers and Linear

. : - | R‘a"mkﬂ' at h.— Dp--Amps and Linear Integrated Circuits ( third edition).

Rutkowski, George B. Integrated Circuit Operational Amplifiers (second edition).

Prentice-Hall, 1984.

Other reference material | |
Linear data books and application notes published by various IC manufacturers, €.g.

National, Fau'child Motorola, Analog Devices.

Student purchases
The following components and materials are required for the skill practice exercises

and practical tests for this module.

» Type 74l opamp - 1 required; at least one spare recommended (741, 741C,
741A, 741E etc. are all acceptable)

1 required; at least one spare recommended

« Type 301 opamp -

+ Protoboard - 1

+ Banana sockets - about 6
| » Resistors (1/4 watt) - must include several different values in every decade up
-* to about 2M2

* Capacitors must include some electrolytics values up to 100uF;
' small capacitors about 3pF, 10pF, 30pF and 100pF; a
| variable capacitor in the range 3pF - 30 pF; and several
_ non-electrolytics in the range 100pF -100nF
| » Curting pliers and wire stripper
- Hmeconmmlab) g wires (cables for connection to lab instructions will be available in
p * Scientific calculator eg. Casio FX82 or similar
2 ﬁtﬂph paper - several sheets of linear x linear and log x linear

2

3 Slew rate
Skill practice 4

4 Noise |
Skill practice 5

> Frequency compensation

Skill practice 6

Digital multimeter will be supplied to you in the lab, but you may use your own.




Section 1: Basic Op amp circui

SUGGESTED
DURATION
6 hrs To acquaint you wxﬁmhe -_ o & -5;_; ion a

30 minutes simple linear op amp circuits as detailed in the
objectives. '
In the study of this topic:
o theoretical work assumes ideal op amps
» only dual supply operation is considered.

Objectives

At the end of this section you should be able to:
O] state the meaning of the term ‘operational amplifier’ (or op amp) ;;;l:—.fﬁ e
the main properties of an ideal op amp '

:"‘—-Eﬂ—

[ given suitable specifications, design the following kinds of operatic
amplifier circuits using dual power supplies: .
- inverting amplifiers
- non-inverting amplifiers
- voltage followers .
[] for each of the circuits in the second objective, stale O
phase relationship between input and m.ll:gutmd re: £
voltage swing and minimum load resistance based o n the maximum ©
current capability of the op amp

O given typical transconductance and transresistanc ce amg m £

relations between the output and aﬁ@l& nputs

(] understand, and apply m_Pr;ffﬁ
attention to selection u“il"; ' nts, |
components,gooﬂ winng, € arthing, Su



The operationa __' ampl
The operational amplifier (op amg @ga..-- th-gain DC amplifier wi

......

lﬂpllt ﬂnd Si‘ﬂglﬂ-ﬂlﬂkd Gmput u’ nﬁl 'i.” d i

o o M AL _': 4% 4.

I- ‘Blffﬁfﬂnll.ﬂl fnpllt:' mw'ﬂﬁt L -1 _;;-I ! -||L Al ,-J'.,,?,',h-',-'-'_._-_'
and the ‘inverting’ or (-) mpu],. Mhe am ﬁhm .....‘n' u;;:._'!- e different
between the two inputs. et - . '

-1 1

‘Smglc-cndcd‘ output means that there is one output te
1s taken from that terminal to ground Level ﬁhifﬁngL
ensure that they can work with a variety of power m‘pﬁl

same outpul.

:::::

Fig. I Operational amplifier

The op amp is capable of working right down to DC, which i is zero frequen
is possible because there are no blocking capacitors in the op amp. :

Op amps come in many types, some having better sp o1 ‘_? 12
Some are general purpose, some optimised for good. DC performanc
optimised for use as switches, some for high ﬁequcnﬁy etc.
many packages such as 8-pin mini dual- inline-package (BIP).[ 1 D 1"
round metal can or dual packages (fwo op amps mlo‘ncpm
| types 741 and 301 are used for work in this module.

Absolute maximum ratings .
| Op amps are very rugged and easy to use, but you ‘must check and st

absolute maximum ratings. If these are. exceeded, the op amp may be ¢
| most important ones are:

. maximum supply voltages. For the type 741;,% are =

operation) or 36V (for single supply) Other types may have

| specifications. -

» maximum input voltage at eachempum =au'- na ‘r' Typically can
within 1 vult ﬂf IheDC snpp)g Jui oac. (Most op amps ha

..... —

—
—_— e L §

fﬁ-.-ru '1’1. osue Electonics

|l-1'



~wal ampliiier - -
g 112 " op amp CIr i Em,lsr 1 :jtm'llSGf'ﬂ o Sup POSE that the ORaips
o erational amplifier are that:

3 L.L.‘I.gl “"::I M (4 -‘ a qpﬁl__ﬂ_ﬁ_ﬂnﬂl.

nas 1 o gh'l'n (AVHL between the iﬂpllt terminals and I

."I-I;-" D & .‘ e _ mut misml_lce" .
e ” g ﬁ, as between the two nput terminals themselves '.

output resistance of the op amp IS Zer0.

‘Real 0 mpscqmc close to the ideal. For practical op amps, the voltage gain may |

 hn A0 at DC and drop to a few hundred at upper au |
g st P s : a few MQ to a few GQ2 depending on the

ts may be under 1€2.

. Ez) Thmqput resistance may range tfmn:g
- é‘lﬂ- The output resistance in typical circul

The ideal op amp is also supposed to be noiseless, its parameters independent of
ﬁeqlﬁ'e—ﬁcy,'and not introduce unwanted phase shifts between the input and output.

These issues will be dealt with in later sectons.

In the study of this topic, theoretical work assumes that the operational amplifiers are
ideal. Only dual supply operation is considered.

Linear amplifiers and negative feedback

Op amps have very large voltage gain. If we put the input signal directly between the
+ and - inputs, the output will tend to become so large that it will be distorted. For
example, if the input voltage is 1 mV and the voltage gain 1s 50 000, the output will
try to be 1 mV * 50 k = 50V, which is way beyond the voltage handling capacity of
the op amp. So the output will not reach 50V, and will be distorted.

Abmramplﬁcr has an output which has the same shape as the input without
dls!qrﬂtm (though phase shift is allowed). So an op amp cannot be directly connected
as a linear amplifier.

Zfsgm Feedback (NFB) is a method of reducing the effective voltage gain of a
ﬂgmtmtacunmllad manner and thereby, linearize the amplifier circuit. With NFB,
iﬁ m‘?nltage(or part of 1t using a voltage divider) is connected back to the
inverfing nput. If the output voltage gets too big, then the - input voltage also

increases due to NFB. So the effective input voltage for th :
and the output also falls. - R S dacrrasedl,

voltage gain of the op amp, after using NFB, is called the closed loop gain

] '__; xTﬂmﬁ usually much less than the open loop gain of the op

¥ 1hat when we talk about the ‘gain of an amplifier’, we usually mean

ain (unless stated otherwise),
I e —r ¥ _...-"."'

dio frequencies (e.g.20 |

Analysis of ideal linear (negative fee
The analysis of all negative feedback op
NFB and there is no distortion. The rules are as fol
" Because of the large open Iocipg f:;"? i
the + and - inputs is sufficient to produce a sizeable output.
= V, = V_for normal operation. B
B Because of the large input resistance, no c rrent flows into the input ter
of an op amp. (Note that current maY nwji. .r~ '- A=
around the op amp.) . TR
) Because of the low output resistance, regardlﬂsufﬂln' load resistance
connected to the output of the op amp, t‘hefiﬁjtﬁﬂlfiﬂ e e
that the load current must be less than the maxmumﬁﬁfpiiﬁ E.;"._.!;*:_Tq;r-:
the op amp.) T

i
e

Non-inverting amplifier

=0 -
V_=Vs > e ﬁ—l:kl'—J S

Vs (.-)

Fig. 2 : Flg. 3 >
Non-inverting amplifier configurations

The circuits of Figures 2 and 3 are both nuné-inv:r_ting;_amg ifiers. The inp
wired to the +input, which makes the amplifier non-inverting. the :
connections are not shown, even though they must be presen

If the op amp is ideal : SN s
. the (closed-loop) voltage gain Ay = vi/v, = (1 + R}
. the input and output voltages are in phase

PR oy e
ote : it 15 not R_|

.« the input resistance seen by the suum._iiiﬂiﬂ
A |

. the output resistance =0 P -
g R‘ . ] es no diﬁ-gmﬁce lf.'l L:m _- 'ﬂ_';}z‘;'.*:':"ii"'.[. above. (1heT
including it is given in the next section.)
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jat is the minimum voltage gain of the circuit ?

) To get a voltage gain of 61, what should be the resistance of the

- .'i.{(éj What is the signal current drawn from the source ?
s | (d) If the gain is set to 30, what is the output voltage ?
I 5.""(4'.,.'3' If this amphﬁer is driving another amplifier of input resistance 5k€2, what
" | will be the output voltage of the first amplifier (gain = 30) ?
T ' l; (f)  If the signal source has internal resistance of 1 k€, what will be the output
| voltage (gain = 30) ?

A .= (1 + 10k/1k) = 11 (when the pot is set to 0Q).

For A, = 61, Ry = (61-1) * 1k = 60kQ
Since 10 kQ is already present and fixed, required pot resistance = 50 k2

0

v, =30* 10 mV = 300 mV

-

‘unchangec

PRy S—— ——

Fig. 4
Inverting amplifier configurarions

The circuits of Figures 4 and 5 are both i]:nrertmg amp r‘f‘-f_ it
wired to the -input, which makes the amplifier mveﬂ:pg h h‘éf_ supply conne

are not shown, even though they must be present. -

For ideal op amps:

the voltage gain = v /v, = -R/R, (Note : the voltage gain, for the s ‘.i:;
components, is one less than for non-inverting mnphﬁnrs ‘and has a minus

sign.) .
1

the output and input voltages are out of phase (as shown hy he. .m.urr : m in
the gain formula)

input resistance of the amplifier = R; (Note : i“mﬂ“ﬁ‘m@
output resistance = 0 -

R. has no effect on the properties of thea:{?gl_jﬁgﬁp =




. _.-‘._'...‘ lllllll
i

g,ﬂg *R, = 0k
.~ The circuit for part (a) is shown below without the power supply
connections.

30k

= \
(| Vs / _;u %

|(B) R,=3kQ as before, but
Ayq =30 kQ / (3kQ + 600Q) = 8.333

- ——

Vs




o owers, though circuit 6 is the
and 8 are all voltag® o the resistance R,

he circuits ﬁ gl :. ;‘-}f} Sl e valtage = lower Circuits,
P ‘lr - -'L.,';;’-_*_. i!ﬁbsﬁﬂl-

age gain = 1 (L.e. input signal = outp
s and input are in phase

ut signal; there is no voltage gain.)

- - is circuit is its high

W ain, the useful property of this circuit 1s 11s :

. tﬁ“ _- mwmuﬂg: g;;nful buffer between the source and the ilmpllﬁer.
%mﬁnlﬂ" e m S o3 'g' amplifier can change with the source internal resistance.
11 & :,ﬁiﬂﬁﬁ;,-m"m“im,;gucﬁ as the differential amplifier where the same problem

a&u se: )'Iha buffer isolates the source from the amplifier.

irrent to voltage converter (transresistance amplifier)
Mﬂny useful ﬂgnnl sources such as transducers and light detectors give a’cun‘ent as
their uutpuL'Ihe easiest way to measure this signal current is to convert 1t [0 &

voltage. It is usually not enough to pass the signal current through a resistor 10 n_lal-ce
avolmg&bemusc the resistor will load down the signal source and reduce the signal

current. In such cases, an op amp transresistance amplifier 1s used (Fig. 9).
This circuit is very similar to the inverting amplifier.

0 Vo=-Re* Is

Fig. 9 Transresistance amplifier

The input current must flow around through R, because the op amp input does not
w_' = V+ =0V

.?'1_.-'11'-.-,- =0'RF * ], - . RF * I'

_1 ‘lhsm'ﬂnsﬂ:at V, = L. The ratio V /I, is called the transresistance R; of the

EA100/7761A Analogue Electronics |
Student Workbook

The signal source drives all its current into R e
cutput, which has 0 output resistance, so the enes T S s a

- — —

Example 3 : Transresistance m_f_l-cpfiﬁqr: -

In the following circuit, the D to A converter gives an output current in the ra
0'to 1.992 mA. Select R to give an output voltage range of 1o B

Rf i

I |.I'
2
\

Solution . w,

Ry = SV /1.992mA = 2.51 kQ

~ ey
Voltage to current converter (transconductance amplifier)

o
|

Load L=

Ipi= Vs
-+— R

R,




lifier. Here, our aim

g amp
L] e the input voltage. The
e load, @a?:_mﬁ@mg uﬁgrsp or meters. The

| The only conditions are
ytput to the -input, and the

the load characteristics, the load curreni

5V

(a) Is the diode forward biased or reverse biased ?

(b) Calculate the diode current.

(c) Calculate the output voltage, if the diode voltage drop is 650 mV.

(a) The direction of current in R,, and also in the diode, is from right to left 1.e.
-anode to cathode.

. The diode is forward biased.

(b) Diode current = 5V / 470Q = 10.63 mA

| (e) Output voltage = 5V + 0.65V = 5.65V

e, 1 ‘ uit in example 4 above is useful for measuring the voltage of a high

ree (by putting an ammeter as the load), and to get the V-I
rﬂf nﬁn»hn&a}' devices (by varying R, to change the current,

™
- §
-5
v
'."'- ¥ .‘ |
Rt N P - = 5 T .-
[l a—=t—

Maximum output swing in op a _
We have mentioned that the aﬂtpnt '\r ;. ty of op amr
power supply. In practice, the maximu; N or e
an op amp circuit is a few volts lesslhnnth, )
try to make the output hlggernthan the maxi nm..\,, 3 ,“_.,_f i

topped). ol

The maximum output swing decreases with the load current. For example
+15V supply has a maximum swing of £14V (or 28V p. p) for a 10 k¢
only 13V swing with a 2 kQ load. | ol

H.
L.. '; i AN
-

Vo

vu_f
T * supply ol
=+ + Vo max +Vnmiﬁ ?' e !
i t
I [ Zsomy |
1 - Supply -
Fig. Il Normal output m-:m Clipped output
Breadboarding practice 1

The following tips will help you to do your practical wmkm th 75.':- (; th the
minimum of hassle and frustration, and to reduce the chances 1C

1. Do any wiring, or changes in wiring, with the DC power supplies switched off

2. Set up the power supply voltages before connecting them 104 i-_": It
Especially check that the supply voltages are within the op am =4” Lngs.

3. Loose connections are the biggest problems 0. mblatmin :_«1 circu!
sure that the sockets are mounted tightly to the breadboar .
inserted into sockets securely and not wrapped al:a

not recommended.

4.  Wire the power supply leads first. Do not forge
ground to circuit ground.

5. Keep all leads and wires as Shamﬁ ossible. Use s -slded cabl
for cnnnecuunwextemal struments.

-----------



A DR— the holes in the pmtobomjd.
T |';E'!-§'- ce thick Jg!; mﬂﬁﬁu use the board, you will be

i 1 = aards. I 18 easy to bend an IC
o oving ICs into boards. It IS easy 76 B=
sy '%!Wml‘%a to get a special tool to remove ICs

r-"__ﬂl‘
Yo 0H14

...........
'''''''''''''
................

‘ons o a single point rather than use a long
e i noise.

rail. which could pick up

o e L crarial that you have not
| o tast 21 wirine before appl ower. Especially "-'fhﬂfk
+a ii" ﬁa’;:.gaﬁ the output is not wired to a supply or

g i
= =

Ammeters often cause problems. If possible, measure the voltage across a

m:sturand chlt:tllate-r.he current.

12.  If external noise pickup is a problem, try connecting a decoupling capacitor (10

oF to 100 nF - the exact value does not matter) from each power supply pin to
ground. If you have to shield the whole circuit, a simple idea is to place it in a
closed biscuit tin with holes cut out to bring out the leads.

13. Do not measure a voltage directly at an IC pin. You may accidentally short
two adjacent pins together.

Power supply connection for op amps
For proper operation, the op amp needs DC power supply connections. Usually, we
use two DC voltages — a positive supply and a negative supply of equal value. The
maximum supply voltages are given in the op amp data sheets, e.g. + 22V for
: general purpose op amps such as type 741. In circuit diagrams, usually the power
= mglymnnmunns are not drawn, though they are supposed to be there. It is
Wlthal you connect the DC supplies to your op amp properly, especially
{aking care (o connect the power supply ground to circuit ground.

DEBO) ) ampsuchas 301 and LF351 also have the same pin connectj'ons as
€. they are pin compatible) but have improved specs.

0

\ \ v
To+ o To ciruit To
supply pin ground sm_l'rm

Fig.14 Dual power supply connections for ap amps.
1
Summary _ 1
The ideal op amp has infinite gain, infinite input resistance and zero output
resistance. Real op amps are close to ideal. —_
“im
In non-inverting amplifiers, the input signal has a direct connection u.*"
these amplifiers, A, = 1 + RJ/R, ; R, = =2, R, = 0; output and input in phase.
Sy

R, e el A et
o 4 ’

In inverting amplifiers, the input signal has a dnact nection o th . For
these amplifiers, A, =- RJR, ; R, = R,..Rg=ﬂ;.;:qmp§_l_§;g_ij@.- of | -_;_'-_';-:.-_
the same components, the inverting amplifier has a smaller vo EELECE{;%.'-.T#:'_--i han the

non-inverting amplifier.

In voltage voltage followers, there is no R, and th rn‘- cted to th

— =20l

The A, = | Le. input vﬂltag==ml!ylﬁ,?@ : ";_'.;Et-ll o Ry = [ I, outpu ~and
phase.

This circuit does not amp

load to prevent loading errors.

- ‘-H!‘:!~..I|'.I,"_-'“51{"_z”l".;_'-_','L:'.". sOlate Ir
= = ¢ = = O LA 3




max:mm supply voltage,
which can be handled by the
lished by manufacturers.

ically one or fwo volts below the

A ‘;‘J ‘Jl_l u'l!

; | dambookspllb
.-ri I ﬁﬁihﬂﬂpampls rypl

l.  An inverting amﬂﬂiar orks with +]21
O L -,.- e m:’i‘ . L“&r:
and has no internal mm *

(a) Sketch the circuit,

[k,

(b) Sketch output voltage. Show important amg
relations.



) What will bﬂ‘iﬁﬁ
‘wave? '@Iﬁ&“‘W’ ewaves, full wave rectified a

Fi"\- —r.--

(b) If the diodes have 0.6V forward voltage drop each and the m
resistance, what is the maximum output voltage fassmmnﬁ' -’H-

2. (a)in Q.1 how will the output voltage change if the signal source has a !
significant internal resistance? |

(b) Sketch an addition to the circuit in Q.1 to overcome the problem mentioned
in part 2(a) above.




' ¥ 1||ﬁ A

5. In the following circuit, the op amp has a maximum output current of 25mA.

What is the minimum value of load resistance’

+- -
Il - —
1k

il. lm

-

pel ".I T

Skill practice 1 .
Suggested duration
1 hour 15 minutes

Tasks .
=  To measure the vqm;gé
=  To measure maximum outpuf
@ To measure mmmlimmamg_un

Equipment -

* One type 741 op amp or similar (c.g. LF351)
» Sine wave generator (general purpose Mu f ﬂh_ﬂ vwf"ﬁ,? < or semeraed

adequate) f. N generator
) 15 MHz dual trace oscilloscope r it
- +15V DC supplies . .# _
*  Decade box (range at least as wide as 1008 to 100kQ)
- Selection of resistors .

Circuit diagram

3 C) . 3 Re

Procedure

Step 1 Setup and observation of output

. Use +15V DC supply voltagﬁs;
Connect the circuit as shown, re:
your op amp and the method of

section. You can vary EF‘ 2d F ::_.-k,
10 m alld Rl. = l'l m ) llli-.::i-;-'-,
Male. e dCe e Sl N

'
,.E
4 111



4{111!; IH

i the experi mgegmv.m

rted output voltage swing
s o tuig output and increase the input signal until
e output just begins to clip. =
e imum undistorted output peak-{0-pesk gOLEE BV Te
um urrent
out ’Slgﬂﬂl juSI below chppmg Decreasc R until the Dl.ltput

istorted. Measure the peak outpul vnltage and divide
um output current.

it by RL, which gives the maxim
v, (peak) = R, =
. Mazumum output current = VJ/R, - VJ(Re#R)) =

Discussion guesfions

1. Calculate the voltage gain by theoretical formula:

m m@-ﬁ:@y g ﬁ M
Suggested di

| hour lﬁ_t:l:nitlpg1
Task .-

A, =1+RJR, =

Compare this with your result in Step 2. Find the perc
your experimental result.

entage error in

9 What is the phase relation between the input and the output?

3. How many volts is your result for the maximum output voltage swing
below the power supply differential?

4.  Refer to the databook for your op amp and find out the specification for
the maximum output current of your op amp.

To measure

the mpntﬁmm‘- of ar JEH lifier. ;.
Eqmpment |

One type 741 op amp or Sm:ulh‘r (Eig:,' &

. Sine wave generator (gen;rﬂ s S
adequate)
15 MHz dual trace oscilloscope
=15V DC supplies

Decade box (range at least as w Uﬂmj
ide as
Selection of resistors e .

Circuit diagram
1 _

A
_/
!

=

Procedure

Step 1 Setup |

. Use 15V supplies. |

. Connect the circuit with suitable values of R; and R, (¢ () and 1 kQ
respectively). :

. Make the decade box resistance = 0. |

. Set generator to 1 kHz. _

¥ Observe the output on.a CRO 0 and adjpm m ut signal amplitude:
output (as in sk.lll__pmi:ue; 1) 4

Step 2 Measuremenis oy o
. Observe V and v on m., : :'— 111.- -;;1_-7#-;... :,

- Increase the Md;h_ﬁx esists

Vi (’I‘hlﬁsma:f 'llgt» )

m ﬂnﬂ e 'mu -V, and [




v the input resistance? , anm
| 4 hrs 30 !Iiiﬂs _‘_
' I
istance if V, remains very nearly V,, no
Objectives

abo ce | : . : . Y Shﬂll_ld be abE. to: - I
U remains close to zero, no f this section you
I ﬂﬂ What can ou say ut the mput resistan if ]

de box? U in relation to input offset voltage: - :
matter how you adjust the decade * define input offset voltage and read typieai-jvﬂj;‘_engmu_ types of
op amps LUES for e YP

* calculate output DC offset caused by the input. OMvn
common amplifier circuits

state practical means to reduce the effects of ﬂ” o RS
I i jale th t 5 u
Does the internal resistance of the function generator affect your experimental S e purpose of offse nulling and munglﬂbgﬁ
4, & intern

circuits
result? Why?

CJ in relation to input bias currents:

* define input bias currents and state that the inr r’mhﬂ‘ S current
given in data sheets is the average of the two bias currents
*  calculate the output DC offset voltage mnsﬁ& u,:i_r,; input bias
, without compensation
* state practical means to reduce the eff ‘_ of the
. * state the purpose of bias compensauon,, Iculate

| bias compensation resistor for anmmgpl operational amplifier circuit

[J define input offset current; ca.lculana !tequ@ !”flrgn...
input bias currents for compensated ‘n

O in relation to the effect of DC offsets on output: -
» calculate the total DC output offset d;;uc;n nput offs _,
currents for both compensated lEﬂ ncom 5
| « state and sketch the gcncrg_l aﬁ?ﬁ& ngqr' put offset voltag
I currents on AC signal outputs

mmrm mma Electronics 1
mw
 January 199



n B'G'Dﬁ?ﬂ‘s and current due to
ffset voltages
ofﬂ:g i;‘g::: suppl}' variations on the output

ﬁif—ﬁ ﬂmgnpm offset voltage, input bias currents, and input offset
 current for an op amp

O demonstrate nulling the output DC voltage of any common {ype of op amp

. | @5 741).

section.

Thc fnlluwm references deal with topIcs in this
Jacob (1993) pp 171-186
Rutkowski (1994), pp 38-67

Gayakwad (1993). pp 157-194
Coughlin & Driscoll (1993), pp 231-248.

:"“!-ﬂ'-"i!!@'-ﬁ-:-ii

ﬂammm Analogue Electronics |
ok
- January 1996

Introduction

Until now we have studied ideal operational = amplifiers. Real
amplifiers come close to the. ideal, but not L F!.u Fo

we can indeed consider the op amps to be ideal 2 ur:l-t'-f:.."'
want to get the best out nfnurop amﬁ,m;wgyg H%*:
signals, we have to understand the kinds ﬁf‘m intre d
hopefully correct for them. This is the theme of this and the next

In this section, we study the DC errors in ope Al t' ke +-- ORI -
to input offset voltage, input bias currents and input offset ¢ cirrent; Tu The T ih e
sections, we look at problems in working with AC signals. he next thre

The DC errors studied here are usually qmtc small, and ﬁ'ﬂ.’i dn Aot affect the AC
signals greatly. However, in many measurement and testing applicati t,‘:r 2 Lk

levels, temperature, pressure, the signals are very small and sl
the DC errors in the amplifiers may be significant. "ﬂ? Qﬁm

Input offset voltage (V.
If we connect an op amp as a voltage follower and ground the input, we W
expect zero output voltage. But practically there would be a small DC output
This is called the input offset voltage.

The op amp has a differential amplifier at the input stage, consi:
for the inverting input and another for the non-inverting u@m These tw
have slightly different DC voltage and current charactenistics, cz si
offset voltage at the output even if there is no input. the in,
is caused by small DC imbalances at the input stage of
may range from a few mV to a few tens of pv.

Notes
« The input offset voltage does not dlmctly affect AC sigr ;.ﬂﬁ.. '

« The input offset voltage does not zwtuall)r exist at the inp m‘f Jenihik
be measured there. You can only see its effect at the outpu
«  Values of V,, vary from type to type and ﬁ"ﬂ'mdiﬁﬁ;
type. Typ:cal values of V,, for any type can be read from {
« The input offset voltage can be positive or uegﬂh?ﬁn epending on the infer
details of the op amp. The data sheets always M _-,;,g*:_';_'_ tude of v, as
positive number. - I'

Effect of input offset voltage on output DC voltz u;,
The output DC voltage (due to the input offs et voltz .; '| :
= V,, * (1 +RJR)

* Vs the input offset voltage of the rul“_‘_ ice
5 F 15 thﬁ negau;im ﬂn d :"{ "i [ L
RI IE ﬂlﬁ I:Otﬂl YL .



d, you must take
e B inverting input to groun
e resistor is in the path from the

tor 15 10t jately. -
5 or parallel effective resistance 3pPTOPEEET Al RS
T o amibe i mﬂ factor in equation 1 above as the 81N ke 2= e
:-. "”: :E"_._;T -liﬁ:ﬂ " oe 1 | i b |._|| .'
_h' a i the amplifier is wired as non- 3 T
.*:. ﬂ lll l[ﬂ: w ﬁﬁ'ﬂ 3 .. J: mmula @p]ies whﬁlher P I oO— + iz f-:'. 4: - 'li E&_
10 : I S .:'.-1 1 '|I‘ 3
_ Lo |
specify maximum V,, to be 3 mV. The signal e 1
ampg;sa Q. The maximum output DC voltage caused by | = e
e of Y _ i}
(1+ 100k / ( 1kS2 + 600Q2)) = 187.5 mV DC , .. e
100kQ |

1kQ \ ' After connecting the amplifier circuit and the offset nulling compo: =T,
mpuL observe the DC voltage at the output and adjust the 10 kO pgt lmhljr

-

17 Note that this circuit is not universal. It works for type 741 op amp and a fey

Py If you use other types of op amp, you have to check their data sheets to:ﬁ::[ﬂ ¢
C-" — correct nulling circuit. Some common nulling circuits are given in | Cnul nlin &
= = Driscoll, p.244. ] -

e. ] Calculati he input offset voltage If the data sheets do not give any nulling circuit, you can ust '
Fig. 1 C ion of the effect of input off nulling circuit shown in Figure 3. This circuit effectively adds a st
Reducing the effects of input offset voltage | the input to oppose the intemal DC offset voltage. _I."'
The effect of input offset voltage could be a nuisance in high gain amplifiers. If the | - aly
problem needs attention, you can use some of the following techniques. | I*V“ i —
_ ! i . R i .h | I_
* Choose high quality op amps with low V, specifications (Look through hnear o ' 1kH i i S
d&tﬂ bDOkS.) ' I ' | E — ipi {
= If possible, work with AC signals rather than DC. For example, a pulsed (square m ke ==
wave) light source may be used, rather than a steady (DC) one. 1A i i
» Use an offset nulling circuit, as explained below. \ 5 = i '
- m — II . Il 1
Offset nulling methods | *._E .
If the offset voltage is a significant problem, you will have to cancel out its effect by R
nsmg an offset nulling circuit. The general idea is to inject a small voltage into the | s
ik input stage, just enough to cancel out the DC imbalances. The data sheets for each | Fig; JilE
. type of device usually specify the best circuit to null the offset, for that device. For e
mll:am the Mﬂnded it:r;mt fo; tl:(lg"fl type op amp (taken from the National Input bias current (Ig) 2
#AR&: book) Own 1n Figure nnect the ends of a 10 k) pot between currents ar ~anot
1 and 5 and connect the centre lead to ¥ | E,ﬁ:f;:nrm '
supply): -:de any input

Ats 10 W

Mgyl s, = |



.ate (one each for Wie ass= ==

o 44"1"”&,]&*313 nearly, but

By | TBUIE TR B he two bias currents
sually ‘average of the (WO B

not exactly,
and call it the

B . = e e - F .
ias current ﬂﬂmpﬂﬁﬂﬂnan input offset current

'€ have seen that 1, flowing through R, canses an aurais fe
voltage can be partially méfﬁwl;* fine Ak

of cancellation is called bias current compencar
current ompensa

f'- n.
.

| For bias current compensation, P e a
\ R, in series with the nun-mvmg@ Mhe ve
/ e e =il Equation s~
i As before, R, is the total effective ms:sfsnaerml — H- _r
| -inl?ut and ground '(iucludi_ng_ a]] series andpaﬁ]]_e o ke o
R. includes the effect of any other mmmm .: e S & |
After connecting R,, no other circuit adjustment is necessary.
Fig. 4 Bias currents of an op amp | The ?alue an:d location Of'_Rt is the same fﬂrboﬂlin" A A S
| aIUPhﬁCfS (Flgures S and 6). g .;._uu.-._.._;_:.__!__,
S such |
. The value of I, depends on the type of op amp. For general fb“??sz :PDazEm‘:n) as
| type 741, I, may be about 100 nA. For FET input and ‘superoeta. {1.¢. £ |
input op amps, Iy may be as low as 100 pA.
The input offset currents cause a DC voltage at the output becguse they flow through
the external resistors in the circuit causing a DC voltage drop 1 them. W ()Y ro T
The DC output voltage (due to bias current)
=L *R; Equation 3
| | 1 Fig. 5
. If the data sheets do not give Iy , but give only I; (i.e. the average of Iz and Ig, ), | : : .
The DC output voltage (due to bias current) With R, present, |
I o I x : 1 ; F
=L ¥ Re RUlaKon 4 | the output offset DC voltage (due to bias currents alone)
= ¥ - : 1 . - -
Equation 3 is more accurate than eguation 4. Re * (Ip. - Is.) Equation 6
e R : : . ' ation 6 with eguation 3, we see that the output DC voltage due to
In the circuit of Figure 1, supposing the op amp has input bias current of 100 nA, the E;mgﬁﬁt:?: muzh reduc:dq hecatise e tuo HeE m ire nearly equal an
output DC voltage due to the bias current alone, ignoring the input offset voltage, 1s their difference is very small. ' e on i
100 nA * 100 kQ = 10 mV DC. _ - e
- . : The input offset current (I,) is the .-".-'.:335":‘7:‘-_’:-73&’"'-’ he two 'Dias
Methods to reduce the effect of input bias currents currents and its value is given in data sheets. .
= Choose an op amp with low bias currents specifications e.g. FET or superbeta | I = | = Ig)l ‘Equation 7 .
input stages. ; s .
= Choose the smallest possible value of R;. For example, you get the same gain by Using the definition of themputoffseﬁ <oxons) R EIRS
choosing Ry = 100 k and R, = 10 k, or by choosing Ry = 10k and R, = 1 k. . the output offset DC vﬂlmg&fd‘f“?bm OIS e
| resistor is present) '

- The second set of values give much less unwanted output DC offset voltage.
= Use bias current compensation as discussed below.

'EAI00/7761A Analogue Electonics |
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L wwmchﬂowsmywhem It is just a
= -l- - m“ 5 W of Iy, and Iy, which is useful
Pl e A= “..}. _minimise the effect of DC input bias

and equation 6 calculate the same thing,

that uatinn 3
m eq not present and equation 6 used when

bias compensation is

ﬁI‘Fﬂr the circuit of Figure 1 design a bias current compensation.

l(h) If the op amp has input offset current of 20 nA, what is the output DC offset
 voltage due to bias currents for the compensated circuit ?

(@ R =100kQ | (1kQ +600Q) = 1.57 kQ
Put 1.57k© (or nearest preferred value) resistor in series with the +input for

bias current compensation.

100k

(b) V., due to bias currents with
100 kﬁa 20 A =2 mV REPpeaion =

e — —

i _____*m -F.f"lf,r -j.l H'-rlllr'.jnlr -
_ ]

(a) Design a bias cnmmﬁ‘ﬁqgmm for the fc nhum '

'i_-u
(oo Py L

(b) If the input offset current is 10 nA, what is the output DC offset -.ml ioe dise 1 |
bias currents after compensation ? e

Solutions
(a) R.=2M2 | 2G=2M2 )
Resistance already present from +input to ground =
IM -
- Place a resistor 2M2 - 1M = 1M2 in series with the +input as shown.

I_. i ‘|..- '-I'_ z; _’_ : : --'-'.':III|-.; .1 |I Y
1l| TRIfsS el —

gy = -

|

(b) Vpe due to bias cu rrents

-N.GIE_: 'Eb hh"a‘fnﬂr’ ”“"i:.;_l' "ll «C hnh

A= e —
e —




- T I_'-n . ‘ﬂrﬁpﬂ;ﬂﬂ'ﬂt voltage and input bias
~ offset voltage due 10 TEEEE T
urre i< both add unwanted DC voltages at
O ut offset voltage and inPUt D0 &y cach other, and both may be + or -

LIS

Equation 8]

calculated using equation 1.

equation 8 or equation
nsation resistor 1s used or not used.

- : v =3 mV and I; = 100 nA, and there is
e “‘-ﬂiﬁﬁﬁt: F] g"m 1.' . pﬂSlng that Vm 3 m B ;

fmﬁ it ':_ﬂummﬁ:;pme worst case DC output offset voltage 15 187.5 mV +
10 mV = 197.5 mV.

The input offset voltage and bias T‘.’}* Ty
voltage. Such variation is called drift. o
temperature or supply voltage chz
Data sheets specify temperature drifts for various de
voltage; pA/°C for input offset current or input bias
with temperature for all types of tgplmmps{E and 1 ¢
temperature for BIT amps and increase "*:’iﬁ;ifﬁl‘;’ri witt
significance of this is that even if we carefully null out the «
temperature, it won't stay nulled when the device temperature char

3
h!!—*mn

e

i
T‘i
)
L1
-

.. S0 S
Change in input offset voltage = Drift in V,, * change in tempe) -.:.nl £
Chatgs SO offset current = Drift in Icl ’ﬁhﬂﬂg&mﬂ 1_-a ~quation .I

|-
=
L - =“11AT
o

The power supply rejection ratio (PSRR), also called supply voltage ;F:—In
sometimes specified in data sheets as the change in V,, for a IV change in supply
voltage e.g. 50pV/V. In other data books, PSRR is given as <6 v aBlee
dB. These two definitions are unfortunately inverses of each E'.l_l_":""m-i (PSRR of 96 dB

!
- For the circuit in Example 2, supposing that V. =05mV, ]I, =10 nA and I = 40 is not well stabilized, both V;, and the output DC offset will drft .

nA, and the circuit 1s bias compcniated. the WDSI'SI rijase DC output offset voltage is Change in input offset voltage = change in supply voltage * PSRR (following the

0.5 mV * ( 1+ 2M7/2G) + 10nA * 2M2 = 22.5 mV. first definition) T

Equation 12 -

Effect of input offset voltage on AC signals 1 e

Input offset voltage and current are DC effects and have no direct effect on AC Note that if there is AC ripple in the power supply, or if the supply leads pickup

signals. The output AC signal will be level shifted by an offset, as given by equation noise, it will _shnw up as extra noise in the output. This is why you are advised to put
I 9. The output DC offset could cause problems in further processing unless blocked bypass capacitors from supply pins of IC to ground. - 3
u L : [ L I

out suitably (remember that the op amp can amplify DC), and also, reduce the : Rl - L e e
' maximum output AC voltage swing because one half of the AC will clip before the Change in output offset voltage can be calculated using equations 1, 6 and'3 Exgepk

B b o Figire 7 that we must use changes in V; or I instead of V,, or L.

half, g i
I L g /\ Yo /—\ Example 3 : Drift in output DC offset due 1o change in temperature
= -I 1 ) I .
) A bias compensated amplifier has R = 100 kQ and R, = 1600 Q.7 e maximum
\ / \ / drift in input offset voltage is 30 uV/°C and the maxnnumdnf;eh 2 o
I : \/ : : current is 300 pA/°C. If the circuit is offset nulled at 20°C, whal 15 the WORRL S5
I | output DC offset voltage at 80°C ? = |
| | Solution y
| . o~ ® (R0° - 20°) C = 1.8 mV
s S A . Change in V,, = 30 pV/ C*(80°-2 3 e TS '
(a) ideal output (b) level shifting (¢) reduced swing | Change in I, = 300 pA/fC * (80° - 207) C =185 .
II due 1o offset due to offset \ o iy
. L .. worst case change in output DC offset
Fig. 7 Effect of DC offsets on AC signals ﬁ 18 mV * (1 + 100k/1.6K) + 18 nA * 100858 -I
" = 116.1 mV e = -
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wer supply volage

e % D in outpis DC due 1o chans® P9
I —, - e & np A s l}, vnlmge chmges b}_
- i PSRR of 95dB. If the SUPP

Io sxample o qg_:mhapngehﬂi“ the output DC voltage ?

_ V/antilog(95/20) = 2V/56234

- change in output DC offset
— 35.6uV * (1+100K/1.6K)
=23mV

Review questions
These questions will help you revise what you have learnt in Sectio 5
chion 2.

1. For the summing circuit sho
: : ' wn below, the : 3 S -
mV, input bias current 80 nA and input gﬁasgpilfu::ntlﬂ;ﬁmnim offset voltage 2

(a)  Calculate the worst case output DC offset voltage

The best protection against drift problem

(by heat sinking, fan cooling, keeping PO .
to use stable power supplies and b

capacitors. For precision work, very low

‘manage to work with purely AC signals,

Summary

s is to keep the op amp as cool as possible
wer transistors and regulators away from the
ypass supply pins to ground with
drift op amps are available. If you can

the whole issue 1S not very significant.

ause an unwanted DC offset

(b)  Sketch a suitable bias compensation for this circuit and calculate the added

1. The input offset voltage and input bias currents €
voltage (DC level shifting) at the output.

to input offset voltage increases with the voltage gain

2. The output DC voltage due
th inverting and non-1nverung

of the circuit. The effect is the same for bo
amplifiers (equation 1).

3. The effect of input offset voltage can be nullified by using the recommended
offset nulling circuit for the device.

4. The output DC voltage due to input bias currents increases with the value of the
feedback resistor (equation 3 or 4).

5. The effect of input bias currents can be minimized by using small value resistors
and by using a bias compensation resistor in series with the +input (equation 5).

6. :Thc mnput offset current is the difference between the two bias currents. Its value
15 much less than those of the bias currents. With bias current compensation, the
output DC voltage due to bias currents depends on the input offset current and so
15 much reduced (equations 6 and 7).

7. The total output DC offset voltage i ‘
ge 1S the sum of the effects due t
offset voltage and bias currents. i

8. Drift refers to the variation in the input offset voltage and input bias currents

with temperature or supply chan ‘
: . ge. Its effect on the chang o
15 calculated in a similar way to equation 9. EERERRILILTG Yolast

%
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component value.

(¢) Calculate the worst case output offset DC voltage after bias compensation.

5k

Vs1 o— l
10k 3 \
-
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e i shown below, the amplifier has input offset
plilier cir :;m__ 80 nA and input offset current 20 nA.

- — —

that the cireuit is properly bias compensated lr
._ . 3 '
L Y |
S = _— -
a1 = B J
_ L] e |
- (b) Calculate the worst case output DC offset voltage.
. (€)  The drift in the input offset voltage is 6 pV/°C and the drift in the input
_” offset current is 100 pA/°C. If the circuit is nulled at 20°C, calculate the
., output DC offset voltage at 70°C. :
o
- |
1l I
. Vo |
| | |
2 i
- L.I I i
_- A !

EAI00/7761A Analogue Electronics |
Student Workbook
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7. From a linear data book, find (i) an op amp type with Vj, < 1 mV and (ii) an op

8. The following circuit will not work. Why?

EA100M7761A Analogue Electronics 1
Student Workbook

Student Workbook
January 1996 -

SKill practice 3
DC offset effects u "o

Suggested duration | ':
1 hour 30 minutes .

Tasks _
® To measure the input offser voltag

]
® To measure the input offset current of an m arr
. Put offset current of an o amp

Equipment

1 of type 741 op amp (Other types can be used. Chec . A A
connections, recommended offset null circuit, and whether an extemnal
compensating capacitor is needed.) -
* =15V DC power supplies T
* resistors : 2 of 47Q, 1 of 4k7, 2 of 1M, 1 of 10k potentic -'- e,

preferred} e e km B = 'fi'—:;‘l;.t!_’f_r_t'
* DC voltmeter .

Additional Information '

The input offset voltage and offset current ca not be megsnred &
currents, being very small, cannot be measured using common lat
instruments. These parameters must be calculated by measuring the DC outpg

e S LR :11-‘: £~ s B it - -

voltage and working backwards to the input. .

For the pin connections of the 741 op amp and the method of connecting tt

power supply, check the skill practice exercises of Sectic

=
N,

diagrams usually do not show power su
there.

e e =
P =% M
' connection

‘I"-r
il = =2 :.-i 3

- N S S LR SH I D S O e
No external signal source is necessary. In the following circuits, the input is

o =
rE
1

connected to ground. -

S DN S
i

(For Steps 1, 2, 3 and 4, if you do not haye the jf-"i:”" ded resistors, use
others of nearby value. For Step 5, you must use a 10 k€2 pot.)

1 - Llhl

L i

EA100/7761A Asalogoe Ele




ement of input offset voltage, Vi Step 4 Measurement of input offser gy e
ure the outputl DC voltage V.. v ORI urrenrl,

* Connect the following circuit and meas

' 2M2

= Calculate v, = vﬂ_ /(1+Re/ R) = | * Use the value vaﬂﬁnmst@ 1 and calculate
Step 2 Measurement of bias current Iy, | I, = |(V, - V)| /R, =

* Connect the following circuit and measure the oufput D volage Vo * You can also use the values of . and T, from Sieps 2
Re calculate iy AL S

R Ins:lIEq"IB.l:

Step 5 Offset null adjustment

-

» Use the value of V,, from Step 1 and calculate
IIL = (va = Vio) / RF =

Step 3 Measurement of bias current I,
: ST | + Conneet the circuit. (This circuit only wors 188 52 3P EERRC e
Connect the following circuit and measure the output DC voltage V.. | sse any other types, check the data sheets for the correet eircuit %

procedure is the same for all types of op amp.)

Connect a DC voltmeter or CRO in DC mox

.
3 L - -
[] 4 & I

Adjust the 10 k pat until the output DC voltage iS Zera-.

\ v
R2 )\ 00
| g /

‘ 2M2 Igie) L~

— Use the value of V, from Step 1 and calculate

In.*'-—'*(v,,*-vn)le:

48 EA100/T761A Analogue Electronics 1
' Student Workbook
January 1996




w 1& gmhwdata sheets

4
| Objectives
.
At the end of this section you should be able to:
il 'l
. [0 understand slew rate and its effect on amp‘hﬁu: serformance, an
B particular:
* define slew rate and describe its significance i m app ca :{1 ns
* state the conditions under which slew rate distortion is prominent

* sketch the effect of slew rate on square wave:nmpnm of amp

=l

* state and use the formula relating output voltage stu;h change, |

and slew rate —

3. Why are the resistors in Step 1 chosen to be very small? «  sketch the effects of slew rate on sine wave outputs

| * state and use the formula relating the output voltage sis

maximum undistorted frequency of upﬂatmnhﬁi_t_li lew '

» define full power bandwidth and calmﬂaw

+ given the output voltage swing vs frequer Y 1 0

the value of the full power bandmﬂﬂu maximum av:
swing at any given frequency and calculate the ""

. state some common methods 10 mmm he r ew ra

[ observe the improvement in slew ]
' capacitor in an externally com

4. Which of the two methods for measuring L, (Step 4) is more accurate? Why?

Refercnces iee in this seation, &
The following references deal with topics in this section. -

| 1. Jacob (1993), pp 195-199 i

| .- 2. Rutkowski (1994), pp 97-101 .
— - 3. Gayakwad (1993), pp 225-231
| 4. Coughlin & Driscoll (1993), PP

o T——



anges in the input voltage e.gi_
y applications, X witchi ff to
Ay applications, atapsr s o mplifiers; switching the output from o

e "i'.itlj musi ﬁ‘hwhﬁ!sm::ﬁt}f lﬁl;::;acmg to d;gna.l circuits, If we apply a

viﬂ

. / | Y,
AT

i L
—» Al .-—

Fig. 1 (Ideal output) Fig.2 (Slew rate limited)

The non-zero ‘catch-up’ time required by the output 1s due to a characteristic called
the slew rate. The slew rate of the amplifier is the maximum rate of change of the
output voltage. In other words, the output cannot rise or fall faster than the slew rate.

1In Figure 2, the output is rising as fast as it can. so

the slew rate = AV / At (Volts / ps)

Equation 1
= change in output voltage / rise time

Nme usually the time unit in the denominator

a IS ps, not seconds. For example,
ually we write 0.5 V/us rather than 500 000 V/s.

y amplifier. In some amplifiers, we

tages before the output can settle
pacitances that causes the slew rate.

52 EA10077761A Analogue Electronics |
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Methods to improve slew rye
‘A high slew rate is usually dﬂﬂblbg -
quickly 10 a chane in the input. Hoyepep o IEAMS hal the
1S sometimes accnmpanied b s ver, sh s

_ e ﬁ.ﬂ INe. Thic oo =i lew rat
eliminate ringing usuauyﬂhﬁmdummgﬂm vefore settling down. Merhede oxsn

One obvious way to have 2 High Sldwire ok T
rate specification. The common 741 npm::l:&c:mﬁ :

V/us. Other direct replacements for the 741 conpe - - T POOE Slew ral
slew rates (about 10 V/s). There E 741. m"h“ﬁh LF351 have muc

LS bk i

s

at small expense.

Effect of slew rate on square wave response _
Figure 2 shows the effect of slew rate on a square wave output, which is distor
and becomes a trapezoid shape. If the input frequency is hxgh enough, the sle
limited output never actually reaches the flat part of the square wave input
steps to the other level; so the result is a triangular wave. However, even if the
square wave frequency is low, it will still have two sharp edges and these will be
slew rate limited at the output, though the distortion will be less noticeable if vou
it in the CRO. | '

A

It is important to understand that slew rate limitation has its greatest effect
large and/or high frequency output signals. Small output signals

but this is due to bandwidth limitation, which we study later. We will post;
discussion of what is meant by ‘large’ or ‘small’ s;gnalsAsa ﬂllﬁlﬂf ﬁIi“iL the
output waveform due to a step looks like Figure 3 or Figure 4, then it is small signal
(bandwidth limited). If it looks like Figure 5, then it is a large signal (slew rate
Limited).

Yout




Effect of slew rate on sine wave response . .

' If a sine wave has large amplitude and/or frequency, it is possible that the rate of
change of some parts of the sine wave, especially near the zero crossing, will exceed
the slew rate and thus cause distortion. This is shown in Figure 7 and 8. Figure 6
shows the undistorted sine wave output.

Vout |

e = slew rate limit

Fig.6 Undistorted sine wave output

Vout
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|
|
|
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Again, as 1n the case of square waves,wemmslmw:ﬁ - ”h‘“
high frequency problem. The formula relating the s]mm*ﬁmﬂa 3 '!;=- | ;

(i.e. 0 to peak) V s and the maximum allowable frec
slew rate distortion f_ . is:

o iy =
w a b

SR = 2% Vo amplitude E fm; EQualiDn 2

This equation simply shows that the maximum achievable amphmde and maximy “u

achievable frequency, without slew rate distortion, are inversely related. If yC ﬂy

a large output voltage swing, you have to keep the frequency low. Igyou.
work with large frequencies, you have to keep the amplitude low.

If an amplifier is required to output sine waves of 12 V rms at 20§ »,"j.
slew rate it must have 1s SR T

e =

5 % ¥ 12 V2 V * 20 kHz = 2.13 V/us itk
The time taken by a comparator with a slew rate of 1.2 q@ .....
to -12 V is: il

24 V /(1.2 Vips) = 20 ps

Full power bandwidth and output vifllage_
The full power bandwidth (FPBW) of an sl gs i

without causing slew rate distortion, 11: o vGltsi ), The
unclipped value (about one volt less than the SUPP1y i. AES,

calculated using equation 2, yo - -
( h".l

FPBW = snf(z*n*vm-.-)}_



has a slew rate of 0.8
(a)
(b)

Fum&mdmam = 0.8 Vips (2 * T * 14V)
~ =9lkHz

—— -

Some op amp data sheets give a graph of
unction of frequency’. A typical graph (for

‘maximum output voltage SW?ﬂg B.S a
the 741 u‘p amp) ES shown In Flglll'ﬂ 9. (ﬂ)

(b)

Ty = 25°C ©)

An amplifier with the output volace ——
voltage gain of 10, usmgtmﬁiﬁ% <

Solutions

= — ———

- I - II = S —— - --- '___ - -
m DUIDUT vollnas walo v o
sHipul .r!f'-r;:.{{5.___;?_:*__,;_*_1»*,_- Lo

“ions

-
e LA
EIaph 1n Ficure O Ge «iten.
3 1'1}551;=.'-!:-':TL-.11' 2 15 wWired urp

y Pls 1 by Iy
What is the slew rate of the amplifie g .

What is the maximum rms input voltage at 1 kHz witho

What is the maximum rms inont valians o ~n . .- =
? 4 Ims input voltage at 20 kHz without j'.‘

- | gt = T
.'L‘t.{‘..“."h"'l-.lli 1010 !
[ il ;

.......

FPBW = 10 kHz
~ SR =2 * 1 * (28V/2) * 10 kHz
= 0.88 V/us

From the graph, at 1 kHz, max. Vopp = 28V
- max v, rms = 28V /(2 ¥ 2) / gain = 1 V rms
(The output is clipping limited below FPBW)

From the graph, at 20 kHz, max. v, = 14V
max v, rms = 14V / (2 V 2) / gain = 0.5 V rms
The output is slew rate limited above FEBW
(Note : you could have calculated the answer to part (c) using the slew rate
and equation 2. The answer would be about the same, except for the human
error in reading graphs.)

Peak to peak output swing (V)

Frequency (Hz)

Fig. 9. Output voltage swing graph of the 741 op amp

The flat part of the graph (up to 10 kHz) shows that the maximum output (about 28V
peak to peak or 14V amplitude) is limited by the DC supply voltage (clipping
hm:md) Al ]nghm: frequencies, slew rate limitation takes effect and the maximum
undistorted swing is reduced (as in equation 2). The frequency where the two curves
‘meet (10 kHz in Figure 9) is the full power bandwidth.

Take care in reading the graph in Figure 9. In some data sheets, th '
— 3 1. . 1 N . ) - : : 3 Y-ms may
. g;mthapeak-t&peakoutput _foltage; in others, the amplitude. The X-axis is a log
frequ W;Whﬂse Fl.._a'_ll.‘ku_:gs may go 1,2,.34.5.10,20..... The markings for 6,7,8.9
may :lmhe shown, 10 keep the graph uncluttered. H
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e S 1’ of 0.5 V/ps is connected as a voltage
onal SRS mm 'I ﬂgw@'l:mm{z’ ﬁv Peak o pcak 1S ﬂppllﬁd
; = f Hj" m lmporlaﬂt ume and voltagc

2.  An amplifier has a sinewave input at 100 kHz and a triangular wave output as
shown below. What is the slew rate of the amplifier ?

Vout
+3V

-3V

EA1007761A Analogue Electronics 1

- ||_'-_ |—.
3.  The output voltage swing graph
amplifier is shown below.
14 T
FTENT LT
s 12 A—LA=25°C |
- ' OO B - L T
g ' ||II‘i |- |I'I
=3 8 2 =5 ||||u N
1= |:|!‘j|||'i" ||‘: |
8 6 jhe 8 »_Elll“ '] |
30pF j I-rllr"l |
4 01[“ -_].I;ig
' ot
3 _1_ ___l_:” i
‘ T
1k 10k mnk : &:Z‘j"*;' )
, sy iy ' '_l.
tﬂ—"ﬂ-)'n | -
(a) What is the FPBW and slew rate for
(b) What is the FPBW and slew rate for C
s |
(¢) If C, = 3 pF is used, deter
output amplitude for a sinewave input
et
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Student Warkbook
January 1996




-

o m&miﬂlﬂﬂ@*w your answer to

i " 1
AR e - v i R S
e A% B F R e Srﬁw ﬂw

Explain t e significance of the terms S TAaRand S URoNE i

amplifier circuil.

6. Check the data sheets of several op amps and name one type which has a slew
rate of at least 50 V/ps.

Equlpment

Either one op amp typg mﬂﬂl and a &

(741 1s not suitable fﬂr S 623 a3 2 1 ACT0r Uk '_"f_é_.n € Op amp typ<
« General purpose 15 MHz - . I

preferable) mm‘” one with time-base 5 or x10

L O XU SWiich
ll_..- AR T AL

«  AC signal source (e.g.function generator) -
« Dual DC power supply (fixed +15V supplies van bi‘:’il n
«  Connectors, breadboard, sockets etc. Lot
Anl
Procedure
Step 1 Setup

« Set the power supplies to = 15V.

» Set the function generator to square wave, about 5 kHz, about 2 V peak to pe:
« Signal frequency and voltage are not critical. | ‘

»  Connect the circuit shown below. (Do not forget to connect the power s Dol
common to circuit ground.) .
« If you are using 301 op amp, connect a 30 pF mpmtormmm » 8. Thi
is the compensating capamtor C. mentioned in the lesson. If you are using the
741 op amp, this capacitor iS not necessary.

1k b




« If you are USIIIg the 7415‘!? g 1”

'« Sketch of output waveform:

« Meas Sure ..th: rise in voltage and rise time. (If your CRO has a time-base x5 or
..:ﬁi _ rise time measurement gels more accurate - ask your teacher to show

& EA100/7761A Analogue Electronics |
| Student Workbook
January 1996

B mgm\ hi‘ﬂ_

ril"'”!l
"-‘rh

H—I'\f

remove the 30 pF capacir _- 'hu'“"_:'l, It

Rise in voltage =
Rise ume = ,

Slew rate (experimental) = -

=’?
fM

If you are using the 301 op amp, rnmm & g’t
signal generator o sine wave. Adjust input nﬂ lage

Observe the output on the CRO and ygyﬁh‘&' quer
starts to show slew rate distortion (ﬂauen'iil *_ul:-‘;r “the zero cro
notes). Measure the following.

SIEP 6 Full POWEr bﬂﬂd}ﬂdd‘ mea jrr ._r

Output sine wave amplitude :

iﬂlﬂﬂﬁl&
fﬁtﬂq:[l‘jﬂ
:-Tmm‘lﬂ |



are with the data sheet value 7 What is
' SUGGESTED
DURATION
0/ hrs 30 ming

Objectives

At the end of this section you should be gb| ‘H}

) understand the noise model of op amps and

state the meaning of ‘noise’ !

common source.sguf nmz::e - appﬁudhal

state the meaning of the terms nmse spectru)

noise’ and ‘pink noise’ '

interpret the input noise model for an amphﬁmmﬂ;- ta
of ‘total input equivalent noise voltage’ -

calculate the source 'I'.lﬂ'lSE msmmﬂfﬁﬁmf ltml 1 q, n5= Iu _
(mcludmg those studied in Secton ],',jﬂs 'ﬁ)ﬁ]] Es. umm .1 1 [
differential amplifier configurations)

use the broadband noise gtaph of an oper
total equivalent input noise vnllﬂge '

use the noise rms addition forr
voltage or current given several inﬂaﬁb ent noise

the noise dcns:ty spamﬁcauun [mlhe,rrﬁ"gm s :; '-;
square root Hz, and similarly for ci :

e

write the formula for the total ﬁﬁﬂl e r" e ‘1‘ J:”ﬁilﬁ;f.'}'."-_-r"'-h:'.‘-.-’,-_' alcu.
it

calculate the noise gain of common amplifier ¢i

given a cucu;t, lhb

.order (B_C) ﬁ]‘fljl nl !ﬂ:" s {0 minimi . ,
| m&gnlsﬁ ﬁ! ymmaon Ilr v‘i WS W




1
‘.‘I:".‘, 'ITFI :@ . i . ;

‘Nm d voltage or ¢
ﬁ@]@ﬁi Hl ;*fﬂ_mf :-h ed to the

‘of noi --f.-.:'_u_! amplifiers 4

=

n, Hr H.—Ll ‘H“’l' 1€ ‘,#-. ﬁﬁmﬁl: II mewn band‘#iﬂth and N T
- ,J_._ External noise
ity gor— —& , Th& Oﬂtpl.lt HGISB- ,III,«" M ;r'T.",:T'.
’ nmsacanbepmkeduphy*
section. example, the 50 Hz hum. ﬁ'om AC po
s deal with topics in this power supply variations, switches imfﬁ
sometimes be minimized by careful cir u‘;_;
Though external noise is important, WB shall
(r1993) p 264267 Internal noise e

The amplifier also generates noise mmﬂ?‘ m - - o
nolse. are four main.

1.  Noise voltage caused by external resistors (e5).

You have learnt Ohm'’s Law, which says that the

current I 1n a resistor is equal to the voltage mﬁmqm ACTOSS I g &
divided by the the resistance R. However, the m ﬂﬂﬂ “nr’.%-'!'f?‘i.‘?“‘
this current 1s not guite smooth or uniform. At : any in :
few less electrons than average reach the pos;twa wm@, e

random variation in electron flow shows up q@v vise voltage.

e =

Resistive noise is also called ‘thermal’ or ‘Johns ; noise.
|

e, is the total noise voltage generated by thie external

=

the amphﬁcr (RI. RF R: BIG) Wr. Mm esent 'T.r:
calculating e;. | :

2. Similaly, the resistaes st HESEEEEEE AN

' 3.  The amplifier generates noise curre __rltnﬂleﬂ
‘recombination’ noise. This is caused by the non:

which the positive and negative mhmgﬂcaﬁw L
recombine.




ra wumiﬂmm

Bip ated by the opera stional amplifier are impossible o Description and calculatic 0 of nojse
yonents genera the internal noj ) -
L nuw o *]ump or aggregate 1se Since noise is usually random and e gro <.
'-‘3" = m,é’f . and one single effective noise current noise voltage or current, n&h’l&m@ﬁ redictable, we cannot write any equas
" tt‘a m;hpnn This is very similar to the approach taken that the average power in a1n¥d ue f;ﬂhm v, Th
[ ;djt 1:: m Elm t‘hu ﬂﬂlse mOdEl fGI' the amphﬁe.r as '- pﬂwer (ﬁ'ﬂm any kulﬂ af 1 '{"';f:l Jg:_‘lhp
set voltage. ] or (rms current)?, we can say "'I;IIIE e
L (working into a given load) has : : x dk ,;;::.
) Noise voltage or current is always expresse P
. Rfuﬂ o

Note that you cannot use the conve
to noise peak voltage. This factor 3?;11:5- only to f’ﬁl J

\ noise.
Though a single rms value is a convenient descri

whole story. Since noise varies randnm]y, iy
spread of frequency components. The rnpise .
showing the distnbution of the total noise power Bver' I
Hz of bandwidth as a function of the centre frec Whex_é:h.;. Or the

The shape of the noise power density spectrum depends on ﬂl‘,phj!smﬁi =
- noise. Some common shapes are: e R RIS GREIEOR R
Fig. 1 Noise model for operational amplifiers x ongin :

constant with frequency (called white noise) .

al . inversely proportional to uency (call = & Ok
R, =  source noise resistance (equivalent to all the externally connected resistors . lines at specific frcqucnm:.q i iR

. in the circuit) : E
, P

' _ . Thermal noise and shot noise are white. Flicker noise is pmk. '!'lﬂ';' .u..., icked up
ez =  thermal noise voltage source due to R, from power lines has a line spectrum, since all their power is concentrated at 50 Hz
and its harmonics.

| €, = equivalent input noise voltage due to the op amp

"= T An important point to note about noise POWEr (and 50, lh: 10 ,,~:=

' ;=  equivalent input noise current due to the op amp it depends strongly on the circuit bandwidth, which is under ﬂF
designer.

Note that; g
there For white noise (which is the most common kind of guégg.n.u he no
* there are only three sources in the circuit above (not four) proportional to the bandwidth. Therefore, data sheets often specify
. ©  Wekeep e; and e, separate, even though they are in series, because the former rms volts squared (or noise rms current squared) per Hz and | %ﬁi
is affected by our C’hmﬂﬁ of components, while the latter is a property of the op calculate the total noise volts squared over your ‘circuit bandwi
. m e o ]
. . r“ﬂp and 1, do not really exist at the input or anywhere else. They only | Other data sheets give noise density rms volts per square root £z Iif=

ent the effect of the actual noise inside the aﬂ’lpll fidr: - - gi}'fil; s mcl:.ml:j f‘:zrii g::urse, thn_sqlffll# f’ﬁﬁt
meanin unit 0 - =

¥ 1o combine the effects of the three sources given above into a proportional to the square root of e haﬂ& o
.L'-‘nt mpm noise voltage source. Then we study the actual mechanics of
€ equivalent input noise voltage using formulas and/or the data sheets of

ﬂ
I'
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ahm .! MW‘ 18 lL By
ﬂﬂﬁ‘jﬂg l.h!ﬂ'l.lgh a. h u'r"u. ?f

% JI. "|'|- 1 I._ L 1
L el HNLaldg v Car
% [ Y Vi ¥ rL -
..1._ "'_1-#-. '_C - | ; e I'. | o
= == oy i = 1. i
+

T ‘white noise is the most
iﬁﬁamnn.klﬂﬂn ink noise, is
se poise | m.-"ﬁfj_'hﬂb[;? not a major Total “"‘l““"‘le“”“ﬂﬂt ~ w*’
: Refer to the noise mode) of the ca
_ input is total of the. effects due o
il e = | 5 (ii) the internal noise vnlm@m K ot
T of noise vulmge and current follow. the internal noise current 1W flow ?5' =
culal voltages and Ohm's Law,

ated to have a noise voltage density of 15 nV/ /g, 1ts rms The total equivalent input noise voltage of an ampjif
..I. ver a bandwidth of 30 kHz © = e + eyt + (i, RY) Virms) -
o= = 2.6 pV rms.

Example 4: Using the noise gdd,m fa - =
e In an uperaanal amplifier circuit, the g 1
= *emmm density of a 741 op amp is specified as 3 ¥ 10~ A"/Hz. Its rms thermal noise due to the source resjstan =30k, the

ey 8uV, the internal
| the op amp = 60 pA and num current of
mmnt over a 25 kHz bandwidth = \[BE 25A/Hz*25kHz = 87 pA rms. p amp = OU pA and the internal nojse voltage of the Op amp. _ral»lmr

(a) What is the total equivalent Input noise voltage e_?
| .

IEmane:"

. noise voltage of an amplifier is measured to be 6.5uV over a 40 kHz (b) What will be the new value of e_j e S| caliN
! ET:deldﬂl. Ift;g:bandmdth is changed to 15 kHz, the noise voltage is estimated €, If the bandwidth is tripled ?
e | Solutions

| 6.5uv= ISKHIAORE = 4V rms. @ € = 284V + @1uV)? + (60pA = 30K
= = 5.3uV (rms)
1 o< | =51% 7 WV
' Aﬂ_dlﬁan of noise voltages and currents (b) Sincee, BW »TE¥ % '_ Z; Vﬁ _|_.:|V
57“,“_'_' y the noise in any system results from the addition of noises from many Mt |
ferent sources. The noises are random and without any relationship to each other.
~ They are uncorrelated or non-coherent. Uncorrelated signal voltages or currents
- cannot be simply added to get the total. However using advanced mathematics, it can
'& shown that uncorrelated noise powers can be added. This means that noise volts
sa:ramd (or noise currents squared) can also be added to get the total. After adding - ow

msqufm We can take the square root to get the rms value of the noise voltage (or e

------ Equation 3

SLCETT

as external noise voltage of 4.5V and internal equivalent noise of
mput, the total equivalent noise at the input B

- (VR = 1157

nfrﬁ.‘r\?‘ *4A§JW II-SLIV
b




Ty J the circuit bandwidtp
Ot pumber, i.c. the frequency where the

vanient 1 um ‘ Ir_n
[ - M‘ o

= e e Example 5 : Effective nojige

o
by an RC filter with

1L 'If’-": ]
AL ,:-);__.';;

(a) What is the effective noj

‘11 E; :
i T

X 'f" ally Wﬁeﬂb}f 'ihe amphﬁer is
acis of the bandwidth. The situation is shown iy

(b) What is the actual input noise vojtages

-
I

Solutions

(a) Effective noise bandwi_dth: =20kHz~¥

| (b) actual input noise voltage = 15 nV//Hz * 31 -;ﬂ:lﬁ
1 Sy
' Fig. 2 Practical Bandlimiting Filter response

Calculation of input noise resistance

Looking at
we need th

T e
=quation 5), we see tha

S =y e e LLACAR

the total equivalent input noise of an are: (
= actual noise 4 INpUt noise of an amplifier

€ value of the input noise resistance of the amp

- . . |
/// g e T R is the effective resistance (called the Thevenin resistance) between the +input an
- \ -input with all sources removed. This means that all voltac ot

circuited, all current sources are open circuited and the output
common negative feedback amplifiers Eanb;sﬁﬁp” to the followine fo
- o (Figure 4). -"H

, Fig. 3 Comparison of noise allowed in by ideal I.. L
I and practical bandlimiting filters R

L filter response depends on its rate of roll-off.

. The extra noise due to the ‘tail’ of the R,
P . If the rate of roll-off is 20 dB/decade, then advanced mathematics shows that

Effective noise bandwidth = /2 * (3dB BW)

Equation 6

Since noise voltage is proportional to the square root of the bandwidth,

Equation 7 ~R =R+ | R)

As before, R, and R, ar

Torm € are valid only for first-ord
il le-nﬂ,lsa'l’hm is the most co

+ components, or perhaps by the mtemalcapacltances in the




= __ “["i W
of curves giving e, as a fi
mnwmaén

ical broadband noise graph as
below (Figure: 3). This grapti i for the's
|

I = B
AUl UIC YD

<1

8

e
o

L/ |1 .

Total noise referred to input (wV rms)

@ R = 12k | 82k = 104 k0

1kQ 10kQ 100kQ
| G)R,=10k+ (12k | 82k) = 204 kQ

Source resistance (Q)
I __Lk ? P - o Fig. 5 : Broadband noise graph for 741 op amp
Example 7 : Source noise resist -
| . S ; ' _The X and Y axis are log scale and th
e the Tollowine circuit. calculate the source noise resistance. Some care is needed to use this graph 'I'hf_._ -and Y axis e /OF B
T 1.2,3.4,5,10 (6,7,8 and 9 are not shown). The bandwidhs are aciuiat
ranges. For example, the curve for *10-100 kHz' means *for cutot
and 100 kHz'. If the actual circuit has a bandwidth of 30 kHz, fo
to estimate the value of e, between the graphs for 10 kiiz '

its and the output. This makes 10k and 4k7 in parallel.




——————— -
-—-—_‘-- ——

lrr'rnlh ;f_,u r}.},ﬂ_‘- |” {_ _‘, S o

@gmcg of 20 kQ. It is T Anput noise
h t M ampljﬁeﬂw Y I”n—ﬂI 1EII 1ile - —

the broadband noise ST3ph (o cbiain The gﬁ&uﬁtﬁ_mm # 4P Amp has source ng

amp has squared i

current of 3E-25 A

Calculate the total equ_iv’ﬁlentmpw 1G

H”b Fr “(_. l

I il
Solution .

R. =20 m T = 273425 = 293'*1{, B =314m,,-
e =4 ¥ 1.38E-23 * zga*mkmsmk )
= 10.33E-12 V¢ :

€, = 4E-16 * 314k = IZSﬁB-uvL- -
i ¥R’ = 3E-25 * 314k * (20k)= 377E-12 V2

= y10.33E-12 + 12.56E-12 + 3.77E-12 V
= 5.2 uV rms.

the same answer with a lot Iess wnrk

Noise gain and the output noise voltage

The output noise is calculated by the formula: .
100kQ

oa m e oa 1B
output noise = total equivalent input noise * noise gﬁg - |

We have discussed the calculation of input noise n,bymr o meth ethods : us
broadband noise graph and using equation S. The W%mﬁ ; e i 2 .__f..‘_-.:fl;n.?f
Itage gain of the circuit, whether the circuil IS inverting inverting or anything
Ealeulaﬁnn of e, using equation 5 s
imilar to offset voltage calculation.
If the broadband noise graph is not available, we have to calculate e, using equation else. This is similar &
5. We hﬂ_w_ MB’ seen how to calculate R, e and 1, if we know the BW and the

noise V/VHz and A/VHz. The resistive noise e, s calculated from the formula

ey = : irg_:_ #J:TRI | = B Equation 92




— .'— | I
—
—— -

. Wyle 11 4' I@u;‘ sy F:? ’T’,}:“"l'ﬂ -: ___ —=

'h r’\f f i:( .l'ji '! ;

. Cﬂnumﬂng exmpleﬁT‘m il!ijt lr II  Input ,“ al is sine L
p and ﬂﬁmmmﬁl”; 4. C ‘;‘hl’a”]_ - 1Ne wave of

(a) Calculate the i'uutgu;;:’gm_

(b) Calculate the input SNR. m'

Sﬂfﬂﬁﬂﬂs - L

S —
(a) output signal = -100k/4.7k * 20 mV p-p = 425,
215 435 5 (2¥2) = 150 nﬂm
: 100 kHz. uutput noise = UV rms (from example 11)
R, = 6.4k (sec example 4). Using the graph in example 3, for A - output SNR = 150 mV/210 uV = 7164 = 57.1 dB
estimate ¢, = 6.5V s

in = 1 + 100k/3.2k = 32.25 (b) &g = J4*l 38E-23+298+6.4kQ=100kH; = 3.24uV

| - 6.5uV * 32.25 = 210 pV rms - Input SNR = (20/2y2mV)/3.24pV = 2182.4 = 66,8 dB
(c) output noise voltage = 6.5 25 = '

Measurement of noise o
Sig T-_tﬂ -ﬂﬂm ratio (SNR): output SNR and input SNR Since noise voltage is usually expressed as rms, we can measure nnlsr:@n' y :. th a
-ﬁ'ﬂ that, even with cheap general, purpose Op amps, the output noise 1s quite true-RMS reading meter (such as an AC millivoltmeter) and use the readin g directly-

Smé lfi-n;oms hundreds of microvolts. So why worry about it ?

If you use a DVM, you have to multiply the reading by 1. 13?111%5} cause
- l ¢ circuits, especially those used in communications and measurements with DVM is internally calibrated to read only sinewave rms Voltages.

L oltage using a DVM and a
transducers, & mgnal is also quite small. What really matters is how the signal try measuring a :hqr:msma:da:l:cnlzft:r l;agt.he B valie,
voltage c mth the nmsc voltage The simplest way to describe this 1s to use see different reading corekt:

i_.l.!

can us \ | i 'T&'-r-'r'}’ :f"fl -Tf_f'.'.':_-_i:.-:
Using 2 CRO, display the signal with a slow sweep (yml ﬁ._;_ r |
Equation 10 coupling), observe the p-p noise voltage and :han:shmap

' - (noise p-p voltage)/6
20 log (SNR_,.) in dB notation Equation 11 the noise rms voltage = ( PP

Note thz Note that it is incorrect to divide noise p-p VOUage.
NG : at s wltagcs have to be used. Noise voltage is already rms, so signal o Tonshievales
voltage also has to'be made rms. only for :

f; 1.13 and 6 mﬁﬁ »ned above come from advancec
actors yned above ¢
= -: i l' € I way for output SNR. For input SNR, the The conversion Y

l.-ll"

thematics beyond the scope of this modiies
s gﬁ[f ﬂiz re.mm;e HOISE not the total unl\fa]ent lnput noise €, matne y

udes e, and i 1, Which are really added on after the input, so it 2 ot
di @em in the input SNR.

Equation 12

e

1
._,_.:'-35': ?_.-,q in put SNR. for two. reasons the fonnﬂ:r




od circuit co onstruction !h“'h‘ form of sh:eldmg, good
T m;%r.. tered power supply is needed,
nterfere .;analsabe useful.

| meth mﬁmgﬂf”ﬂ":”"' ‘noise is to use a differential
2, where ﬂlﬁ ﬂtﬁﬂl’ﬂﬂw between the + and - lﬂpl.lt terminal
\ny extern y picked up noise is likely to be present equally
\btracted and not appear at the output.

s I noise, the following are some helpful suggestions.

:|| nn“ ,,.

I __.E. = RN T
Reduce bandwidth to minimum needed.
I--.-_-—.u: = e e e N e i P e

|

‘Keep all resistor values as low as possible.

Use low noise op amps

J!!.l i mphﬁ&rs can be due to external or internal sources. The internal noise
Hmlmﬂﬂe]]ed by a lumped resistive voltage source and op amp voltage

> 'ﬁdﬁm'isﬂsuaﬂy expressed by its density i.e. power per Hz. Noise voltage

current) is expressed as VAVHz (or A/VHz). In some data sheet
S, it 1S “IVEI] as
Wﬁh (or A¥Hz). You have to check the units carefully.

i%is&?ﬁl!agﬁ 15 added using the rms addition formula.

. m Voltage is approximately proportional to the square root of effective

i:@h Hﬁlmﬂ to limit noise is
Atie done, the effective b
by multiplying the 3-dB bandwidth by 2 facior ¥& bandwidth s obtained

JL 'f Eﬁ.? ICT r a7 j
nd. ,g.',‘f;.,“' ;: he daty shepu™ a0 be calculated by using the
ta,shm or by the rms noise addition formula.

Thggutpu;ggise m total quivalent
inverting gain of the amplifier. - P

a ol I”
The input SN'R,cal I" 3 i
while the output SNR; th

reduce noise.

Concluding remarks

We have built our discussion around mﬁljf.ljrgn
bandwidth, noise voltage, current and power, volt :

actual mathematical calculations are ot ﬂways ﬂfé i. ai __..:P
communications technology, some different terminolog ~~ 1 nor
used such as noise temperature and nojise figure, W?hf&fh”r specifics

fundamentals we have studied here, You ma o ased on he
will not be discussed here. y see them in a ]alﬁﬂ-




14 orecision op amp, which has input noise voltage | (d)  the-outputrioises

£ e current density = 0.17 pA/VHz. The cireuit
30 kHz with a first order rolloff and the -4 3

(¢) the output SNR for an input current ¢

o 1
I v'ﬂ = . B

2. The following circuit uses a 741 op amp, which has input noise "’01!9&5 ensity
| = 4E-16 V*/Hz; input noise current density = 3E-25 A¥Hz. The circuit li;;ﬁg@'
Determine: cutoff frequency of 63.6 kHz with a first order rolloff and the temperature is
278C:

. . : 10k lm I 1 ! = T
_ II Vl Ij .
| S~ '.

I\

- 10k

-
-

T | &J '!E t@tﬂ! Bqu“'alﬂntiHPUI noise.

1Ll
— . I
1
. B . _ 1

-
T s —
- e |1
e — = I

e - -
™
R

—_ = — - =
—_— — — bt I




(vi) the input SNR.

(111) the total equivalent input noise.
(b) Check your answer for part (iii) using the broadband noise graj h of the

741 op amp (Fig. 3).

State any two ways 10 reduce:

(i) external noise .
(ii) internal noise in an amplifier.

(iv) the output noise.

——




Review ques N10I01S
. PRI T e e ey —,

'W@i@e&tthcuutput of an audio amplifier was 20 mV when the bandwidth
mzﬁk}lz.ﬁst:mate the noise voltage if the bandwidth is changed to 30 kHz.

6. ;iftwu independent noise sources of -24 dBmV and -28 dBmV are added, what
' is the resulting noise voltage? |

0 7. Descnhe the main charactenistic of:
| (i) white noise
(1) pink noise.

Suggested duration
2 hours

Tasks
= To measure the input noise voltage of an op
source tesistance and bandwidth
« To learn to measure noise rms voltage using a RM
CRO AN - 3!'_':l__ aA K
b 4

Equipment .

1113 A -
J -l..!.l ] ila .

KEMS volr

| general purpose op amp (741 or 301 preferred),

. A high-gain, low-offset, low-noise amplifier (pre-wired in  s|
s ARICT g_! ,--'-,Iuhn‘mlll*‘j:::}:fl!-'.'.l-i:.i..-”_.: Box - eircui

Background Information d

diagram attached).
DVM
ACMVM .

CRO
+15V power supplies

Since the equivalent input noise voltage of most op amps is in the orde:
microvolts, special precautions must be taken to measure such
This experiment can be done only if a high-gain (A, = 100,000, los
offset (or AC-coupled) amplifier is available. The circuit must be s
only shielded cables must be used for external connections. Tt
circuit may be fixed or variable. The circuit diagram of ¢
attached at the end. This circuit must be pre-wire iina The
gain of the amplifier must be known. The block diagram of the setup 15 SHOW

below.

+ The noise introduced by the IO¥CED F
- Th& culofffregucney of the Circit &=
« The input resistance of the G2
e "
and 100k82.




Noise estimation using a CF RO.
CUHIIBCI a nﬁj 0 iﬁ?

iz"l;]l: ”-'iJ -“‘ e I”_"-_'.-.

plifier
I

Jﬂ' L insring your op amp) with +15V supplies,

uency to ‘low’. - -Select a alum

L R TR NI A ae e ut 20 mV p-p of noi
Obs %_;‘f:,.‘ Bu’tpu[unr,a ERG-. You must sec abou P-P Of noise. Measure the n U’]SE FF
your op amp into the socket in the setup. (Switch off the power CRO pp réading =

inserting or removing op amps.) = .

Estimate the noise ms voltage -i"-i;'-;{-"'i}rj‘-f

| -:ii_;d-:f‘:-.'fﬁ'!.i'.-';;'-,:_: 4}
N, - I =Ryt - P
11 = L

Connect a function generator to the input. Keep the signal voltage low
because the circuit has high gain. Estimated noise rms voltage using a CRO = ..
f

Measurement of the bandwidth of the circuit Observition of The eieat or L ...
Note the output signal voltage and measure the 3-dB cutoff frequency of ' ffect of foWﬁ!ﬂ I!:!lllﬂs nput .‘rla SISTC

the circuit using a CRO, ACMVM or DVM. (This is done by keeping the Switch the input resistance to ‘high’, . -
generator voltage constant and then increasing 1ts frequency from a low i :

value until the output signal voltage drops to 0.7 of, or 3 dB below, its Describe the output noise in terms of amplitude and frequency content.
low-frequency value. The frequency at which this happens is the 3-dB | = - pa SR SR
cutoff frequency.) For the suggested circuit, the cutoff frequency is about
2 kHz.

Measured 3-dB Bandwidth = ...

Heasurmem of the output noise voltage using a RMS AC volmmeter
Disconnect the generator.

Switch the input. resistance back to dL
to ‘high. L L

Measure the output noise voltage using an ACMVM.

0 lltplll‘ ﬂﬂlsc Vonﬂge = .... Ims Dgscnbc ﬂlﬂ uﬂtpﬂt nﬁmkl__ﬁ, E_E_J‘T{-] rq ‘m =1||u
Cﬂmpared w.'.thyﬂ}!r EIS-!, lle £a. IIL;-IFI 1||5

Calculation of the input equivalent noise voltage

Calculate the input equivalent noise voltage by dividing the output noise
by the gain of the amplifier (= 10°).

Input equivalent noise voltage = ... rms

Noise measurement using a DVM
Connect a DVM to the amplifier output and measure the voltage.
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the effective nois e bandwidth of the circuit (= 3dB cutoff frequency
Objectives
At the end of this sention 'yn“'»sﬂﬁ‘iﬂa'.l’hg.aﬁﬁ; "

Akl LA : s *I;.k

[J sketch and give the reason for the - Y
phase pl(}ts V§ ﬁ'equency of typ;calﬂp al sh h.r 1)¢ ur m,: J=|:|[', ” “_' and

3. Use the broadband noise graph of your op amp to estimate the equivalent noise L i“t’e“ the ”ﬁ;‘l loop gain and phase response (Bode) plots of the op amp,
etermine if the negative feedback amplifier (iny 1€ Op amp,
erting or nu;i-ih erting) is

voltage for the chosen source resistance and effective bandwidth. Calculate the

percentage erTor in your measurement. stable, and If 50, its phase margin and closed loop bandwidth

[J state/sketch how the phase margin changes with closed loop gain 2
effect of phase margin on amplifier response for sine md-sqﬁi ) “::.._.-

[ state the need for frequency cntnpe'ﬁsﬁnﬁii. Catﬁpity ﬁi&: %ﬂ““?

the main features of the large and amall _'

4. Even though the measured output noise voltage includes the effects of source
internally compensated op amps

resistance noise and op amp noise current, we have ignored them in our

calculations. Referring to equation 5 in the notes, explain why this is possible.
(] state the three common methods of external

=

single capacitor, two capacitor and feedforward

required value of compensation caj

(] for single capacitor compensation, & _
slew rate as a function of the comgemﬁ C: :
|

= —rl

5. Suggest a method fi
- the notes.) or measuring the op amp noise current. (Refer to equation 5 in O] state the general effects ofu_mlﬂ’* over-compensat ion
response

| [0 compare the aﬁfecw of the three
product and slew 2 e

-{'--l'l-iltr 'll 1"

1
[ fora gi'\fen ;&LH- [&_IaHI!
of the gain

; n]n ||fghﬂq.-rf 1"
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Open loop frequency resp

Until now we have not said much
assumed, for example, mfﬁmﬁﬁ a
DC, it lso hias 90 dB gain at 20 iy
amp have some shunt capacitanc
may appear in pamllul with very large

filters with low cutoff frequency, This g

tarts decreasing from a low frequency.

s

The low pass filters not only attenuate the ourput. T
In an earlier circuil theory module, you have seen tha
varies from 0° at DC to -90° at high frequencies,
various stages of an op amp, the output phase shi

II‘
5 i
b
o, S o

Therefore, the open loop frequency response of a typical op an
follows. Fig. 1 illustrates the gain plottﬂrmﬂmmﬂenlﬂggﬁii

You are reminded again, we are talking about the open loop response, not t
loop response with negative feedback. - Lol T L

—=y|
o —

—-]'—" l“ ‘ l“]_ T10 - 'T—“*
| 11lg

T T TR T

Wmﬂ* I: B il I

o
I

Phase angle degrees (output phase shift)
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bility of negative feedback circti=, ejeﬁ:éﬂlﬁﬁ?dﬁ"“ﬂt use Op amps in open
ing a part of the output voltage back (o the -
" Lffj- i 1-'!:,;:&,- ' .iimhmgincmased V._ reduces the
mp, reducing the output o usable levels

it |- L ;.':'r‘."_rl:'__'l"n':l-:‘ :‘_hllh‘d‘: Lty ¥ e

e f,{_u_:{'.ﬁ.;l:-ﬁ[; inplut in [Ba.l op amps can Ghaﬂgﬂ the. picture.
frequency is < -180°, and the amount of feedback is large,
Jarge inverted voltage from the output. Since this negative
.r-;t ;'.}ﬁhput voltage, the overall .effacu:-re lﬂp%lt voltgge is
l,u:rr bigger. This means that, even with no input signal,
e oo noise will appear at the output with large amplitude. The

N P . a large, high frequency
Instability is unwelcome in amplifiers. Weidomot want {0 568 &
;ﬁma‘?h:uﬁputmned with our signal. However, instability is not always bad.

Oscillators and clock circuits depend on the instability of NFB circuits.

, \stability needs two conditions: .
n .Ens:_:: sigaal gain around the NFB loop = 0 dB (which means that the open loop gain

is large and/or the amount of feedback is large) and

= the phase shift around the NFB loop < -180°, These two conditions together are
called the Barkhausen Criterion.

In this topic, we give a summary of the results as applicable to amplifiers and study
methods to prevent instability.

Graphical determination of amplifier stability

You will learn the detailed theory on instability in another module on oscillators. To
I ' use the theory, we need the equations for the frequency response of the amplifier

' open loop gain and of the feedback circuit. With op amps, this information is not
directly available — the data sheets only give a graph of the amplifier response. So
in this section we study stability in graphical terms.

‘We also make another simplification — we study only resistive feedback. This
means that we look only at amplifier circuits, and our results apply mainly to the
- basic circuits studied in Section 1, plus a few related circuits such as the summing
amplifier and differential amplifier. If there are capacitors in series or parallel with
7 Or Ry, our results cannot be used directly.

;
Ly W ..

od for determinir

“will clip the output. Negative feedback (NFB) |

' On the open loop gain plo, g
= Note the frequency at which

s Read the phase plot value at
= If the value is < -180°, the ar
>-180°, the amplifier is stable

e

(a)

(a)

(b)

Example 1 : Stability condition

Pl

=

Is the amplifier stable ?

Solutions

Phase angle degroes (output phase shift)

1k
Vio—

(b) What is the minimum A, needed to

The op amp in the amplifier circujt Ehﬁ o
shown on the subsequent gl‘aphnc uit shown:
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, ... cheets. There is a rule of thumb for
L ESET e olot is not given mdﬂt&&hﬂcm
s iy ueing only the gain plot. Tbe method follows.

alet 3 Ag =1 +RJR; This applies to both inverting and non-inverting

5 with offset voltage and noisc calculations). As usual, Ry and R, are
- etive values after simplifyi olifying series and parallel connections.
Change A, to dB : Aq (dB) = 20 * log(Ac)- :
. Pr-gg;gmpgam Hlot, draw a horizontal line at height Aq_ (dB)
- ﬁﬂeth&ﬁuqmjrat which the line in the second cuts the open loop plot.
i [ R ency found in the third step.

-l : . : 2 :
s Draw the slope of the gain lot at the frequ

f ,ﬁﬂnrgﬁmdﬂfmﬂm NFB amplifier is sure to be stable. If the slope is
| _ Zﬂddeﬁc and 40 dB/dec, it may be (but not always) unstable. If the
asl’tmeztlﬂ dB/dec, the amplifier will be unstable.

This rule is easy to apply if the gain plot is approximated by straight lines (called

‘Bode Plot). Such plots are quite common.

Closed loop bandwidth
If an amplifier is stable, its closed loop upper 3dB cutoff frequency {. = the
frequency where the horizontal A, line cuts the open loop gain graph.

If Ag gets large:_f,_ it cuts the gain plot at a lower frequency. This is the basis for the
rule that the product of the closed loop gain and the bandwidth is constant.

Even if anamphﬁ&r Is stable, we need a measure of stability to see just how stable it

Thcphnscnmrgm i_s the number of degrees the phase plot is above -180° at the
ﬁlﬂﬁdlonpf,.()bvmusly the phase plot must be above -180° at f. , otherwise the
amphﬁer would be unstable. Therefore, the phase margin is always a positive

g:tha“ mﬂm f. gets smaller as A, increases. For lower frequencies, the phase
'U‘all.lc 15 lal'g ' therefore the phdse margm gels Iargerfor l‘ﬂ?’gﬂ'r ACL'

H > tmportant to note that a NFB amplifier gets less stable if the closed loop gain is

el mhlis th!;e open loop gain is increased. Since the smallest Aq possible is 1,
i@hﬁn ms;able 1€ greatest chance to be unstable as a voltage follower. If 2 NFB
2ol 4Dl as a voltage follower, it will be stable for any other closed loop

o

Emmpfe 2 s CIGSﬂd ZDﬂp bﬂﬂdwidrh ﬂ"dpkase} R !
_'MF . =

"
The gain and phase plots of an amplj fier are A B:I S
o | § ! __"E‘_m;_

(a) estimate the closed log

e P bandwidth and the phage v

(b) What 1

LT T 100
= | | |Gamplot | ~ r :Itlf.l
g o L LTI —

| ENEL) : :

e [ T TThale giot [T Tl LTI FA ST
g e LIS NI
-§ EaS i1| |Ex'?(b}§ | —- j_"—rﬂ 20
g MERNI r TINT I
ﬁ W, Hl | : ','I Rl
C LLLLEE R PRI IN T '

400 | || L LI ___Ill"

1k 10k 100k IM 1M 100M

Frequency (Hz) g

Solutions
[ I

(a) The horizontal line at 70 dB cuts the gain pllgaftz Lﬁizm_%m 'a_;fj_;:,l N
phase plot has the value -118° which 1S = 0% 0 cn o
. The amplifier is stable for Ag =70 dB; the closed loop BW =2 . (Hz;

and the phase margin = -118 + 180 = 62 v =
(b) Working backwards, Phase margin =4 = B CH wwl( e valug 63

= -135°, This occurs at 3 MHz. At 3 MHz, ‘::f'-r' B
4

T, ary "’, y

."Fl_|"
1

— =

—y
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 closed lo¢ g } and the square wave Frequen cylwﬂ:l::lﬂaﬁm{ - .
MY e er for different phase margins. In example 1, W€ Bave seen that the N op g
L & - closed loop gain. You may ask how we gap oo P CPlifier
741 op amp- After all, a high Ag s no g1y sy
clipping of the output. r

[n Figures 2 and 3, we have seen mﬁﬂw i

frequency response and square Wave fes ol o £in 4

margin for our chosen Ag, . Usually the ayin e
(or nO margin at all i.e. instability), i _:51.‘;:1;_.__-._ hase margin is ¢
Frequency compensation is a technique to chanee the wrn..

external components to the op amp. chmg&m“ <

Fig. 2 Effect of phase margin on frequency response If we look closely at the section on phase MArgins, we see that the nhac.
_ epends 150 on the open 100p gain and pas s s ek e phate margn
A (c) n the phase plot, we can increase the phase margin, msisp;&i?jzﬂ S
_ other possibility is to reduce the high frequency m]mmﬂf&f ) -
provided we do not change the phase plot tmdmsm:ally mscani:gT et
easily, by putting a suitable low pass filter in the op amp open loop. This is T,
approach to compensation taken in most op amps. T R

Internal and external compensation .

All op amps need compensation to work with reasonable values 'ﬂf-:ﬁw In internally

compensated op amps, the compensation (low pass filtering ﬁwm” G

done by an internally connected capacitor, called the compensating capacit
‘ value of the capacitor is usually set to give a phase margin of 45° when co

Fig. 3 Effect of phase margin on square wave response a voltage follower. You cannot change C.. For Ay above about 10, the

£ — 11 be close to 90° and the amplifier response will be slow.
In both the figures: will be close p respo |

The benefit of internal compensation is that it is guaranteed to give @ s

and reduces the component count. The dlsadvﬂntag@mm

W1
A
L =

* curve (a) represents phase margin too high (close to 90°). In this case, the

f..“q“‘;“"”m droops and the square wave response is slow (like an RC <lew rate are reduced, and that the user has no control over the freq

e By . . Op amps are often used in open loop as comparators. [;n” fcal
mﬂ-@mmms_thc CD;‘IEEI phiase margin (close to 45°). In this case, the C. is rfquircd since there is no NFB. The ﬁi@ﬂ@ﬁ@% L -41;‘
Ak 15 nearly tlat and the square wave response rises fast and e fia in such cases, because the slew rate is unnec
settles down quickly (like a car with good suspension). amps is a disadvantage in such cases, because the S

Many popular op amp types, such as the 741, LF351 and 714 SIEanEEEs
T RN ). In this case, the frequency compensated. The 741 uses a C, of 30'pF. '
Igem &hn“:iagmn peaking I_lw‘ﬂ_m cutoff frequency (like a resonant circuit). ¥ i A
hefam sqlme dowrespo nse shows ‘ringing’, i.e. many overshoots and undershoots With externally compensated op amps, _,_ -yl
s components, following the suggﬁtlﬁ“sm{m beas
- The concept of phase margin i amp provides compensation terminal$ 1n the ps
. 11:1_?_ | m}f;ﬂ ﬁ._ Ea;g:; Is closely related to the concept of damping in .
» phase margin of 45° <ee> criical dapns LM301 and NE5534 are examples of &
*  phase margin > 45° <——v cverds: pINg the 741 except that the internal C. 15

* curve (e).@x;sen;s_ phase margin too low (close to 0°

ﬁl.

Common frequency comPeC i g et




......

X
R
|
|J' . ct‘- C .
X , Y: compensation terminals |

Fig. 4 Fig. 5

Single pole compensarion configurations
Single capacitor compensation Jow-pass filters the open loop response by a RC filter.

The effect is shown in Figures 8 and 9 on page 119.

For higher A, we have seen that the phase margin is higher. The effect of low-pass

filtering is to reduce the bandwidth, -
and increase the phase margin. Therefore, t0 maintain a constant phase margin with

larger Ay, We have 1o filter less using a smaller C_.

Note that we can use a value of C. greater than or equal to the value given by
' equation 1. If we use a larger value, we get overcompensation, with a reduction in
bandwidth and slew rate, This is usually what happens in internally compensated op

' ‘The ‘gain-bandwidth product’ (GBWP) of an amplifier is the product of the closed
' lnop gam’and closed loop bandwidth. For a closed loop gain of 1, the closed loop
{ BW is clearly equal to the GBWP. Therefore, the GBWP is also called the “Unity

Equation 1

From the previous discussion, we see that :
_.@WP (nearly) = 1/(actual C,). Equation 2

r

w'ﬂ hqvﬁ learnt that Slﬁw Tﬂt_&iﬂ dused b
capacitances in the op amp. An extra compene
me, SO we can estimate that;:

JJew rate (nearly) = 1/(actual C,) e

The fnrmulac_ in equations 2 and 3"":&1""@-!* o HT _

capacitances in the circuit, T RERAuseE of ithe effert of oiher s
= I_ b

(a)

(b)

Example 3 : Calculation of cang:mmjﬂn

What is the optimal value of C_? .

= —

==

CaADacIlar amd fo. re

b o "Ef__t_ur;f:‘_:ﬁ!r&;'ﬂj ffect
R

The LM301 op amp requires a 30 pF compensation cameh o
follower. Its slew rate is OSW;.mand::Ew s
amp is used to make a NFB amplifier with A, = |

L 23

dC \T |

1 ol
IIHL’ILI:HI-“
SLURIUC

=

0.

‘ I
() If C. of 10pF is actually used, what is the bandwidth of e .'
ateD e bandwidth of the circuit and slew
Solutions | .ﬂd
b(a) For A, = 1, C. = 30 pF v gl
o For Ag = 10, C. 2 30 pF * 1/10=3 pF i
The optimal value of C_ =3 pF. o

With actual C_of 10pF, :
GBWP = 1MHz * 30pF/10pF = 3 MHz -
-, BW = 3MHz/10 = 300 kHz

Slew rate = 0.5V/ps * 30pF!10pF=71.5WEk -

T ——

=
' -




Fig.6 Two-pole compensalion.

The reduction in high frequency gain, which is needed for stability, is achieved with
a second order filter, which has a sharper rolloff. Therefore, smaller filtering
capacitors can be used to get the same reduction in gain, improving the slew rate.

:‘A. two-capacitor filter gives a higher slew rate (and full power bandwidth) for a given

in-bandwidth product, compared to a single capacitor.

1 many OP

slow | blasmg transmtm-s,m hic :
ability- In £ feedfor o
a capacitor- This means the NFB 4. i e
and is 0ot phase-shifted as much.

o = |
The high frequency gain is stll largq, ” s
reduce the gain, Ry is shunted by a sy able
be at least 3 pF, and can be larger if 3 el ik

Jg‘ﬂ'_ ] g B b ¢

The use of C¢ works best only for inverting amplif
. used only in inverting amps. !

Fecdfonvard compensation gives extremely h g]: ﬂew h@
about 10 times better than can be obtained by two-c

The following figures 8 and 9 compare the open loop f _
power bandwidths for different compensation methods. ""'

120 | M
{

10 100

Frequency (Hz)

Fig. 8 Effect of external compensafion on gain bandwict
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Fig. 9 Effect of external compensation on full
L power bandwidth
y .. - : .
‘Measurement of bandwidth and slew rate using source wave testing

‘The aim of compensation is to provide a proper phase margin to the NFB circuit, and
~ that with a proper margin, the square wave output has a fast rise time and a small

o ——

A B T

‘The 3dB f, = 0.35/t, where t_is the 10%-90%
- shown below in Figure 10,

-

ot without ringing. This means that the best practical way of setting up

ICY response. These are the 3dB cutoff frequency and the slew rate.

rise time of the output signal, as

The square wave output also allows us to calculate the two main parameters limiting

There 1S NO need to change the fl\‘-quencyuhhg

10% and 90% points are taken s0 s 10 avoid any glite
the squarc wave. '

glew rate is measured with large amplitude signals and is caleyl A e

voltage/run in time (as discussed in Section 3). <o
I ' 1 1 -*
The output signal is considered ‘large" if the rise time due to slew rate (which
increases with output voltage) is larger than the rise time due to bandwidth (whic
independent of the output voltage). s 1)
. - 1 .
SR
r4da
>am_En
' B
Ak
1 B I 1 H
o
al

uln



.H L - m
'r!” 5]:115 m,ﬂgﬂ.ll'lldﬁ of the. ﬁﬂq . -;E"_-':.' ponse of .
- with frequency, andthep e sl
i l ﬂ* lh't'l_'ll‘ U. m the ﬂBVlcc
Ifr 1&%‘%%“5&“’“&\?&535’5 h .
u,:. -. If the Slgnﬂl P ase 18 S '186 ach d"ﬁ-lh 1“
'”ﬂt e e Ce a0 "~ Joop magnitudes are equal, the amphﬁ b

‘ -'r'J. J____ S
. Lo

{r._,._

For a stable amplifier, the 3dB cutoff frequency i
o e e loop and closed loop magnitudes are equal. The pha,
(a) the small signal bandwidth. degrees the phase shift is above -180° at the cumE <

'. - Joop gain, the cutoff frequency decreases andpm
il =* P;Ewm

|' 5 -I Ce - T fthﬁ Iiﬂﬁr f Lhe phﬂsc mﬂfg].n. 15 ﬂbﬁut 45“ ‘hﬁ CIM Imp = TES ‘-::?'"'.'; 3 'I"“-"’;:*::c P e
I“"f.Lf-:%" the gain bandwidth product of the amplilier. and the square wave response shows fast rise time, no ringing and. lttle oversh
" If the phase margin is well above 45° (=90°), the bandwidth de "
!'_-(ﬂy the p-p square wave input voltage when the 10%-90% rise time due to slew square wave rise time increases. If the phase margin is well &iw4su }"“' ,

rate is equal to the 10%-90% rise time due 0 the bandwidth limitation.

(e) the new small signal rise time if the gain is adjusted t0 5.5 . frequency response shows gain peaking and the square wave ¥

Solutions Frequency compensation is used to stabilize an NFB amplifier or to ad]ust :Is

phase margin. The 1dea 1s to reduce the high frequency gain, negative phase shift,

| Since the nise time for 1V input has increased from that for 10mV 1nput, we or both. of the op amp.

expect that the second output is limited by the slew rate and the first by the

‘bandwidth. (The rise time due to bandwidth is independent of voltage.) Common methods of compensation are Single ik ReE RN

(a) BW =0.35/3.5us = 100 kHz feedforward.

_fﬁﬁ) Output voltage = 10 * 1V p-p = 10V p-p The optimal value of the compensation capacitor is inversely related to the closed
~ 10%-90% of output voltage = (90%-10%) * 10V = loop gain.

8V = rise in voltage e
Tise time = 12. Sisg The gain bandwidth product and slew rate are approximately inversely

= slew rate = 8V/12 Bus = 0.625 V/us | the actual value of the compensation capacitor.
GBWP = 10 * 100 kHz = 1 MHz

10%-90% rise time due to BW = 3. Sus
SHPP‘M"e v, is the input voltage P-p, slew rate are poor.

thﬂnoutput voltage = 10v, p- ””m SarenE
lﬂ%-m of v, = 80% * 10vp 8v, Compared to single capacitor compensation, Wﬁ hich GBWEF

mq ' v 1 I U
<. rise time dne toSR. = Sviﬂ] 625W|.|s higher slew rate for a given GBWP. Feedfﬁf:af; g i
E"f the two Tise times to be equal, rate and is usually used only with mverting coEEE=E
128v,=35 .. v,=273 mV pp

LG:J; || m :
P e 'mﬂya‘lsdnw 273 mV p-p are small signal, and aboye 273mV p-p

= 12.8v,us

Square wave testing is convenient [0 set up op
the 3dB cutoff frequency (with: small §

For A, = 5.5, BW =1 MEHz/5.5 =
- -T [ L ‘1__'_.__:':_:; X :;h- ' - & (= - 182 mz
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What is the minimum closed loop gain fnrsfah
(regardless of good phase margin)?

$H T ilh U

()  State whether the amplifier with NFB is stable for a closed loop gain of
30 dB. Outline the reasons for your conclusion.

(c)  What is the phase mar
| H‘L | gainof 50 d% ; gin if the amplifier is connected for a closed loop
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_, What is the effect on the «
B s 4 margln 15

: (i) very small?
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l' -J.E_L_; | | l I s
= |"_: = ‘I' 1 . 4} | ) What is the effect on the frequency b .
== : (b response of 2 NFB amplifier if the
= =1 phase margin is R
=—J= 1 - -

—__ = (1) very small?
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. s 'F.? (ii) too large? :
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(b)

RS %0 5 60 -30 0
Phase (degrees)

Fq W EEE— -



- -
_h, aa

.-u.._,.._

~L...f_t_l.f !m ,,,

i . -—-—.-.

i

: | . : : (c) What 15 the advamage uf tWQ L, ” |'~1 = ,

(d) What is the operating principle of ferﬂforwm

-‘i'lm .ad

(@  Fo ﬁ'ﬂ: eim loop gain do internally compensated op amps give best N _
IRSAZ Y W T .9 = =
t‘vilillf nc: ..

this particular value of A chosen?

(e) What is the general effect of feedforward compensation on gain
= bandwidth product and slew rate? e

mm capacitor compensation, if C, is increased and the gain is _ BT ”""‘“lil_
~unch __ ged, how will the closed loop bandwidth, gain bandwidth 6d) Why is feedforward compensation uspally used ¢ nly in

ot and slew rate change (increase, decrease or unchanged)? configurations? a5

What is a possible advantage in OVe

(2)

EALOY/TIETA Analacae Flsctranice 1 _
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Review gquesuons

—

a, ,: Use the data in Question 7 above ¢ UL SUDDOSE that 1k
 power amplifier had a compensating capacitor (single) of 10 nF, a 8 . unchanged (remains at 10nF) and the pain tc o OME
yand »f 25kHz, slew rate of 4Wus. closed loop gain of 264RB |  the gain s A

. "= C. was changed to 22nF. Estimate :

the closed loop bandwidth ()  the closed loop bandwidth.

(b) the slew rate.

(c) the gain bandwidth product.

(d) the small signal rise tume.

(e)

3[ P €0 ? )
the SNR (assume that the sign: s
. the bandwidth of the amplifier and

e




graphs for the 301 op amp (Figures 8 and

TSk bserve th variaion in close loop by

i 4 o i

) |._ _.IIIF:‘ X e - " - . o
':::lj:]rjjzi;:'_;'h iE_:T 4 {'? .1---”.._ - commnsauon ls changw, uslng 'squm wﬂ r:'.':_\- T_ el AR i ¥ I’l i
: . - - - H-EL "1."-
To optimally compensate an op amp by observira

Bquipmen!
one externally compensated op amp — type LM301 recammecs.q

L
compensated types such as 741 or LE3S are not suighye pr . alemally
— . selection of capacitors in the range = 5p to IOGP(Valm is work)
. selection of resistors (values not critical) values not criticz Iy
single 3000pF capacitor o CRO (preferably_ with x5 or x10 time base)
; DC power supplies 15V

' function generator
. variable capacitor range = 3p to 30p .

d) two capacito
| L Procedure
Step 1 Circuit connection for single-pole compensation

. Connect Circuit A using your closest available value components.

-

w
\\
F Y

S
&

ol -rI'E

psanon

Circuit A Single capacitor €0 npen.

- — [’

= AWV T el
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s b

©y



:r; j'l r.‘.';;i" ” r mﬁr c = 3EIPF mg

power up the circuit A, using C. = 30pF.

ve out unction generator.
L r-ﬁrﬁ il Eﬂaand' adjust the input voltage to
‘_ about 1V p-p. This makes it ‘small signal” for
T "&'111 ' rdwidth.
requency SO that you can easily see the rise and
wave. Use the x5 or x10 time base switch on

af ll!ﬂ:@@; it' avaﬂable, to get an expanded picture of the rise and
fall. A suitable input frequency is probably in the range SkHz -
50kHz. '

(The exact input voltage and frequency are not important).

«  Measure the output 10%-90% rise or fall times, whichever is
greater. (Note : if you use the x10 time base switch, you have to

divide the timebase ‘ps/div’ dial reading by 10).

= L=

B Calculate the 3dB bandwidth = 0.35/t, =

y Observe the output waveform and, in parucular whether the
circuit is over, under or properly compensated.

. To measure slew rate, increase the input voltage to get a large (
>20 V p-p) or saturated output. Measure the rise or fall in
voltage, whichever is greater, (AV) and the corresponding run in
time (At).

AV. = ....... At= ...

. Calculate slew rate = AV/At = ...

Step 3 Measurements of 3dB bandwidth and slew rate for C. = 3 pF using
square wave testing

. In circuit A, change C, to 3pF or closest available value.

. gdeasm the rise time and calculate the 3dB bandwidth as in Step
[r —

. Calculate the 3dB Bandwidth = 0.35/t. = ...

. Observe the output waveform and, in particular, whether the
circuit is over, under or properly compensated.

- Measure slew rate as in Step 2.

AN At = ..
. 2 Calculate slew rate = AV/At =

| ‘Measurements of 3dB bandwidth and slew rate for C. = 100 pF using
 Square wave testing

In circuit A, change C. to 100pF or closest available value.

Mﬁasmﬂm rise time as in Step 2.

Step 6

Measurements of 3dB bandwﬂtﬁ and sley,
compensation using square wave testing

Determination of optimal Sing
wave testing

Measure slew rate as i s

circuit is over, under or

I"-.. ” i

AV = o Ate SiEDE

"I ,“ I

Calculate slew rate = N7
i

,,,,,

1 P “? S
ﬁ -E-'.""'-'.'."!‘_'f ard

ik

Circuit B Feedforward compensation

Connect circuit B, using C, = 150pF or closest available value,
Repeat the procedure in Step 2 above. '
Note that, in this method, the bandwidth and slew rate ma y be s0

large that you have difficulty measuring it i -
Measure the rise time and calculate the bandwidth as in Ste

Calculate the 3dB bandwidth = 03511, = -
Observe the output waveform and, in partlculnr
circuit is over, under or properly compensated.
Measure slew rate

AV = ....... Ali= et
Calculate slew rate = AV/AL =

) 2 t-.

Iu-JIf HI_‘;
I

le«pafﬂ campe?ﬁf!ﬁﬂ?'-'-

the ﬁxedcgb)‘a /ar 1*

Connect circuit A, replacing 3*'.-:_3@ oF. e

capacitance in the range of appro? e ot Tooks o0
Observe the output and adjust c‘allunumﬁﬁﬂd e
a square wave (fastest rise and f2 o) s represe
slight overshoot before flattening
single capacitor compensaﬂﬂﬂ- .
Measure the bandwidth as in SIEP =

w Ch =
t(IZalculam: the 3dB bnﬂd?ﬂd-_ | =
Measure slew raté as in Step =
ﬁV"’ R ﬁt,-'m "

Calculate slew Té



the BW and slew rate 2

3. Which method gave the highest BW 2

Which methog £ave the highest slew rate 9




